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Preface
The basal ganglia, a group of forebrain nuclei that are inter-
connected with the cerebral cortex, thalamus and brainstem, 
belong to the phylogenetically oldest parts of the brain. Since 
the first anatomical description of the corpus striatum in 
1664 by the English anatomist Thomas Willis, the modern 
view of the basal ganglia was slow in arising. For more than 
250 years, the term “corpus striatum” (striated body, due to 
the many passing fiber bundles) was used to group several 
subcortical nuclei, including structures that were eventually 
found to be functionally unconnected. The principal parts of 
the corpus striatum comprised the caudate nucleus and the 
lenticular nucleus (nucleus lentiformis, named for its lens-
shape), which itself consisted of the putamen and the external 
and internal segments of the globus pallidus. The substantia 
nigra (locus niger crurum cerebri; discovered by Vicq d’Azir, 
1786, and Soemmerring, 1788) and the subthalamic nucleus 
(“body of Luys”; Luys, 1865) were included in the functional 
organization of the basal ganglia only after the introduction 
of tract tracing techniques in the 1960s.

Regarding the function of the basal ganglia, Willis (1664) 
recognized the central position in the hemisphere of the 
corpus striatum and its association with prominent ascend-
ing and descending fiber bundles, and he believed that this 
structure was related to important sensory and motor func-
tions of the brain. However, after Willis, anatomists and neu-
rologists of the 18th and 19th centuries shifted their attention 
towards the cerebral cortex and cerebellum, in part due to the 
emerging attractiveness of the cytoarchitectural organization 
of these structures. Especially, the cerebral cortex with its 
presumed association with higher mental functions quickly 
obscured the position of the corpus striatum for another 100–
200 years. A turning point in the history of the basal gan-
glia was reached at the beginning of the 20th century with 
the publication of several pathophysiological reports show-
ing that brain lesions involving the corpus striatum resulted 
in movement disorders (e.g., Vogt, 1911; Wilson, 1912; 
Vogt and Vogt, 1920). These findings returned attention to 
the basal ganglia, which then began to gain importance once 
again. Modern basal ganglia terminology such as “striatum” 
(for caudate nucleus and putamen) and “pallidum” was intro-
duced by Cécile and Oskar Vogt (1941) in their attempt to 
simplify forebrain anatomical nomenclature.

Decades later, two massive expansions of scientific 
knowledge propelled the basal ganglia to the prominence 
they hold today. The first was made possible by a revolution  
in neuroanatomical methodologies that included the devel-
opment of tract tracing techniques to delineate neuronal 
pathways and connections, and of histochemical methods 
to localize neurotransmitters, enzymes and receptor bind-
ing sites. This progress in our understanding of the struc-
tural organization of the basal ganglia is documented in 
the eloquent monograph by Parent (1986). The second 
expansion of knowledge was enabled by the advances in 
neurophysiological recording techniques that went hand 
in hand with the molecular revolution that swept the bio-
logical sciences during the last decade of the 20th century. 
Together, these technical innovations further clarified the 
molecular and functional characteristics of individual neu-
ron types, including their interactions in basal ganglia cir-
cuits and related networks. From a mere 23-line paragraph 
in an exemplary early review 200 years ago (Bell, 1809), 
our knowledge on basal ganglia structure and function has 
expanded to the volume at hand.

The present volume provides and integrates basal gan-
glia knowledge from molecular to behavioral and clinical 
levels. The first, introductory, part presents an overview 
of the neuroanatomical organization of the basal ganglia, 
offering the general organizational principles and serv-
ing as a guide and reference tool for the remainder of 
the book. This part also reviews the cell types and neu-
rotransmitter receptors present in the different nuclei of 
the basal ganglia and provides a detailed account of the 
evolution of this brain system. The second part provides 
chapters on anatomical and physiological aspects of the 
striatum, including reviews of the various neuronal types 
and the regulation of striatal activity by the different neu-
rotransmitter and neuromodulator systems. The third 
part addresses anatomy and physiology of the other basal 
ganglia nuclei, globus pallidus, subthalamic nucleus and 
substantia nigra, including their cellular composition, neu-
rotransmitters and connections. The fourth part provides 
reviews on the network integration of the basal ganglia, 
especially on the organization of inputs from cortex, thala-
mus and other brain regions, as well as the various basal 
ganglia outputs to thalamus and brainstem. The fifth part 
offers accounts of advances in second-messenger signaling 
and gene regulation by neurotransmitter receptors in the 
basal ganglia, with an emphasis on the striatum. The sixth 
xxiii
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and last part provides reviews on various aspects of bas
ganglia function and dysfunction. These include chapte
on dopamine function and learning and memory processe
as well as papers addressing the role of the basal gangl
in movement disorders and the emerging involvement 
drug addiction. Finally, this part also discusses advances 
the treatment of such disorders, including new insights 
pharmacotherapies and deep-brain stimulation.
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I.  Introduction

The basal ganglia connect the cerebral cortex with neural 
systems that effect behavior. Most cortical areas provide 
inputs to the basal ganglia, which in turn provide outputs 
to brain systems that are involved in the generation of 
behavior. Among the behavior effector systems targeted 
are thalamic nuclei that project to those frontal cortical 
areas involved in the planning and execution of move-
ment; midbrain regions including the superior colliculus, 
which is involved in the generation of eye movements; the 
pedunculopontine nucleus, which is involved in orienting 
movements; and hypothalamic systems involved in auto-
nomic functions. Two points concerning the function of the 
basal ganglia are emphasized. First, while the basal ganglia 
connect the cerebral cortex with a wide range of behavior 
effector systems, the basal ganglia operates in parallel with 
other output systems of the cerebral cortex. These other 
corticofugal systems may have a more primary role in the 
actual generation of behavior. For example, the frontal cor-
tical areas involved in the planning and execution of move-
ment behavior provide direct projections to the spinal cord 
that are responsible for the generation of movement. Thus, 
the exact role of the basal ganglia in affecting cortically 
generated behavior remains a matter of debate (see Part F 
of this volume). Second, while the basal ganglia are con-
nected with a wide range of behavior effector systems, not 
all regions of the basal ganglia are connected with all of 
the output systems. In other words, there is a conservation 
of regional functional organization of the cerebral cortex  
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in the connections of the basal ganglia. In considering the 
neuroanatomical organization of the basal ganglia there  
are differing views. On the one hand, the basal ganglia 
have been proposed to provide for interactions between 
disparate functional circuits, for example, between so-
called “limbic” and “nonlimbic” functions. Another view 
holds that there are parallel functional circuits, in which 
distinct functions are for the most part maintained, or seg-
regated, one from the other. This review is biased toward 
the view that there is maintenance of parallel functional 
circuits in the organization of the basal ganglia, with con-
siderable interactions between adjacent circuits.

Most details of the neuroanatomical and neurophysi-
ological organization of basal ganglia circuits have first 
been established in rodents and confirmed in primates. 
Accordingly, the present review is mainly based on studies 
in rodents (as are the schemes used to illustrate the organi-
zational principles). Several of the following chapters pro-
vide detailed information on the functional organization of 
the primate basal ganglia.

What are the most significant differences in the orga-
nization between rodents and other mammals, notably pri-
mates? The most obvious differences between rodents and 
primates are those involving the gross anatomy of the nuclei 
of the basal ganglia. There are two major examples. The 
first is the striatum, which in the primate is subdivided into 
caudate nucleus and putamen by the internal capsule that 
provides a structural separation between these two nuclei. 
This structural separation does provide a gross separation of 
functional regions in the striatum in that the caudate nucleus 
is mainly the target of prefrontal cortical inputs, whereas the 
putamen is the target of motor and somatosensory inputs. 
As the cortical input to the striatum is in a large part respon-
sible for its function, the caudate and putamen in the pri-
mate are to a major extent functionally distinct. However, 
the internal capsule does not provide a precise divider of 
functional zones and there is some overlap of inputs from 
prefrontal cortex to the putamen. In the rodent, which lacks 
such a distinct structural separation, there are nonetheless 
regional differences in the striatum which are comparable to 
those of the caudate and putamen, again determined by the 
regional distribution of inputs from different cortical areas.

The second major gross anatomical difference between 
rats and primates involves the internal segment of the glo-
bus pallidus. In primates, this nucleus is situated imme-
diately adjacent to the external segment of the globus 
pallidus, whereas in rodents, the homologous nucleus is 
separated from the external segment of the globus pallidus  
and is embedded in the fiber tract of the internal cap-
sule. In rodents, this nucleus has historically been termed 
the entopeduncular nucleus, which reflects its location. 
However, as this nucleus is functionally comparable to the 
internal segment of the globus pallidus in primates, this 
nomenclature is adopted for the present review. Both nuclei 
represent, along with the substantia nigra pars reticulata, 
which is nearly identical in both rodents and primates, the 
output structures of the basal ganglia.

Despite the gross anatomical differences noted, the major 
connectional organization of the basal ganglia in rodents and 
primates is remarkably similar. Three of the major features 
of basal ganglia organization that will be dealt with in some 
depth in this review, the organization of direct and indirect 
output pathways of the striatum, the patch-matrix compart-
mental organization of the striatum and the dual projections 
of individual striatal neurons, have been demonstrated in 
both rodents and primates, and appear in the main, nearly 
identical in organization.

Differences in the organization of the basal ganglia 
between rodents and primates may for the most part be 
attributed to the expanded cortex in primates. In primates, 
cortical fields are considerably elaborated and more pre-
cisely defined in terms of functional segregation of differ-
ent cortical areas. While the organization of cortico-striatal 
patterns appears to follow the same general principles in 
rodents and primates, the elaboration of more detailed 
precise mapping patterns appear to predominate in the 
primate. Thus, in summary, the major organizational prin-
ciples of the basal ganglia appear for the most part nearly 
identical in rodents and primates.

II.  Overview of basal ganglia 
organization

The organization of the basal ganglia is intimately linked 
to that of the cerebral cortex, with distinct differences 
between those regions of the basal ganglia that receive 
inputs from neocortical, six-layered cortex, compared with 
those receiving inputs from allocortical areas. This review 
focuses primarily on the neocortical part of the basal gan-
glia. A general canonical organizational plan of the neo-
cortical-related basal ganglia is described (Fig. 1.1). The 
components of this canonical basal ganglia system include 
the cortex, the striatum, including caudate-putamen and 
nucleus accumbens, the external segment of the globus pal-
lidus, the subthalamic nucleus, the internal segment of the 
globus pallidus, and the substantia nigra. The major input to 
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the caudate-putamen (CPu) and the nucleus accumbens. The output of the basal ganglia arises from GABA neurons in the internal segment of the glo-
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projecting neurons provide an axon with collaterals to the external segment of the globus pallidus (GPe) and to the GPi and SNr. Indirect striatal projec-
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this system comes from layer 5 glutamatergic neurons from 
nearly all areas of the neocortex (Fig. 1.1A). The output of 
this system are the projections of GABAergic neurons in 
the internal segment of the globus pallidus and the substan-
tia nigra pars reticulata (Fig. 1.1A). The basal ganglia out-
put targets thalamic nuclei, which project to frontal cortical 
areas involved in the planning and execution of movement 
behavior; the intralaminar thalamic nuclei, which provide 
inputs to the cortex and the striatum; the intermediate layers 
of the superior colliculus, which are involved in the genera-
tion of eye and head movements; and the pedunculopontine 
nucleus, which is involved in orienting movements of the 
body. In between the cortical inputs and the GABAergic 
output systems are the neuroanatomical circuits that com-
prise the prototypical basal ganglia (Fig. 1.1B).
The main input structure of the basal ganglia is the 
striatum. Those regions of the striatum that receive inputs 
from neocortical areas are the caudate–putamen and core 
of the nucleus accumbens. The targets of the cortical input 
are medium-sized spiny GABAergic projection neurons, 
which account for about 95% of neurons in the striatum. 
These neurons are divided into two types, which give rise 
to the two main components of the prototypical basal gan-
glia circuit, the “direct” and “indirect” striatal projection 
systems. The direct striatal projection system is so-named 
because these neurons provide direct inputs to the output 
neurons of the basal ganglia in the internal segment of the 
globus pallidus and the substantia nigra pars reticulata. 
Indirect striatal projection neurons provide inputs to the 
external segment of the globus pallidus, which together 
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with the subthalamic nucleus compose the major compo-
nents of the indirect basal ganglia circuit. GABAergic neu-
rons in the external segment of the globus pallidus project 
back to the striatum; to the output neurons of the basal 
ganglia in the internal segment of the globus pallidus and 
substantia nigra; and to the subthalamic nucleus. The sub-
thalamic nucleus, which itself receives inputs from the cor-
tex, provides excitatory projections to the output neurons 
of the basal ganglia.

The cerebral cortex and thalamus provide excitatory 
inputs to the striatum, whose output, through the direct and 
indirect projection systems, provides both inhibitory and 
excitatory regulation of the output of the basal ganglia. The 
output neurons of the basal ganglia, GABAergic neurons in 
the internal segment of the globus pallidus and substantia 
nigra pars reticulata, display a relatively high level of tonic 
activity. In a long held model of basal ganglia function, the 
excitatory input from the cortex has been demonstrated to 
function through a disinhibitory mechanism. Thus, activa-
tion of the direct striatal output neurons by excitatory input 
from the cortex results in inhibition of the tonic inhibitory 
output of the basal ganglia. The role of the indirect cir-
cuit is more complex. On the one hand, the target of the 
indirect striatal output neurons are GABAergic neurons in 
the external segment of the globus pallidus, which project 
to the output neurons of the basal ganglia and to the sub-
thalamic nucleus. Thus, cortical excitation of the indirect 
pathway inhibits the GABAergic pallidal output, resulting 
in disinhibition of the output neurons of the basal ganglia 
and the subthalamic nucleus. The subthalamic nucleus, 
which also receives direct excitatory inputs from the cere-
bral cortex, provides excitatory inputs to the output neurons 
of the basal ganglia. Additionally, it has been demonstrated 
that the interconnections between the external segment of 
the globus pallidus and subthalamic nucleus generate an 
oscillatory pattern of activity that is conveyed to the out-
put neurons of the basal ganglia. Given the complexities 
of the organization of these circuits, at this time the exact 
mechanisms responsible for regulating the output of the 
basal ganglia remain to be established. However, in gen-
eral terms, activity in the direct and indirect striatal output 
pathways may be viewed as providing counterbalanced or 
antagonistic regulation of the output of the basal ganglia.

Overlain on the above canonical basal ganglia circuits 
are a number of additional neuroanatomical features that 
add to the complexity of the organization of this system. 
Notable among these is the dopaminergic nigrostriatal 
system, which provides a massive dopaminergic input to 
the striatum from the midbrain dopamine neurons in the 
ventral tegmental area and substantia nigra pars compacta 
(Fig. 1.1C). In addition, this review describes a number of 
other features of the basal ganglia organization, including: 
(1) the organization of the corticostriatal system, which 
incorporates both a general topographic organization with 
considerable overlap of corticostriatal inputs from corti-
cal areas that are interconnected; (2) the patch and matrix 
compartmental organization of the striatum, which is 
related to the laminar organization of the cerebral cortex 
and provides differential inputs to the output systems of the 
basal ganglia and the nigrostriatal dopaminergic system; 
and (3) the dual representation of striatal outputs in the 
external segment of the globus pallidus and output nuclei 
of the basal ganglia.

III.  The corticostriatal system

The striatum is the main input structure of the basal gan-
glia and the vast majority of its neurons are medium 
spiny projection neurons, whose activity is determined by 
excitatory inputs from the cerebral cortex and thalamus. 
Consequently, the information that striatal projection neu-
rons transmit within the circuits of the basal ganglia is 
largely determined by the activity of corticostriatal (and 
thalamostriatal) inputs. Cortical neurons providing stri-
atal inputs are located mostly in layer 5, and in some cases 
layer 3, of most cortical areas. All corticostriatal neurons 
are pyramidal neurons and utilize glutamate as a neuro-
transmitter. The following sections provide an overview 
of the corticostriatal system. More detailed information on 
specific aspects of this system is provided in Chapters 12, 
18, 19, 20, 24 and 35.

A.  Subtypes of Corticostriatal Neurons

Subtypes of corticostriatal neurons are distinguished based 
on their connections within the cortex, their projections to 
other subcortical areas, and their laminar distribution within 
the cortex. Two distinct subtypes that have been identified 
are the corticostriatal pyramidal tract neuron (PT) and the 
corticostriatal intertelencephalic neuron (IT) (Fig. 1.2) (see 
Chapter 18). Pyramidal tract corticostriatal neurons are 
present in the frontal cortex and provide a major projection 
directly to motor neurons in the brainstem and spinal cord 
as well as a collateral to the striatum (Donoghue and Kitai, 
1981; Landry et al., 1984; Cowan and Wilson, 1994; Lei 
et al., 2004). The striatal projections of these neurons are  
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significant as they provide a copy of the cortical motor sig-
nal that directly regulates movement. Intertelencephalic cor-
ticostriatal neurons are very numerous in agranular cortical 
regions giving rise to bilateral corticocortical and corticos-
triatal projections. These corticostriatal neurons have exten-
sive connections with other cortical areas. These two types 
of corticostriatal cells provide distinct patterns of innerva-
tion within the striatum, as exemplified by neurons of the 
rat premotor cortex (Fig. 1.2) (Cowan and Wilson, 1994). 
The striatal collaterals of PT corticostriatals neurons make 
one or more relatively focal arborizations, with dimensions 
of 100–500 µm on a side, which suggests a relatively sim-
ple topography of the corticostriatal projection formed by 
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Figure 1.2  Tracings of dendrites (black) and cortical (A and B) and 
striatal axons (A' and B') (grey) of two subtypes of corticostriatal neu-
rons, which had been intracellularly labeled. A. The corticostriatal neu-
ron depicted provides an axonal projection to the pyramidal tract. Axon 
collaterals within the cortex are distributed in relatively close proximity 
to the parent neuron. A'. The pyramidal tract axon (arrow) of this neuron 
gives off collaterals in the striatum, which display a focal terminal arbori-
zation. B. The corticostriatal neuron shown, located in the medial agranu-
lar cortex (AGm), is a bilaterally projecting cortico-cortical neuron that 
also extends axon collaterals bilaterally into the striatum. Axon collater-
als within the ipsilateral cortex both distribute locally around the parent 
neuron in AGm, and extend to the adjacent lateral agranular (motor) corti-
cal area (AGl). B'. This neuron has an axon that provides an extensive 
arborization pattern within the striatum, but does not extend collaterals 
beyond the striatum. These neuronal tracings are modified from Cowan 
and Wilson (1994).
these neurons. On the other hand, IT corticostriatal neu-
rons provide arborizations in a much larger striatal volume, 
with dimensions of 1 mm or greater. Within that volume the 
axon occupied space in a very sparse fashion, with individ-
ual branches running approximately parallel and separated 
by large uninnervated areas. This pattern is expected from 
the arborization seen for individual corticostriatal neurons 
if nearby corticostriatal cells have fine scale similarities in 
their axonal arborizations. That is, the pattern of labeling 
seen after extracellular injections of anterograde tracers in 
the cortex implies that much of the complex topology of 
corticostriatal axonal arborizations will be shared among 
neighboring cells in the cortex.

Corticostriatal neurons also display specificity in their 
targets within the striatum. For example, recent stud-
ies indicate that IT and PT corticostriatal neurons dif-
ferentially target direct and indirect striatal projection 
neurons, respectively (Lei et al., 2004) (see Chapter 18). 
Additionally, corticostriatal inputs to the striatal patch and 
matrix compartments arise from different sublayers within 
layer 5 of most cortical areas, with neurons projecting to 
the matrix located in more superficial parts of layer 5 than 
those projecting to the patch compartment (Gerfen, 1989). 
Thus, there appears to be a high degree of specificity in the 
targeting of specific striatal neuron subtypes and compart-
ments by distinct subtypes of corticostriatal neurons.

B.  Patterns of Organization of  
Corticostriatal Afferents

A distinct feature of corticostriatal projections is that the 
axons of individual neurons are distributed in manner such 
that they contact a maximum number of neurons but make 
minimal contacts with each postsynaptic neuron (Zheng 
and Wilson, 2002). Quantitative data from Wilson and his 
colleagues provide informative boundaries for the type of 
information processing that may be taking place within the 
basal ganglia of the rat. First, there appears to be roughly a 
6:1 ratio in terms of the numbers of corticostriatal neurons 
(17,000,000) and striatal projection neurons (2,800,000; 
Oorschot, 1996) (see Chapter 3). Second, the volume over 
which the dendrites of a single medium spiny projection 
neuron spread (400 µm in diameter) contains approxi-
mately 2850 other neurons. Third, approximately 380,000 
corticostriatal neurons innervate the volume of the dendritic 
field of a single medium spiny projection neuron, which 
contains 2850 neurons. Fourth, a single corticostriatal axon 
traversing this area has on average 40 synaptic boutons. If,  
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as is estimated, each axon makes only a single, or a few 
contacts, with a single medium spiny neuron, then each 
corticostriatal input makes contact with about 1% of the 
striatal neurons in the area across which it extends. Taken 
together these quantitative estimates indicate that the corti-
cal input to a single striatal medium spiny projection neu-
ron is rather unique, that is, no two striatal neurons share 
common inputs from the cortex. Thus, postsynaptic excita-
tory activation of individual striatal medium spiny neurons 
is dependent on convergent input from multiple corticostri-
atal neurons. Consequently, the pattern of convergence of 
corticostriatal inputs is critical to understanding the infor-
mation that is transmitted from the cerebral cortex into the 
basal ganglia (see also Chapter 19).

Cortical input to the striatum originates from most cor-
tical areas, including primary and higher order sensory 
areas; motor, premotor and prefrontal regions; as well as 
from limbic cortical areas (see also Chapters 20 and 24). 
It is well established that this input is organized in a gen-
eral topographic manner in that the spatial relationships 
between cortical areas are maintained in the projections to 
the striatum (Webster, 1961; Carman et al., 1965; Kemp 
and Powell, 1970). For example, projections from prefron-
tal areas are directed mainly to the rostral caudate nucleus, 
while cortical inputs from motor cortex terminate primarily 
in the rostral putamen (Kunzle 1975). This pattern of the 
topographic organization of corticostriatal projections was 
embodied in the concept of functional regions within the 
striatum being dependent on the cortical origin of inputs to 
these regions (Alexander et al., 1986). Thus, dorsal regions 
of the striatum receiving inputs from premotor and motor 
cortical areas are characterized as “motor” regions of the 
striatum, whereas more ventral regions receiving inputs 
from limbic cortical areas are characterized as “limbic”.

More complex is the issue of overlapping projections 
from functionally related areas. While it is clear that, in 
general, cortical areas provide input to a much broader 
area of the striatum than accounted for on the basis of topo 
graphy alone, the varied and sometimes intricate pattern of 
this organization have led to a variety of interpretations as 
to the functional significance (see also Chapter 19). While, 
the widespread nature of corticostriatal organization is not 
in doubt, where some have seen patterns of overlap related 
to patterns of cortical connectivity (Yeterian and Hoesen, 
1978), others have seen interdigitation (Selemon and 
Goldman-Rakic, 1985). Detailed mapping of the organi-
zation of corticostriatal inputs has begun to resolve these 
issues, showing, in some cases, overlap of inputs from 
interconnected cortical areas that are organized fairly pre-
cisely by the somatotopic organization within such areas 
(Flaherty and Graybiel, 1991; Parthasarathy et al., 1992; 
Flaherty and Graybiel, 1993).

IV.  Striatum

The striatum comprises the caudate nucleus, putamen 
and nucleus accumbens. The striatum is composed of one 
principal neuron type, the medium-sized spiny projection 
neuron (DiFiglia et al., 1976; Wilson and Groves, 1980; 
Bishop et al., 1982). This medium spiny projection neuron 
makes up as much as 95% or more of the neuron popu-
lation (Kemp and Powell, 1971) (see Chapter 3); these 
neurons are rather homogeneously distributed such that 
the striatum lacks distinct cytoarchitectural organization, 
as contrasted with the laminar organization of the cortex, 
for example. Using retrograde axonal transport methods, 
Grofova (1975) established that these neurons are the pro-
jection neuron of the striatum. Cortical input to the stria-
tum targets primarily spiny projection neurons (Somogyi 
et al., 1981). Thus the spiny projection neuron is the major 
input target and the major output neuron of the striatum.

The remaining striatal neurons are interneurons (DiFiglia 
et al., 1976; Bishop et al., 1982), in that they do not pro-
vide projection axons out of the striatum, but rather distrib-
ute axons within the striatum, most of which make synaptic 
contact with spiny projection neurons. Despite being rela-
tively infrequent, striatal interneurons constitute a variety 
of morphologically and neurochemically defined types 
(see Chapter 3). Among these are the large aspiny neurons, 
which utilize acetylcholine as a transmitter (Bolam et al., 
1984; Kawaguchi and Kubota, 1993), and medium aspiny 
neurons (DiFiglia et al., 1976; Bishop et al., 1982), which 
utilize GABA as a transmitter (Kita, 1993). The latter class 
of interneurons may be further subdivided on the basis of 
different peptides and neurochemicals that they contain 
(Kita, 1993; Kubota and Kawaguchi, 1993; Kubota et al., 
1993). These cell types are reviewed in the following sec-
tions and are also described in specific chapters in this vol-
ume (see below).

A.  Medium Spiny Projection Neurons

Medium spiny projection neurons (see Chapter 5) take 
their name from their morphologic appearance (DiFiglia  
et al., 1976; Wilson and Groves, 1980; Bishop et al., 1982; 
Chang et al., 1982), with a cell body of approximately  
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12–20 µm in diameter, from which radiate 7–10 moderately 
branched dendrites that are densely laden with spines. The 
dendrites of an individual neuron extend over an area of 
approximately 200 µm in diameter. These neurons extend a 
local axon collateral that remains within the striatum, typi-
cally distributed over an area roughly equal in size, but not 
necessarily in the same area, as the dendrites of the par-
ent neuron (Bishop et al., 1982; Kawaguchi et al., 1990), 
although in some cases it may extend over 1 mm from the 
parent neuron (Kawaguchi et al., 1990).

As their name implies, medium spiny projection neu-
rons provide an axon collateral which projects out of the 
striatum to the external segment of the globus pallidus and/
or internal segment of the globus pallidus and substantia 
nigra (Kawaguchi et al., 1990). Two major subpopulations 
of medium spiny neurons, of approximately equal num-
bers, may be defined on the basis of their projection targets 
(Loopuijt and van der Kooy, 1985; Beckstead and Cruz, 
1986; Gerfen and Young, 1988; Kawaguchi et al., 1990). 
One subset provides an axon projection to the external 
segment of the globus pallidus. The other subset provides 
a (minor) axon collateral to the external segment of the 
globus pallidus, and additional collaterals to the internal 
segment of the globus pallidus and/or the substantia nigra. 
These latter neurons constitute the “direct striatal projec-
tion pathway” as they provide direct inputs to the output 
neurons of the basal ganglia, the GABAergic neurons of 
the internal segment of the globus pallidus and substantia 
nigra pars reticulata (see Fig. 1.1). The former neurons 
constitute the “indirect striatal projection pathway”, as 
they are connected indirectly, through connections of the 
external segment of the globus pallidus and subthalamic 
nucleus, with the output neurons of the basal ganglia.

Medium spiny projection neurons all contain glutamic 
acid decarboxylase (GAD), the synthetic enzyme for the 
neurotransmitter GABA (Kita and Kitai, 1988). In addition, 
most of the neurons projecting to the external segment of 
the globus pallidus alone contain the neuropeptide enkeph-
alin, whereas most of those projecting to the internal seg-
ment of the globus pallidus and substantia nigra contain 
the neuropeptides substance P and dynorphin (Haber and 
Watson, 1983; Beckstead and Kersey, 1985; Gerfen and 
Young, 1988) (see also below).

B.  Synaptic Inputs to Medium Spiny Neurons

Medium spiny projection neurons receive inputs from the 
cortex, thalamus and amygdala, which make asymmet-
ric synapses on dendritic spines, and to a lesser degree, 
dendritic shafts (Fig. 1.3). These are the major excitatory 
inputs to these neurons. In addition, a number of afferents 
from outside the striatum and from within the striatum 
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provide inputs that function to modify the responsive-
ness of spiny neurons to excitatory input. These include 
dopamine afferents from the substantia nigra, inhibitory 
GABA (and neuropeptide) inputs from the axon collaterals 
of other spiny neurons, inhibitory inputs from GABA (and 
peptide)-containing striatal interneurons, and inputs from 
cholinergic striatal interneurons (Fig. 1.3).

Corticostriatal afferents make synaptic contact primarily 
with the expanded head of dendritic spines on spiny neurons 
(Kemp and Powell, 1970; Hattori et al., 1978; Somogyi et 
al., 1981; Bouyer et al., 1984). According to a quantitative 
study in rats (Xu et al., 1989), of all cortical synapses in the 
striatum, about 90% are formed with dendritic spines, and 
about 5% with dendritic shafts. The remaining 5% are on 
somata. Consistent with their excitatory nature, corticostria-
tal synapses are almost exclusively asymmetric and contain 
small rounded vesicles. Although cortical innervation of the 
striatum is relatively dense, as discussed above, input from 
any individual corticostriatal axon to an individual striatal 
spiny neuron is very sparse (Cowan and Wilson 1994).

Thalamic afferents from the intralaminar nuclei, including 
the parafascicular/centromedian complex (see Chapter 22),  
provide inputs to the striatum that are similar to cortical 
afferents in the number of synapses formed (Lacey et al., 
2005; Raju et al., 2008) and in that they form asymmetric 
synaptic contacts and have strong excitatory effects on the 
spiny cells (Dube et al., 1988; Xu et al., 1989). There are 
two independent thalamostriatal projections of the intrala-
minar nuclear complex, one originating from the parafas-
cicular/centromedian nuclei and a separate one from rostral 
parts of the complex including the central lateral and para-
central nuclei. The latter intralaminar projection, unlike the 
cortical input, makes its asymmetrical synaptic contacts 
preferentially with the shafts of dendrites rather than the 
spines, whereas projections arising from the parafascicular/
centromedian nuclei form synapses similar to those formed 
by corticostriatal fibers (Xu et al., 1989; Lacey et al., 2007).

Inputs from midbrain dopamine neurons make synaptic 
contact with medium spiny neurons (Fig. 1.3); these have 
been identified at the ultrastructural level with immunohisto-
chemical localization of either dopamine (Voorn et al., 1986) 
or the dopamine synthesizing enzyme tyrosine hydroxylase 
(Arluison et al., 1984; Bouyer et al., 1984; Freund et al., 
1984). Most of these afferents make symmetric synapses and 
contain large round and pleiomorphic vesicles. Of 280 syn-
apses examined by Freund et al. (1984), 59% made synaptic 
contacts with dendritic spines. Unlike the axospinous syn-
apses formed by cortical or thalamic inputs, these symmetrical  
synapses were usually not made on the head of the spine but 
on the neck, and these inputs shared the dendritic spine with 
another bouton forming an asymmetrical synapse (probably 
from the cerebral cortex or thalamus). Synapses were made 
onto dendritic shafts in 35% of the cases, and 6% made syn-
apses with somata (Fig. 1.3). It should be noted, however, 
that dopaminergic synapses formed on spines is not a target-
ted phenomenon, as all striatal structures of a similar size 
have equal probability of being in contact with a dopaminer-
gic axon (Moss and Bolam, 2008).

Medium spiny projection neurons have axon collater-
als within the striatum that make symmetric synaptic contact 
with other spiny neurons (Wilson and Groves, 1980) (see 
Chapter 5). Ultrastructural analysis of either intracellularly  
labeled axons (Wilson and Groves, 1980), or axons labeled 
with immunohistochemical localization of GAD (Bolam et al.,  
1985) or substance P (Bolam and Izzo, 1988) show similar 
synaptic relationships. Most spiny projection collaterals con-
tact either the interspine shafts or necks of spines of other 
spiny projection neurons. These contacts are distributed some-
what closer to the cell body and proximal dendrite parts than 
are the more distally distributed dopamine contacts (Fig. 1.3).

Striatal interneurons also provide important inputs to 
medium spiny projection neurons. These interneurons are 
discussed in more details in the following sections (and in 
specific chapters of this volume) and are listed here briefly 
(Fig. 1.3). For example, boutons immunoreactive for cho-
line acetyltransferase (ChAT), indicating input from cholin-
ergic interneurons (see Chapter 7), make synaptic contacts 
with striatal spiny neurons as well as other striatal cells 
(Izzo and Bolam, 1988). These cholinergic synapses are 
symmetric and make contact with the cell somata (20%); 
dendritic shafts (45%) and with dendritic spines (34%). As 
with the other symmetrical synapses on dendritic spines, 
they share the spine with an asymmetrical synapse, usually 
placed more distally on the spine and resembling afferents 
from the cerebral cortex and thalamus.

In addition to the GABAergic spiny projection neurons, 
GABAergic interneurons are present within the striatum 
(see Chapter 8). GABAergic interneurons were first posi-
tively identified by loading with radioactive GABA (Bolam 
et al., 1983), and were later recognized as a subset of neu-
rons staining more intensely with immunocytochemistry for 
GAD or GABA (e.g., Bolam et al., 1985). More recently, a 
subpopulation has been shown to be positive for the cal-
cium-binding protein parvalbumin (Gerfen et al., 1985; 
Cowan et al., 1990; Kita et al., 1990). These make numer-
ous symmetrical synapses with the somata and dendrites  
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of spiny neurons, as well as other interneurons. More than 
any other identified source of input, the synapses from the 
parvalbumin/GABA interneuron preferentially innervate 
the somata of spiny neurons (Kita et al., 1990).

Another type of aspiny striatal interneurons is identi-
fied by its immunocytochemical labeling for somatostatin, 
neuropeptide Y, and NADPH diaphorase. These cells have 
also been shown to be distinguishable from parvalbumin/
GABA interneurons on the basis of morphological and 
physiological criteria (Kawaguchi, 1993). Somatostatin-
positive synapses are formed mainly on shafts of dendrites 
and dendritic spines of spiny neurons (Takagi et al., 1983).

In addition to the dopamine input from the substantia 
nigra, at least two other downstream parts of the basal gan-
glia provide feedback axons to the striatum. One of these 
is the external segment of the globus pallidus, which pro-
vides GABAergic input to the striatum (Staines et al. 1981; 
Beckstead, 1983; Kita and Kitai, 1994; Bevan et al., 1998) 
(see Chapter 14). About a quarter to a third of globus pallidus 
neurons project to the striatum and their principal targets are 
parvalbumin-positive and NOS-positive GABA interneurons 
(Staines and Fibiger, 1984; Bevan et al., 1998). In addition, 
the subthalamic nucleus also provides an input to the stria-
tum. This input is relatively sparse as compared to the density 
of projections of this nucleus to substantia nigra and globus 
pallidus (Kita and Kitai, 1987). Subthalamic input to the stri-
atum appears to provide asymmetric input to spiny neurons.

While dopamine afferents to the striatum provide the 
dominant input from the midbrain and brainstem, at least 
two other forebrain projection systems provide further 
inputs. These include the serotonergic afferents from the 
dorsal raphe and the noradrenergic afferents from the locus 
coeruleus. Added to the list of sources of inputs to the stri-
atum, not covered in depth by this review, but also impor-
tant for the functional integrity of the basal ganglia, are 
amygdala and hippocampus. Inputs from these structures 
are addressed in Chapters 20, 21, 24 and 33.

C.  Striatal Interneurons

Striatal neurons that extend axons within but not out of the 
striatum make up 5% or less of the striatal neuron popula-
tion (Kemp and Powell, 1971; DiFiglia et al., 1976; Bishop 
et al., 1982; Chang et al., 1982) (see Chapter 3). This class 
of neurons presents a variety of morphologically and neu-
rochemically distinct subtypes. Two major subtypes are 
identified (Fig. 1.4). One is the large aspiny neuron, which 
utilizes acetylcholine as a neurotransmitter (Bolam et al., 
1984; Wilson et al., 1990; Kawaguchi, 1992; Kawaguchi, 
1993). The other is the medium-sized aspiny GABAergic 
interneuron, of which there are several varieties (Kita, 
1993; Kawaguchi et al., 1995).

1.  Large Aspiny Cholinergic Neurons

Striatal cholinergic neurons (see Chapter 7), which utilize 
acetylcholine as a neurotransmitter, constitute an important 
type of interneurons (Bolam et al., 1984; Wilson et al., 1990; 
Kawaguchi, 1993). These neurons are easily identified due 
to their large size (DiFiglia et al., 1976; Chang et al., 1982; 
Kawaguchi, 1992), with histochemical staining of acetylcho-
linesterase (Fibiger, 1982), by immunohistochemical studies 
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Figure 1.4  Striatal interneurons. A. Large aspiny (cholinergic) inter-
neuron. Tracing of dendrites (black) and axon collaterals (grey) of a large 
aspiny neuron (from Wilson et al., 1990) (left, top), and distribution of cell 
bodies (black) of striatal neurons immunoreactive for choline acetyltrans-
ferase (ChAT) (right) are shown, as well as a photomicrograph of ChAT-
immunoreactive neurons in the striatum (left, bottom). B. Medium aspiny 
interneurons. Tracing of dendrites of a medium aspiny neuron (left, top), 
and distribution of cell bodies of parvalbumin- (black dots) and soma-
tostatin-positive (white dots) medium aspiny interneurons within the stria-
tum (right) are depicted. There is an inverse gradient in the distribution of 
these two types of striatal interneurons, with parvalbumin neurons more 
numerous dorsolaterally, and somatostatin neurons more numerous ven-
trally. Also shown are photomicrographs of parvalbumin-immunoreactive  
(left, middle) and somatostatin-immunoreactive neurons (left, bottom) in 
the striatum.
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employing antibodies directed against the synthetic enzyme 
choline acetyltransferase (Bolam et al., 1984; Wilson et al., 
1990; Kawaguchi, 1993) (Fig. 1.4), and by intracellular fill-
ing studies (Wilson et al., 1990; Kawaguchi, 1992). Striatal 
cholinergic neurons have a very large cell body, up to 40 µm 
in diameter, from which extend long aspiny dendrites, which 
may split into secondary and tertiary branches. The dendritic 
fields may cover an area of over 1 mm with no apparent ori-
entation in any particular axis. Cholinergic neurons extend 
an axon, which is both extremely fine but extremely exten-
sive in the area that it covers. Intracellular labeling of iden-
tified cholinergic neurons has shown axons from individual 
neurons to extend over an area of as much as 2 mm.

Although it is clear that acetylcholine release is impor-
tant to striatal function, the neuroanatomical substrates 
by which this is regulated have been difficult to clearly 
identify. One possible mechanism involves the reported 
increase in acetylcholine release mediated through acti-
vation of substance P receptors. Such a mechanism is 
supported by anatomical evidence, not only with the 
demonstration of synaptic contacts between substance  
P-containing boutons and cholinergic neurons (Bolam  
et al., 1986), but also by the localization of substance P 
(neurokinin-1) receptor mRNA in cholinergic neurons 
(Elde et al., 1990; Gerfen, 1991).

2.  Medium Aspiny GABAergic Interneurons

The second major subtype of striatal interneurons is char-
acterized morphologically as a medium-sized aspiny neu-
ron that utilizes GABA as the main neurotransmitter (Ribak  
et al., 1979; Bolam et al., 1983; Oertel and Mugnaini, 
1984; Smith et al., 1987; Pasik et al., 1988) (see Chapter 8).  
Interestingly, isoforms of the GABA synthesizing enzyme 
GAD are differentially expressed by medium spiny projection 
neurons and medium aspiny interneurons, with GAD67 being 
expressed at higher levels in interneurons, compared with 
GAD65, which is expressed in projection neurons. Further 
classes of GABAergic striatal interneurons are characterized 
by the patterns of co-expression of neuropeptides, such as 
somatostatin and neuropeptide Y, and calcium-binding pro-
teins such as parvalbumin and calretinin.

The most abundant type of GABAergic interneurons 
expresses the calcium-binding protein parvalbumin (Gerfen 
et al., 1985; Cowan et al., 1990; Kita et al., 1990; Kubota 
and Kawaguchi, 1993) (Fig. 1.4). Parvalbumin interneu-
rons have very distinct neurophysiological characteristics, 
marked by a hyperpolarized resting potential, lower input 
resistance, shorter duration action potential spikes, and 
abrupt repetitive firing (Kubota and Kawaguchi, 1993). 
Due to these physiologic features, this type of neuron is 
often referred to as a fast-spiking interneuron, which is 
similar to the fast-spiking interneurons in the cerebral cor-
tex. These neurons receive inputs from the cerebral cor-
tex, thalamus and globus pallidus and provide inputs to 
medium spiny projection neurons. As a result of gap junc-
tions between them, and their high level of activity, these 
neurons may provide synchronized feed-forward inhibition 
to restricted regions of the striatum. Although distributed 
throughout the striatum, parvalbumin neurons are more 
frequent in the dorsolateral region, and display a dorsolat-
eral to ventral gradient (Fig. 1.4).

A second class of GABAergic interneurons co-expresses 
somatostatin, neuropeptide Y, or nitric oxide synthetase 
(Vincent et al., 1983a; Vincent et al., 1983b; Smith and 
Parent, 1986; Pasik et al., 1988; Chesselet and Robbins, 
1989; Dawson et al., 1991) (Fig. 1.4). The distribution of 
somatostatin neurons also appears to follow a gradient, with 
higher numbers present in ventral areas than in dorsal areas. 
Moreover, while somatostatin neurons are located in both 
patch and matrix compartments, their axons within the stria-
tum are preferentially distributed in the matrix compartment.

V.  Output systems of the striatum

Medium spiny projection neurons make up some 95% of 
the neuron population of the striatum. These neurons have a 
common morphology in terms of their size, dendritic organi-
zation and local axon collaterals, which extend within the 
striatum around the parent neuron. Each of these neurons pro-
vides an axon that projects out of the striatum. As mentioned 
above, medium spiny neurons are divided into two subsets 
of approximately equal numbers and contribute to projection 
pathways that provide either direct or indirect input to the 
output neurons of the basal ganglia in the internal segment of 
the globus pallidus and substantia nigra (Fig. 1.5).

A. The Direct and Indirect Pathways

Studies in which individual neurons were intracellularly 
filled provide the clearest evidence for subsets of medium 
spiny projection neurons on the basis of the projection axons 
(Kawaguchi et al., 1990). One type of neuron sends an  
axon collateral into the external segment of the globus pal-
lidus, which does not arborize extensively, and extends 
other axon collaterals into the internal segment of the  
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Figure 1.5  The striatal medium spiny projection neuron. A. Photomicrograph of a single medium spiny projection neuron filled with biocytin. A’. 
High magnification of the intracellularly filled medium spiny neuron in A. B. Tracings of an indirect and a direct striatal projection neuron drawn in 
place on a sagittal brain diagram. The indirect pathway neuron has a projection axon that extends into the external segment of the globus pallidus (GPe), 
where it arborizes extensively, but does not extend beyond this nucleus. Direct pathway neurons have projection axons that extend some collaterals 
into the GPe and project to the internal segment of the globus pallidus (GPi) and the substantia nigra pars reticulata (SNr). Higher magnification of the 
indirect and direct pathway neurons shows their dendrites (black) (red and green) and local axon collaterals within the striatum (grey) (orange and blue). 
Abbreviations: STN, subthalamic nucleus; VTA, ventral tegmental area; SNc, substantia nigra pars compacta; RR, retrorubral area. C. Functional dis-
sociation of direct and indirect striatal projection neurons. In dopamine-depleted striatum, D1 dopamine receptor stimulation results in phosphorylation 
of ERK1/2/MAPkinase (green immunoreactive neurons) selectively in direct pathway neurons. Indirect pathway neurons are labeled by localization of 
mRNA encoding enkephalin (ENK; red neurons). In this field, one neuron is double-labeled for both markers (yellow diagonal arrow). This functional 
dissociation reflects the differential expression of D1 and D2 receptor subtypes by these neurons (Gerfen et al., 2002; see text). D. Diagram of the direct 
and indirect pathway neurons. Both neurons are GABAergic and receive glutamatergic corticostriatal inputs. Direct pathway neurons express the D1 
receptor subtype, the Gs and Golf stimulatory G-proteins, as well as the neuropeptides substance P (SP) and dynorphin (DYN). These neurons project 
to the GPe, GPi and SNr. Indirect pathway neurons express the D2 receptor, the A2A adenosine receptor, and the neuropeptide ENK. The D2 receptor is 
coupled to the inhibitory Gi G-protein, while the A2A receptor is coupled to the stimulatory Golf G-protein. (see Color Plate Section to view the color 
version of this figure)
globus pallidus and/or the substantia nigra (Fig. 1.5). This 
type is referred to as a direct pathway neuron in that it pro-
vides direct inputs to the output nuclei of the basal ganglia. 
(In rats, this neuron is often also called “striatonigral” neu-
ron, based on its main projection target.)

A second type (the “striatopallidal” neuron) provides 
an axon that extends into the external globus pallidus and 
arborizes there extensively (Fig. 1.5), usually in two sepa-
rate domains within this nucleus (see below). These neu-
rons do not project beyond the globus pallidus and are 
thus termed “indirect” striatal projection neurons, in that 
they connect indirectly to the output of the basal ganglia, 
through synaptic connections in the globus pallidus and 
subthalamic nucleus. It is noteworthy that “direct” pro-
jection neurons also provide inputs to the globus pallidus, 
and thus contribute to the “indirect” pathway system. The 
extent of arborization of this axon collateral is less than 
that of the indirect projection neuron; however, it exists 
and appears to make functional synapses with pallidal neu-
rons. Future studies will have to elucidate the functional 
significance of this collateral.

A major discovery concerning the function of dopamine 
in the basal ganglia was the demonstration that D1 and D2 
dopamine receptors are segregated in the direct and indirect 
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striatal projection neurons (Gerfen et al., 1990) (Fig. 1.5). 
The mRNA encoding the D1 receptor subtype was shown 
to be selectively localized in neurons that project to the sub-
stantia nigra, and co-localized with substance P and dynor-
phin, which are selectively expressed by direct projection 
neurons. Conversely, the mRNA encoding the D2 recep-
tor is selectively localized in neurons that project to the 
external segment of the globus pallidus and is co-localized  
with enkephalin, which is selectively expressed in indi-
rect projection neurons. Only a relatively small proportion 
of neurons express both D1 and D2 receptor mRNAs at 
comparable levels. While initially somewhat controversial 
(Surmeier et al., 1992), the general organizational principle 
of segregated D1 and D2 receptor expression in direct and 
indirect pathway neurons, respectively, has been confirmed 
by numerous other studies (e.g., Le Moine et al., 1990; Le 
Moine et al., 1991; Gerfen et al., 1995; Hersch et al., 1995; 
Le Moine and Bloch, 1995; Yung et al., 1995; Surmeier 
et al., 1996; Gong et al., 2003; Gong et al., 2007) and is 
consistent with receptor binding localization for D1 and 
D2 receptors in the globus pallidus and substantia nigra, 
respectively (e.g., Beckstead, 1988; Richfield et al., 1989) 
(see also Chapters 6 and 28).

The demonstration of a segregation of D1 and D2 
receptors in direct and indirect pathway neurons, respec-
tively (Gerfen et al., 1990), provided the basis for under-
standing of functional changes in movement disorders 
such as Parkinson’s disease (Albin et al., 1989; DeLong, 
1990). The central tenet of the theory of movement dis-
orders is that they result from imbalanced activity in the 
direct and indirect striatal pathways (see also Chapter 
39). In Parkinson’s disease, which is marked by akinesia, 
the theory suggested that there is increased activity in the 
indirect pathway. Neurons of this pathway express the D2 
receptor, which is coupled to the inhibitory G protein, Gi. 
In the normal animal, dopamine binding to the D2 recep-
tors provides an inhibitory function. On the other hand, the 
D1 receptor expressed on direct pathway neurons is cou-
pled to stimulatory G proteins, Gs and Golf. Consequently, 
in Parkinson’s disease, the loss of dopamine input to the 
striatum has opposite effects on the direct and indirect 
pathways, with increased function in the indirect pathway 
and decreased function in the direct pathway.

B.  Other Nuclei of the Indirect Pathway

Indirect striatal projection neurons extend an axon to the 
external segment of the globus pallidus, but do not project 
axon collaterals to either the internal segment of the glo-
bus pallidus or substantia nigra. Consequently, indirect 
striatal projection neurons are connected with the output 
of the basal ganglia indirectly, through the external globus 
pallidus and subthalamic nucleus. GABAergic neurons of 
the external segment of the globus pallidus, the targets of 
the indirect striatal projection neurons, provide inputs to 
both the internal segment of the globus pallidus/substantia 
nigra pars reticulata, as well as to the subthalamic nucleus. 
The subthalamic nucleus provides a glutamatergic, exci-
tatory input to the internal segment of the globus pallidus 
and substantia nigra. These two nuclei are reviewed in 
the following sections and are also addressed in Chapters  
13, 14 and 15.

1.  External Segment of the Globus Pallidus

There are two major cell types within the external seg-
ment of the globus pallidus (Kita and Kitai, 1994) (see 
Chapter 13). One type has a moderate to large cell soma 
from which radiate 3–5 dendrites with secondary and terti-
ary segments (Fig. 1.6); these are aspinous over their entire 
length and display some varicosities. The dendrites of these 
neurons are often long, up to 300–400 µm, giving a total 
maximal dendritic coverage of over 1 mm in some cases. 
Some aspiny neurons display a discoidal dendritic field 
in that the dendrites spread mainly in a two-dimensional  
manner parallel to the border between the external seg-
ment of the globus pallidus and striatum. Other aspiny 
neurons have dendrites that cover a volume with a more  
3-dimensional distribution. A second type of pallidal 
neuron is distinguished by the spines distributed on its 
dendrites. The cell bodies of these neurons are generally 
smaller than those of the aspiny neurons. However, the 
size and extent of the dendritic fields appear to be similar 
for the two types, except that spiny neurons do not dis-
play discoid dendrites. Although all pallidal projection 
neurons appear to utilize GABA as a transmitter, the dif-
ferences in morphology are matched by some neurochemi-
cal differences. For example, the larger discoidal-type  
dendrite-bearing neurons contain the calcium-binding pro-
tein parvalbumin, whereas the other pallidal projection 
neurons do not (Kita and Kitai, 1994). Parvalbumin-posi-
tive neurons are the more abundant of the two types.

The projections appear to be somewhat different 
between the two morphologically and neurochemically 
distinct pallidal neuron populations (Kita and Kitai, 1994a; 
Kita and Kitai, 1994b). Parvalbumin-positive/discoidal 
dendrite-bearing neurons provide axon collaterals to the 
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subthalamic nucleus, internal segment of the globus palli-
dus and substantia nigra (Fig. 1.6C), whereas the descend-
ing projection of the parvalbumin-negative pallidal neuron 
is directed primarily to the subthalamic nucleus. Both neu-
ron types appear to also project to the striatum, although 
not all pallidal neurons provide such a projection (see  
also Chapter 14).
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Figure 1.6  Components of the indirect striatal output pathway. A. 
Tracing of the striatopallidal axons of a single indirect striatal projection 
neuron in the sagittal plane. Of note are the double arborization zones 
within the globus pallidus external segment (GPe) from a single stria-
tal neuron. B. Tracings of the dendrites of two GPe neurons in the sag-
ittal plane. Of note is the distribution of the dendrites, which conforms 
to the same pattern as the striatal afferent axons. The two regions of the 
GPe, which are defined by the dual terminal patterns of striatal afferents, 
appear to have distinct populations of pallidal neurons. C. Tracing of a 
single GPe neuron (dendrites in white in sagittal section) and its axon 
(black) which provides collaterals to the striatum, subthalamic nucleus 
(STN) and substantia nigra pars reticulata (SNr). A larger tracing of the 
dendrites of this neuron is shown on the right. Other GPe neurons also 
project to the globus pallidus internal segment (GPi) (entopeduncular 
nucleus in rat). D. Tracing of a single STN neuron (dendrites in white in 
sagittal section) and its axon (black) which provides collateral inputs to 
the GPe, GPi and SNr.
Most pallidal neurons are GAD-immunopositive and 
are thus presumed to utilize GABA as a neurotransmit-
ter (Oertel and Mugnaini, 1984; Smith et al., 1987; Pasik 
et al., 1988). This is consistent with the fact that synaptic 
contacts of pallidal axon terminals with their target neu-
rons are symmetric (Smith and Bolam, 1989; Smith and 
Bolam, 1990; Smith and Bolam, 1991). In addition to GAD-
immunopositive neurons, there are a scattering of choliner-
gic neurons within the body of the globus pallidus, as well as 
a large number of cholinergic neurons ventral to the globus 
pallidus (Fibiger, 1982; Ingham et al., 1985; Grove et al.,  
1986). In as much as these neurons appear to be the target 
of some projections from both the dorsal and ventral stria-
tum, these cholinergic neurons might be considered to be 
part of the basal ganglia (Grove et al., 1986). These cholin-
ergic neurons have been shown to provide projections to the 
cerebral cortex (Fibiger, 1982; Saper, 1984; Ingham et al.,  
1985; Grove et al., 1986; Ingham et al., 1988).

Neurons in the external segment of the globus pal-
lidus receive inputs directly from the striatum (Chang  
et al., 1981; Wilson and Phelan, 1982; Hedreen and 
DeLong, 1991), which are inhibitory (Park et al., 1982), 
and inputs from the subthalamic nucleus, which are excit-
atory (Kita and Kitai, 1987). Inputs from the striatum 
appear to be the dominant inputs to pallidal neurons and 
display a distinct synaptic organization (DiFiglia et al., 
1982). Individual fibers from the striatum entwine den-
drites of pallidal neurons, making numerous synaptic 
contacts along an extended region of a dendrite. These syn-
apses are symmetric and on the order of 1µm in diameter.

The synaptic organization of the external segment of 
the globus pallidus, where afferent axons make multiple 
contacts thus appearing to ensheath pallidal dendrites, has 
possible consequences for convergence of striatal afferents. 
The radial orientation of pallidal neuron dendrites, orthog-
onal to the plane of striatal efferent fibers, had suggested 
a means of convergence in that individual pallidal neurons 
would spread dendrites across the paths of outputs of many 
regions of the striatum. However, an alternative organiza-
tion is suggested by the fact that individual striatal effer-
ents, rather than remaining “on course” as they traverse the 
globus pallidus, in fact follow local paths to entwine indi-
vidual pallidal neuron dendrites. This might suggest that in 
fact individual striatal efferent neurons make a rather direct 
transfer to few rather than many pallidal neurons. Such an 
organization would be decidedly different from that of cor-
tical afferents to the striatum, in which individual axons 
contact the dendrites of many neurons “en passant”.
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As mentioned above, descending output of the exter-
nal segment of the globus pallidus to other components of 
the basal ganglia is directed principally to the subthalamic 
nucleus and to the internal segment of the globus pallidus 
and the substantia nigra (Haber et al., 1985; Kita and Kitai, 
1994). Ascending outputs of the globus pallidus provide 
feedback to the striatum (Staines et al., 1981; Beckstead, 
1983; Staines and Fibiger, 1984) (see also Chapters 14  
and 24). In addition, there is a projection from the ventral 
pallidum to the thalamus (Haber et al., 1985; Mogenson  
et al., 1987; Haber et al., 1993) (see also Chapter 21).

Of particular note is the synaptic organization of pal-
lidal projection terminals, particularly those that provide 
input to the internal pallidal and substantia nigra neurons. 
Pallidal afferents onto these neurons are directed to the cell 
soma and proximal dendrites, whereas the striatal afferent 
input is directed to the same neurons’ more distal dendrites 
(Smith and Bolam, 1989; Smith and Bolam, 1990; Smith 
and Bolam, 1991).

2.  Subthalamic Nucleus

Based on cellular and dendritic morphology neurons in the 
subthalamic nucleus appear to be of one main type (Fig. 
1.6D), which nonetheless show a variance in the dimen-
sions of the cell soma and dendritic ramifications (Kita et 
al., 1983a) (see also Chapter 15). In rats the cell soma is 
ovoid or polygonal with a medium size ranging 10–20 µm  
in diameter. Most subthalamic neurons extend 3–4 primary  
dendrites which taper and branch into secondary and ter-
tiary dendrites. Dendrites show infrequent spines, which, 
if present, are located on more distal parts of the den-
drites. The dendrites spread in varying patterns within 
the nucleus. In general, dendrites appear to distribute in 
an ovoid area in both the frontal and sagittal planes, thus 
showing a greater extension in the rostro-caudal dimen-
sion than in the dorso-ventral dimension. In the horizontal 
plane, dendrites appear to distribute roughly equally in the 
medial-lateral dimension as in the rostro-caudal dimension. 
Subthalamic neurons across species appear to be similar in 
morphologic type, although the planar distribution patterns 
of the dendrites vary from species to species. This presum-
ably reflects different geometries of the afferent inputs in 
different species.

Neurons in the subthalamic nucleus appear to be of 
one neurochemical type in that most are immunoreactive 
for glutamate. This is consistent with the fact that the syn-
apses of subthalamic afferents to neurons in both segments 
of the globus pallidus and substantia nigra are asymmetric 
(Kita and Kitai, 1987). Moreover, the electrophysiologic 
response of neurons postsynaptic to subthalamic afferents 
following stimulation of the subthalamic nucleus confirms 
the excitatory nature of these inputs (Nakanishi et al., 
1987b; Robeldo and Féger, 1990).

Neurons in the subthalamic nucleus receive inputs from 
the external segment of the globus pallidus, which are 
inhibitory (Kita et al., 1983b), and inputs from the cortex, 
which are excitatory (Kita et al., 1983b; Nakanishi et al., 
1987a; Nakanishi et al., 1988). Inputs from the cortex are 
asymmetric and distributed principally to the dendrites of 
the neurons. Inputs from the external segment of the globus 
pallidus make large symmetric contact which are directed 
relatively equally to the cell soma (30%), proximal (39%) 
and distal (31%) dendrites (Smith et al., 1990). This input 
is distinguished from pallidal inputs to the substantia nigra 
in which 90% of the synaptic contact is made with the 
soma or proximal dendrites (Smith and Bolam, 1990).

Neurons in the subthalamic nucleus send axons that 
target neurons in both segments of the globus pallidus and 
substantia nigra (Fig. 1.6D), as well as a sparse projection 
to the striatum (Kita and Kitai, 1987). These projections 
provide an excitatory input to each of the target structures 
(Saper, 1984; Ingham et al., 1985; Nakanishi et al., 1987b; 
Robeldo and Féger, 1990; Kita and Kitai, 1991).

C.  Dual Projections within Basal  
Ganglia Circuits

A distinctive feature of striatal output organization is 
the dual projections from the striatum to subdivisions 
of the globus pallidus and substantia nigra (Chang et al., 
1981; Wilson and Phelan, 1982; Gerfen, 1985) (Fig. 1.7). 
Initially described in the rat, this organization has also 
been observed in the primate (Parent and Hazrati, 1994). 
Thus, striatal projections to the globus pallidus have exten-
sive axon arborizations in a region immediately adjacent to 
the striatum, and a second arborization zone in the central 
part of the globus pallidus (Figs 1.6A, 1.7). In the case of 
the striatopallidal pathway, the dual projections have been 
demonstrated to arise from individual striatal neurons 
(Chang et al., 1981). The dual striatonigral projection tar-
gets a region in the dorsal part of the substantia nigra pars 
reticulata, and a second zone that lies immediately above 
the cerebral peduncle (Fig. 1.7). It has not been demon-
strated whether individual striatal neurons contribute pro-
jections to both zones of the pars reticulata, although this is 
likely. At the least they arise from within the striatal matrix 
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and from very closely associated neurons. These dual 
projection systems are not to be confused with the patch-
matrix projections (see Section below).

The dual nature of inputs to the globus pallidus and 
substantia nigra is not only found in the striatal projections 
to these nuclei. Kita and Kitai (1987) have also observed 
a similar organization in the projection of the subthalamic 
nucleus to these nuclei (Fig. 1.7B). The projection patterns 
charted in their study bear a remarkable resemblance to 
those from the striatum. This suggests that this aspect of 
the organization of basal ganglia circuits is maintained not 
only in the organization of striatal outputs but also in the 
organization amongst the nuclei that are the targets of this 
striatal projection.

In both segments of the globus pallidus and in the sub-
stantia nigra the dendritic morphology of neurons conforms 
to the dual innervation patterns from the striatum (Gerfen, 
1985). Thus, in the external segment of the globus pallidus, 
neurons in the region that is immediately adjacent to the 
striatum have dendrites that are distributed in a pattern that 
conforms to a “shell”-like region of the globus pallidus, 

Dual subthalamic projections
to GPe and SNr

Dual striatal projections 
to GPe and SNr
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Figure 1.7  Dual projection systems in direct and indirect pathways. 
A. Illustration of the dual projections from the striatum to the globus pal-
lidus external segment (GPe) and substantia nigra pars reticulata (SNr) 
are shown. B. The dual projections from the subthalamic nucleus (STN) 
to the GPe and the SNr are depicted. In each system afferents target the 
same two regions in the GPe, an area immediately adjacent to the stria-
tum and a second area more central, and the same two regions in the SNr, 
an area medial and dorsal adjacent to the substantia nigra pars compacta 
and a second area situated ventrally against the cerebral peduncle. The 
dual target zones in both the GPe and SNr have neurons whose dendrites 
appear to conform to the pattern of afferents to these regions. Individual 
striatal neurons and individual subthalamic neurons provide collaterals to 
both regions in each nucleus.
whereas dendrites of neurons in the central region of the 
globus pallidus are restricted to the central region and do 
not appear to extend into the pallidal “shell” region (Kita 
and Kitai, 1994) (Fig. 1.6B). Note that neurons in different 
pallidal regions are likely to have different local connec-
tions (Sadek et al., 2007). Similarly, in the substantia nigra 
there are two zones of neurons in the pars reticulata (ignor-
ing the dopamine neurons in the pars reticulata, see Section 
below). Again, as in the globus pallidus there is one region 
that forms a “shell”-like structure, in this case forming a 
region immediately above the cerebral peduncle, and a 
dorsal zone that is between the ventral “shell” region and 
the pars compacta. Neurons in these two regions have den-
drites that are distributed so as to conform with the shape 
of the regions (Grofova et al., 1982). This organization was 
first described by Grofova et al. (1982) based on the mor-
phology of the dendrites of pars reticulata neurons.

The organization of the substantia nigra pars reticulata 
into subregions appears not only to be related to the inputs 
from the striatum and subthalamic nucleus, but also to the 
organization of its outputs. The projections of the substantia 
nigra pars reticulata to the thalamus and to the superior col-
liculus (see following Section) appear to maintain a rough 
topography. This organization has been described by Gerfen 
et al. (1982) and in considerable details by Deniau and 
Chevalier (1992). Thus, projections to the ventral medial, 
mediodorsal, and intralaminar thalamus, as well as those 
to the superior colliculus, display a topographic organiza-
tion. This topography involves both the central and peri-
peduncular “shell” region of the pars reticulata. Neurons 
projecting to a particular topographically related part of 
any of these structures arise in one of the two pars reticu-
lata regions. This organization of the nigral output neurons 
was described by Deniau and Chevalier (1991) to have the 
appearance of distinct lamellae, much like that of an onion.

The dual nature of these basal ganglia projection sys-
tems has repeatedly been remarked upon (e.g., Gerfen et al., 
1982; Deniau and Chevalier, 1992; Redgrave et al., 1992). 
However, its functional significance remains unclear.

VI.  Basal ganglia output nuclei: 
internal segment of globus 
pallidus and substantia nigra

Together, the internal segment of the globus pallidus and 
the substantia nigra are considered the output nuclei of the 
basal ganglia in that they provide the interface with brain 
areas outside the basal ganglia, in particular the thalamus 
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and midbrain structures, including the superior colliculus 
and pedunculopontine nucleus (Fig. 1.8) (see Chapter 23).  
The neurons that provide these output projections utilize 
GABA as a transmitter and form a nuclear complex that 
is continuous from the internal segment of the globus pal-
lidus and substantia nigra pars reticulata. In addition to the 
GABA neurons in these nuclei, dopamine neurons in the 
substantia nigra pars compacta provide a feedback path-
way to the striatum (see following section).

For the purposes of the present review, details concern-
ing the synaptic connections of the GABA neurons in the 
substantia nigra pars reticulata are provided. These are 
comparable to those of the neurons in the internal segment 
of the globus pallidus, which are addressed in detail in 
Chapter 13. The distinctions between these nuclei are due 
to the parts of the body that they are related to. The sub-
stantia nigra pars reticulata is involved in movements of the 
eyes, head and neck, whereas the internal segment of the 
globus pallidus is involved in limb and axial movements.

A.  Cell Types

As mentioned above, the substantia nigra is composed 
of two main neuronal types, those that utilize dopamine 
(Bjorklund and Lindvall, 1984) and those that utilize 
GABA as a neurotransmitter (Ribak et al., 1979; Oertel 
and Mugnaini, 1984; Pasik et al., 1988). Dopamine neu-
rons are located primarily in the pars compacta, which is a 
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Figure 1.8  Basal ganglia output pathways. Output pathways arise 
from GABAergic neurons of the internal segment of the globus pal-
lidus (GPi) and substantia nigra pars reticulata (SNr). The GPi output is 
directed to the ventral lateral (vl) thalamic nucleus, intralaminar/parafas-
cicular (pf) complex and to the lateral habenula (lh). The SNr output is 
directed to the paralamellar mediodorsal (md), pf and ventromedial (vm) 
thalamic nuclei, to the intermediate layers of the superior colliculus and 
to the pedunculopontine tegmental nucleus (PPN).
neuron-dense zone forming the dorsal part of the substantia  
nigra (Gerfen et al., 1987b) (dopamine neurons are dis-
cussed in detail in the following section and in Chapter 16).  
In addition, dopamine neurons are also located in group-
ings in the ventral neuron-sparse zone, the pars reticulata. 
Dopamine neurons in the substantia nigra, as well as those 
in the adjacent ventral tegmental area and retrorubral area 
provide inputs to the striatum and other forebrain areas 
(Beckstead, 1979; Ribak et al., 1979; Oertel and Mugnaini, 
1984; Gerfen et al., 1987a,b; Pasik et al., 1988). GABA 
neurons are localized, for the most part, in the pars reticu-
lata. These neurons provide inputs to the thalamus, supe-
rior colliculus and pedunculopontine nucleus (Beckstead, 
1979; Ribak et al., 1979; Gerfen et al., 1982; Oertel and 
Mugnaini, 1984; Pasik et al., 1988).

B.  Inputs

The major sources of input to substantia nigra neurons are 
inhibitory GABAergic inputs from the striatum and exter-
nal segment of the globus pallidus, and excitatory inputs 
from the subthalamic nucleus (see previous sections). That 
the striatum provides an inhibitory GABAergic input to 
pars reticulata neurons has been established using elec-
trophysiologic techniques (Deniau et al., 1976; Chevalier 
et al., 1985; Deniau and Chevalier, 1985). The external 
segment of the globus pallidus has more recently been 
established to provide a similar inhibitory input. The syn-
aptic organization of these inputs to the pars reticulata 
was described in a comprehensive analysis by Smith and 
Bolam (Smith and Bolam, 1989; Smith and Bolam, 1990; 
Smith et al., 1990). In these studies, axonally transported 
tracer labeling of striatal and pallidal input to identified 
pars reticulata neurons projecting to the superior colliculus 
were examined at the light and electron microscopic level. 
Striatal input to pars reticulata neurons form symmetric, 
relatively small synapses directed principally to distal parts 
of the dendrites (77% of such input), and only infrequently 
to the cell soma (3%). In contrast, inputs from the globus 
pallidus form symmetric, relatively large synapses directed 
principally to the perikarya (54% of such input), or to 
proximal dendrites (32%). The differential distribution of 
inputs from the striatum and globus pallidus to the distal 
and more proximal dendrites suggests that, if the inputs are 
comparable in number, the latter afferent system may exert 
a dominant control over these pars reticulata neurons.

Afferents from the subthalamic nucleus to the pars 
reticulata provide an excitatory input mediated by the  
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neurotransmitter glutamate (Kita and Kitai, 1987; Nakanishi  
et al., 1987b). At the synaptic level these inputs form 
asymmetric contacts principally directed to more distal 
parts of the dendrites of pars reticulata neurons (Kita and 
Kitai, 1987). Thus, the distribution pattern of these affer-
ents is similar to that of the striatal inputs.

C.  Outputs

Output targets of the substantia nigra pars reticulata include 
the thalamus, superior colliculus and the pedunculopontine 
nucleus (Beckstead, 1979; Gerfen et al., 1982; Kita and 
Kitai, 1987; Nakanishi et al., 1987b; Deniau and Chevalier, 
1992) (Fig. 1.8). In the thalamus, nigral efferents are 
directed to two main parts. The first are the set of nuclei, 
including the intralaminar nuclei, that project back to the 
striatum (see also Chapter 22). The second thalamic target 
are nuclei that provide projections to frontal cortical areas. 
The specific nuclei involved vary from species to species, 
primarily as a consequence of the organization of cortex. 
For example, in rodents, the principal target of the substan-
tia nigra is the ventromedial thalamic nucleus, which pro-
vides a relatively widespread input to frontal cortical areas, 
and the paralaminar medial dorsal thalamus, which in turn 
projects to the cortical areas thought to be equivalent to the 
frontal eye fields in primates. Conversely, in primates where 
frontal cortical areas are subdivided into more discrete areas 
(see also Chapter 24), thalamic inputs to these areas are cor-
respondingly organized. In primates, the principal thalamic 
targets of the internal segment of the globus pallidus are the 
ventral lateral, pars oralis and ventral anterior, pars parvo-
cellularis nuclei (Schell and Strick, 1984), and the target of 
the substantia nigra is the ventral anterior (VAmc) and par-
alaminar medial dorsal (MDpc) nuclei (Ilinsky et al., 1985). 
Many individual pars reticulata neurons have collaterals 
that target two or more of these targets.

VII. The nigrostriatal dopamine 
system

Dopamine neurons in the ventral midbrain, which can 
be labeled by tyrosine hydroxylase immunolabeling are 
the origin of the nigrostriatal dopamine system (Fig. 1.9) 
(see also Chapters 16 and 17). Midbrain areas that con-
tain dopamine neurons include the ventral tegmental 
area, which is the ventral medial most region of the mid-
brain, the substantia nigra, including the pars compacta, 
in which dopamine neurons are densely packed, and the 
pars reticulata, which is relatively cell sparse compared 
to the pars compacta, and the retrorubral area, which lies 
caudal and dorsal to the substantia nigra (Bjorklund and 
Lindvall, 1984; Gerfen et al., 1987b) (Fig. 1.9). The des-
ignation of the subgroupings of dopamine neurons accord-
ing to regional location – A10 cell group in the ventral 
tegmental area, A9 cell group in the substantia nigra, 
and A8 cell group in the retrorubral area – conforms to 
some extent with their projection targets (Bjorklund and 
Lindvall, 1984). The A10 dopamine cell group is gener-
ally regarded to project to limbic forebrain areas, such as 
the septal area, prefrontal cortex, olfactory tubercle and 
nucleus accumbens. The A9 and A8 cell groups are gener-
ally regarded as the origin of the projection to the striatum.

A.  Dorsal Tier Versus Ventral Tier  
Dopamine Neurons

Dopamine innervation of the striatum (Bjorklund and 
Lindvall, 1984) is relatively dense and when considered 
in total appears rather uniform. However, this belies an 
underlying organization of the nigrostriatal system into 
patch- and matrix-directed subsystems (Gerfen et al., 
1987a,b; Jimenez-Castellanos and Graybiel, 1987; Langer 
and Graybiel, 1989) (Fig. 1.9). The first indication of the 
compartmental organization of the nigrostriatal dopamine 
system came from developmental studies which revealed 
that in the early postnatal striatum dopamine input is dis-
tributed in patches (dopamine “islands”), and that dur-
ing subsequent development innervation of the matrix 
is completed (Olson et al., 1972; Tennyson et al., 1972). 
Neuroanatomical tracing studies demonstrated that this 
developmental sequence is a consequence of the dopamine 
projections to the patch and matrix compartments arising 
from distinct sets of dopamine neurons in the substantia 
nigra (Gerfen et al., 1987a,b).

Dopamine neurons that project to the striatum are dis-
tributed in each of these groups, including the A10 cell 
group. As is also seen, these neurons are distributed in a 
somewhat continuous manner, such that delineation of 
subgroupings based on regional location is somewhat 
arbitrary. A different parcellation of these neurons is sug-
gested based on the morphology of neuronal dendrites, the 
expression of the calcium-binding protein calbindin, and 
their projection to either the patch or matrix compartments 
(Gerfen et al., 1987a,b). Using these determinants the 
projection of midbrain dopamine neurons to the striatum 
reveals the following organization. Two sets of dopamine 
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Figure 1.9  Organization of the nigrostriatal dopamine pathway. The illustration shows the organization of the dopamine (DA) projections from the 
midbrain to the striatal patch and matrix compartments (sagittal diagram, upper left). The coronal section at a mid-striatal level (A) depicts the innerva-
tion of the patch and matrix compartments from different subsets of midbrain DA neurons, shown at three rostrocaudal levels (B,C,D). DA neurons 
providing inputs to the striatal matrix compartment (light grey in B,C,D) (orange in B,C,D) are located in the ventral tegmental area (B,C,D: VTA; A10 
DA cell group), in the dorsal tier of the substantia nigra pars compacta (B,C: SNc; A9) and in the retrorubral area (D: RR; A8). Neurons providing input 
to the striatal patch compartment (dark grey in B,C,D) (blue in B,C,D) are located in the ventral tier of the SNc (B,C,D; A9) and in the substantia nigra 
pars reticulata (C,D: SNr; A9). Dorsal tier neurons express the calcium-binding protein calbindin, whereas ventral tier neurons are calbindin-negative.  
There is a general topography in that medially located cells project to the ventral striatum and laterally located cells project to the dorsal striatum. 
Neurons at every rostral–caudal level in the midbrain project rather extensively to throughout the rostral–caudal extent of the striatum. (see Color Plate 
Section to view the color version of this figure)
neurons are distinguished and these are localized in a dor-
sal and a ventral tier (Fig. 1.9).

The dorsal tier set provides inputs predominantly to the 
striatal matrix compartment. This set encompasses a con-
tinuous group that includes the dopamine neurons project-
ing to the striatum situated in the ventral tegmental area, 
the dorsal part of the substantia nigra pars compacta, and 
the retrorubral area (Fig. 1.9). Several other characteristics 
apply to this set. First, those neurons in the pars compacta 
are distinguished from the ventral tier neurons by the exten-
sion of their dendrites within the plane of the pars compacta. 
Second, most of the dorsal tier neurons express, in addi-
tion to dopamine, the calcium-binding protein calbindin. 
Third, there is a rough topography to the organization of 
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the projections to the striatum such that more medially situ-
ated neurons project ventrally to the nucleus accumbens and 
ventral striatum, whereas more lateral and caudal neurons, 
in the A9 and A8 cell groups, project to the dorsal striatum.

The ventral tier set provides inputs preferentially to the 
striatal patch compartment. Neurons in this set are situated 
in the ventral part of the substantia nigra pars compacta and 
in groups of cells embedded in the pars reticulata (Fig. 1.9).  
In contrast to dorsal tier neurons, ventral tier pars compacta 
neurons are distinguished by their extension of dendrites 
ventrally into the pars reticulata. Ventral tier dopamine 
neurons do not display calbindin immunoreactivity. These 
neurons display a topographic organization in their pro-
jections to the striatum, with dorsally positioned neurons 
projecting to the patch compartment in the ventral striatum 
and nucleus accumbens, and ventrally positioned neurons 
in the pars reticulata projecting to the dorsal striatal patch 
compartment.

It is worthwhile to note that the numbers of dopamine 
neurons located in the ventral substantia nigra pars reti
culata increases at more caudal levels. Consequently, the 
common view of the substantia nigra as being composed of 
two separate zones, a dorsal pars compacta in which dopa-
mine neurons are located, and a ventral pars reticulata in 
which GABA neurons are located, applies only to the ros-
tral most levels of this nucleus. This organization appears 
to be common across species from rat to primates.

B.  Inputs to Dopamine Neurons

Input to pars compacta dopamine neurons appears to be, 
for the most part, similar to that to the pars reticulata for 
each of the sources of input described above (see also 
Chapter 16). Afferents from the striatum, which are iden-
tified both directly with anterograde axonal markers, and 
with GABA or substance P immunoreactivity, appear to 
provide a major input to pars compacta neurons (Smith 
and Bolam, 1990). However, in the case of afferents from 
the globus pallidus the input is somewhat less than that to 
the pars reticulata neurons (Smith and Bolam, 1990). In 
addition, there are other known sources of inputs directed 
to the pars compacta that have not been described as being 
directed to the pars reticulata. One of these is a choliner-
gic input that provides asymmetric synaptic contacts with 
pars compacta neurons, which at least in part arises in the 
pedunculopontine nucleus (see Chapter 23). Another is 
from the amygdala, which appears to provide inputs to the 
major components of the dopamine cell groups, but not to 
the pars reticulata (Gonzales and Chesselet, 1990). In addi-
tion, the lateral habenula provides input directed to the pars 
compacta (Herkenham and Nauta, 1979), which has been 
identified with electrophysiologic techniques as an inhibi-
tory input (Christoph et al., 1986).

VIII.  Striatal patch-matrix 
compartments

A.  Markers Defining the Patch-Matrix 
Compartments

As mentioned above, early indication that there are compart-
ments within the striatum came from studies that observed 
islands or patches of dopamine innervation distributed within 
the neuropil of the striatum during early postnatal develop-
ment; this uneven innervation gives way to a homogeneous 
distribution of dopamine input as development progresses 
(Tennyson et al., 1972). A number of neurochemical  
markers were then found to coincide with these patches, 
including staining for acetylcholinesterase (Graybiel and 
Ragsdale, 1978) and opiate receptor binding (Herkenham 
and Pert, 1981). The striatal neurons that are the target of 
this early dopamine input also develop first, with later born 
striatal neurons filling in the surrounding matrix regions of 
the striatum (van der Kooy and Fishell, 1987). These two 
developmental compartments, the early developing patches 
or islands and the later developing matrix, give rise to the 
adult patch (or striosome; Graybiel and Ragsdale, 1978) 
and matrix compartments of the striatum. As the adult stria-
tum appears homogeneous neurochemical markers can still 
reveal these compartments; notably, among others, calbin-
din marks the matrix (Gerfen et al., 1985) and mu opioid 
receptors mark the patch compartment (Herkenham and 
Pert, 1981; see Fig. 20.3 in Chapter 20).

B.  Dopamine Inputs to Patches Versus Matrix

As discussed in the previous Section, distinct subsets of 
dopamine neurons differentially target the striatal patch and 
matrix compartments (Gerfen et al., 1987a,b). Axonal tracing 
studies demonstrated that dopamine neuron projections from 
the ventral tegmental area, dorsal tier of the substantia nigra 
pars compacta and retrorubral area provide input principally 
to the striatal matrix compartment, whereas projections 
from the two groups of ventral tier dopamine neurons of 
the substantia nigra provide input to the patch compartment 
(Gerfen et al., 1987a). Moreover, as mentioned above, the 
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matrix-projecting neurons co-express the calcium-binding  
protein calbindin, which thus provides a neurochemical 
marker for these neurons (Gerfen et al., 1985).

To further affirm this differential organization, we took 
advantage of the differential development of the patch- and 
matrix-directed dopamine systems. Injecting the neuro-
toxin 6-hydroxydopamine into the striatum on the day of 
birth resulted in the selective degeneration of the ventral tier 
dopamine neurons and the dopamine input to the patch com-
partment (Gerfen et al., 1987b), as these neurons are already 
present at birth and thus were destroyed by the neurotoxin. 
In contrast, the calbindin-expressing dopamine neurons 
in the ventral tegmental area, dorsal tier of the pars com-
pacta and retrorubral area, which only develop postnatally, 
survived in adults, as did the dopamine input to the striatal 
matrix compartment. These findings thus confirmed that dis-
tinct sets of mesostriatal dopamine neurons differerentially 
target the patch and matrix compartments of the striatum.

Such distinct sets of dopamine neurons providing dif-
ferential input to the striatal patch and matrix compart-
ments have also been demonstrated in the cat and the 
primate (Gerfen et al., 1985; Jimenez-Castellanos and 
Graybiel, 1987; Langer and Graybiel, 1989). However, this 
differential innervation is not absolute. A recent study in 
the rat by Matsuda et al. (2009) used a method that labels 
the full axonal arborization of single neurons and found 
that individual dopamine neurons in both the dorsal and 
ventral tier distribute axons to some degree to both patch 
and matrix compartments, although each neuron’s arbori-
zation tended to favor one or the other. The potential sig-
nificance of this finding is discussed below.

C.  Cortical and Thalamic Inputs

Dopamine input to striatal medium spiny neurons is 
directed principally to dendritic shafts and spine necks, 
and likely functions to modulate excitatory input that 
is directed to the dendritic spines. There are two main 
sources of glutamatergic excitatory input, the cerebral cor-
tex and the thalamus, and some aspects of each of these 
is organized relative to patch and matrix compartments. 
For the thalamus, parts of the intralaminar thalamic nuclei 
differentially target the patch-matrix compartments, with 
projections of the parafascicular and centromedian nuclei 
directed to the matrix, and projections of the paraventricu-
lar nucleus directed to the patch compartment (Herkenham 
and Pert, 1981; Gerfen et al., 1982; Berendse et al., 1988).
Corticostriatal projections predominantly arise from 
pyramidal neurons in layer 5. Early studies examining the 
compartmental targets of corticostriatal projections sug-
gested that different cortical areas projected selectively 
to one or the other. Limbic cortical areas were shown to 
provide input to the patch compartment, whereas somato-
sensory and motor cortical area projections targeted the 
matrix (Gerfen, 1984; Donoghue and Herkenham, 1986). 
However, more detailed analysis of corticostriatal projec-
tions demonstrated that most cortical areas provide inputs 
to both compartments, but that neurons in different sublay-
ers of layer 5 differentially project to the patch and matrix 
compartments (Gerfen, 1989). For each specific cortical 
area, neurons with patch-directed inputs are located in 
deep layer 5, whereas those with matrix-directed inputs are 
located in superficial layer 5 (Fig. 1.10).
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Figure 1.10  Connections of the striatal patch–matrix compartments. 
The organization of the patch-matrix compartments bestows paral-
lel pathways from the cerebral cortex through the striatum that provide 
differential input to the dopamine and GABA neurons in the substantia 
nigra. Deep layer 5 corticostriatal neurons project to the patch compart-
ment, whose neurons target dopamine neurons in the substantia nigra 
pars compacta (SNc). Superficial layer 5 corticostriatal neurons provide 
inputs to the matrix compartment, whose neurons project to the substantia 
nigra pars reticulata (SNr), which contains the GABA output neurons of 
the basal ganglia. This organization arises from most neocortical areas, 
although there is a gradient such that those areas closer to the allocortex 
provide a greater input to the patch compartment, whereas primary senso-
rimotor areas provide a greater input to the matrix compartment.
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Corticostriatal projections are topographically orga-
nized, such that motor cortical areas project to the dorsolat-
eral striatum and prelimbic and infralimbic areas project to 
the medial and ventral striatum. Importantly, for each corti-
cal area, both patch- and matrix-directed projections target 
the topographic region within the striatum, such that from a 
given cortical area, its projections to the matrix surround the 
patches that it also projects to. While this pattern of organi-
zation of corticostriatal projections is apparent in most cor-
tical areas, the relative contribution of inputs to the patch 
and matrix compartments varies between cortical areas. 
Neocortical areas, such as motor, supplementary motor and 
somatosensory cortices, provide greater inputs to the matrix 
compartment, whereas allocortical and peri-allocortical  
areas such as the prelimbic and infralimbic cortical areas 
provide greater inputs to the patch compartment. This tran-
sition of a predominance of patch-directed inputs from 
limbic-related cortical areas to matrix-directed inputs from 
neocortical areas is likely responsible for the earlier find-
ings, suggesting that different cortical areas provide inputs 
only to one compartment. The major significance of the 
organization of corticostriatal projections is that the striatal 
patch and matrix compartments are related to the laminar 
organization of the cerebral cortex rather than to tangential 
or columnar features of its organization (Gerfen, 1989).

D.  Outputs of Patches Versus Matrix

In addition to inputs, output connections of the striatum are 
also organized relative to the patch-matrix compartments 
(Fig. 1.10). The distribution of medium spiny neurons is 
homogeneous and does not reveal striatal compartments, 
the dendrites of the neurons in patch and matrix compart-
ments tend to remain confined within their respective com-
partments (Gerfen, 1985; Bolam et al., 1988). Moreover, 
axonal tracing studies demonstrated that projections from 
the striatal patch compartment provide input directed prin-
cipally to the ventral tier dopamine neurons in the substan-
tia nigra, whereas the striatal matrix neurons project to the 
external and internal segment of the globus pallidus, and 
substantia nigra pars reticulata (Gerfen, 1985) (Fig. 1.10).  
Thus, the striatal output of the patch compartment is 
directed principally at the same ventral tier dopamine 
neurons that provide input to this compartment. In this 
regard, the recent finding that ventral tier neurons provide 
dopamine input to both patch and matrix compartments 
(Matsuda et al., 2009) is important. This finding suggests 
that the striatal patch output is not part of a closed loop 
with the dopamine neurons that provide patch input, but 
rather affects dopamine feedback to both compartments.

The target of the output of striatal matrix neurons is 
directed to components of the basal ganglia that provide 
the output of this system. These are the internal segment 
of the globus pallidus and substantia nigra pars reticulata 
which are composed of GABA neurons that project to the 
thalamus, superior colliculus and other midbrain systems 
connected with motor control (see above). Thus, the out-
put of neurons in the striatal patch and matrix, respectively, 
target dopamine feedback to the striatum and basal ganglia 
output systems. In summary, the general organization of 
the patch-matrix compartments provides separate pathways 
from the cortex, through the striatum, to differentially mod-
ulate dopamine and other basal ganglia feedback circuits, 
or to affect basal ganglia GABAergic output neurons in 
the internal segment of the globus pallidus and substantia 
nigra pars reticulata (Fig. 1.10). Thus, the cortical connec-
tions through the patch compartment appear to be related 
to regulation of the dopamine, and possibly serotonin, 
feedback systems to the striatum, whereas cortical connec-
tions through the matrix compartment appear to be related 
to regulation of the output neurons of the basal ganglia.

References

Albin RL, Young AB, Penney JB (1989) The functional anatomy of basal 
ganglia disorders. Trends Neurosci 12:366–375.

Alexander GE, DeLong MR, Strick PL (1986) Parallel organization of 
functionally segregated circuits linking basal ganglia and cortex. 
Annu Rev Neurosci 9:357–381.

Arluison M, Dietl M, Thibault J (1984) Ultrastructural morphology of 
dopaminergic nerve terminals and synapses in the striatum of the rat 
using tyrosine hydroxylase immunoreactivity: a topographical study. 
Brain Res Bull 13:269–285.

Beckstead RM (1979) An autoradiographic examination of corticocortical 
and subcortical projections of the mediodorsal-projection (prefrontal) 
cortex in the rat. J Comp Neurol 184:43–62.

Beckstead RM (1983) A pallidostriatal projection in the cat and monkey. 
Brain Res Bull 11:629–632.

Beckstead RM (1988) Association of dopamine D1 and D2 receptors 
with specific cellular elements in the basal ganglia of the cat: the 
uneven topography of dopamine receptors in the striatum is deter-
mined by intrinsic striatal cells, not nigrostriatal axons. Neuroscience 
27:851–863.

Beckstead RM, Cruz CJ (1986) Striatal axons to the globus pallidus, 
entopeduncular nucleus and substantia nigra come mainly from sepa-
rate cell populations in cat. Neuroscience 19:147–158.

Beckstead RM, Kersey KS (1985) Immunohistochemical demonstration 
of differential substance P-, met-enkephalin-, and glutamic-acid-
decarboxylase-containing cell body and axon distributions in the cor-
pus striatum of the cat. J Comp Neurol 232:481–498.



Handbook of Basal Ganglia Structure and Function24
Berendse HW, Voorn P, te Kortschot A, Groenewegen HJ (1988) Nuclear 
origin of thalamic afferents of the ventral striatum determines their 
relation to patch/matrix configurations in enkephalin-immunoreactivity  
in the rat. J Chem Neuroanat 1:3–10.

Bevan MD, Booth PAC, Eaton SA, Bolam JP (1998) Selective innerva-
tion of neostriatal interneurons by a sub-class of neuron in the globus 
pallidus of the rat.  J Neurosci 18:9438–9452.

Bishop GA, Chang HT, Kitai ST (1982) Morphological and physiological 
properties of neostriatal neurons: an intracellular horseradish peroxi-
dase study in the rat.. Neuroscience 7:179–191.

Bjorklund A, Lindvall O (1984) Dopamine-containing systems in the 
CNS. In Handbook of Chemical Neuroanatomy Vol. 2: Classical 
Transmitters in the CNS, Part I (Bjorklund A, Hokfelt T, eds), pp. 
55–122: Elsevier. Amsterdam. 

Bolam JP, Clarke DJ, Smith AD, Somogyi P (1983) A type of aspiny 
neuron in the rat neostriatum accumulates [3H]gamma-aminobutyric 
acid: combination of Golgi-staining, autoradiography, and electron 
microscopy. J Comp Neurol 213:121–134.

Bolam JP, Ingham CA, Izzo PN, Levey AI, Rye DB, Smith AD, Wainer 
BH (1986) Substance P-containing terminals in synaptic contact with 
cholinergic neurons in the neostriatum and basal forebrain: a double 
immunocytochemical study in the rat. Brain Res 397:279–289.

Bolam JP, Izzo PN (1988) The postsynaptic targets of substance P-
immunoreactive terminals in the rat neostriatum with particular 
reference to identified spiny striatonigral neurons. Exp Brain Res 
70:361–377.

Bolam JP, Izzo PN, Graybiel AM (1988) Cellular substrate of the histo-
chemically defined striosome/matrix system of the caudate nucleus: 
a combined Golgi and immunocytochemical study in cat and ferret.. 
Neuroscience 24:853–875.

Bolam JP, Powell JF, Wu JY, Smith AD (1985) Glutamate decarboxylase-
immunoreactive structures in the rat neostriatum: a correlated light 
and electron microscopic study including a combination of Golgi 
impregnation with immunocytochemistry. J Comp Neurol 237:1–20.

Bolam JP, Wainer BH, Smith AD (1984) Characterization of cholinergic 
neurons in the rat neostriatum. A combination of choline acetyl-
transferase immunocytochemistry, Golgi-impregnation and electron 
microscopy. Neuroscience 12:711–718.

Bouyer JJ, Park DH, Joh TH, Pickel VM (1984) Chemical and structural 
analysis of the relation between cortical inputs and tyrosine hydroxylase-
containing terminals in rat neostriatum. Brain Res 302:267–275.

Carman JB, Cowan WM, Powell TPS (1965) The organization of cortico-
striate connexions in the rabbit. Brain 86:525–562.

Chang HT, Wilson CJ, Kitai ST (1981) Single neostriatal efferent axons 
in the globus pallidus: a light and electron microscopic study. Science 
213:915–918.

Chang HT, Wilson CJ, Kitai ST (1982) A Golgi study of rat neostriatal 
neurons: light microscopic analysis. J Comp Neurol 208:107–126.

Chesselet MF, Robbins E (1989) Characterization of striatal neurons 
expressing high levels of glutamic acid decarboxylase messenger 
RNA. Brain Res 492:237–244.

Chevalier G, Vacher S, Deniau JM, Desban M (1985) Disinhibition as a 
basic process in the expression of striatal functions. I. The striato-
nigral influence on tecto-spinal/tecto-diencephalic neurons. Brain Res 
334:215–226.

Christoph GR, Leonzio RJ, Wilcox KS (1986) Stimulation of the lateral 
habenula inhibits dopamine-containing neurons in the substantia 
nigra and ventral tegmental area of the rat. J Neurosci 6:613–619.
Cowan RL, Wilson CJ, Emson PC, Heizmann CW (1990) Parvalbumin-
containing GABAergic interneurons in the rat neostriatum. J Comp 
Neurol 302:197–205.

Cowan RL, Wilson CJ (1994) Spontaneous firing patterns and axonal pro-
jections of single corticostriatal neurons in the rat medial agranular 
cortex. J Neurophysiol 71:17–32.

Dawson TM, Bredt DS, Fotuhi M, Hwang PM, Snyder SH (1991) Nitric 
oxide synthase and neuronal NADPH diaphorase are identical in 
brain and peripheral tissues. Proc Natl Acad Sci USA 88:7797–7801.

DeLong MR (1990) Primate models of movement disorders of basal gan-
glia origin. Trends Neurosci 13:281–285.

Deniau JM, Chevalier G (1985) Disinhibition as a basic process in the 
expression of striatal functions. II. The striato-nigral influence on 
thalamocortical cells of the ventromedial thalamic nucleus. Brain Res 
334:227–233.

Deniau JM, Chevalier G (1992) The lamellar organization of the rat 
substantia nigra pars reticulata: distribution of projection neurons. 
Neuroscience 46:361–377.

Deniau JM, Feger J, LeGuyader C (1976) Striatal evoked inhibition of 
identified nigro-thalamic neurons. Brain Res 104:152–156.

DiFiglia M, Pasik P, Pasik T (1976) A Golgi study of neuronal types in 
the neostriatum of monkeys. Brain Res 114:245–256.

DiFiglia M, Pasik P, Pasik T (1982) A Golgi and ultrastructural study of 
the monkey globus pallidus. J Comp Neurol 212:53–75.

Donoghue JP, Herkenham M (1986) Neostriatal projections from individ-
ual cortical fields conform to histochemically distinct striatal com-
partments in the rat. Brain Res 365:397–403.

Donoghue JP, Kitai ST (1981) A collateral pathway to the neostriatum 
from corticofugal neurons of the rat sensory-motor cortex: an intra-
cellular HRP study. J Comp Neurol 210:1–13.

Dube L, Smith AD, Bolam JP (1988) Identification of synaptic terminals 
of thalamic or cortical origin in contact with distinct medium-size 
spiny neurons in the rat neostriatum. J Comp Neurol 267:455–471.

Elde R, Schalling M, Ceddatelli S, Nakanishi S, Hokfelt T (1990) 
Localization of neuropeptide receptor mRNA in rat brain: initial 
observations using probes for neurotensin and substance P receptors. 
Neuroscience Lett 120:134–138.

Fibiger HC (1982) The organization and some projections of cholinergic 
neurons of the mammalian forebrain. Brain Res Rev 4:327–338.

Flaherty AW, Graybiel AM (1991) Corticostriatal transformations 
in the primate somatosensory system. Projections from physi-
ologically mapped body-part representations. J Neurophysiol 66: 
1249–1263.

Flaherty AW, Graybiel AM (1993) Two input systems for body represen-
tations in the primate striatal matrix: experimental evidence in the 
squirrel monkey. J Neurosci 13:1120–1137.

Freund TF, Powell JF, Smith AD (1984) Tyrosine hydroxylase- 
immunoreactive boutons in synaptic contact with identified stria-
tonigral neurons, with particular reference to dendritic spines. 
Neuroscience 13:1189–1215.

Gerfen CR (1984) The neostriatal mosaic: compartmentalization 
of corticostriatal input and striatonigral output systems. Nature 
311:461–464.

Gerfen CR (1985) The neostriatal mosaic. I. Compartmental organiza-
tion of projections from the striatum to the substantia nigra in the rat.  
J Comp Neurol 236:454–476.

Gerfen CR (1989) The neostriatal mosaic: striatal patch-matrix organiza-
tion is related to cortical lamination. Science 246:385–388.



25Chapter | 1  The Neuroanatomical Organization of the Basal Ganglia
Gerfen CR (1991) Substance P (neurokinin-1) receptor mRNA is selec-
tively expressed in cholinergic neurons in the striatum and basal fore-
brain. Brain Res 556:165–170.

Gerfen CR (1992) The neostriatal mosaic: multiple levels of compartmen-
tal organization. Trends Neurosci 15:133–139.

Gerfen CR, Baimbridge KG, Miller JJ (1985) The neostriatal mosaic: 
compartmental distribution of calcium-binding protein and parvalbu-
min in the basal ganglia of the rat and monkey. Proc Natl Acad Sci  
U S A 82:8780–8784.

Gerfen CR, Baimbridge KG, Thibault J (1987a) The neostriatal mosaic: 
III. Biochemical and developmental dissociation of patch-matrix 
mesostriatal systems. J Neurosci 7:3935–3944.

Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, Monsma FJ, 
Sibley DR (1990) D1 and D2 dopamine receptor-regulated gene 
expression of striatonigral and striatopallidal neurons. Science 
250:1429–1432.

Gerfen CR, Herkenham M, Thibault J (1987b) The neostriatal mosaic: 
II. Patch- and matrix-directed mesostriatal dopaminergic and non- 
dopaminergic systems. J Neurosci 7:3915–3934.

Gerfen CR, McGinty JF, Young WS (1991) Dopamine differentially 
regulates dynorphin, substance P, and enkephalin expression in stria-
tal neurons: in situ hybridization histochemical analysis. J Neurosci 
11:1016–1031.

Gerfen CR, Keefe KA, Gauda EB (1995) D1 and D2 dopamine recep-
tor function in the striatum: coactivation of D1 and D2 dopamine 
receptors on separate populations of neurons results in potentiated 
immediate-early gene response in D1-containing neurons. J Neurosci 
15:8167–8176.

Gerfen CR, Staines WA, Arbuthnott GW, Fibiger HC (1982) Crossed 
connections of the substantia nigra in the rat. J Comp Neurol 
207:283–303.

Gerfen CR, Young WS (1988) Distribution of striatonigral and striatopal-
lidal peptidergic neurons in both patch and matrix compartments: an 
in situ hybridization histochemistry and fluorescent retrograde tracing 
study. Brain Res 460:161–167.

Gerfen CR, Miyachi S, Paletzki R, Brown P (2002) D1 dopamine recep-
tor supersensitivity in the dopamine-depleted striatum results from 
a switch in the regulation of ERK1/2/MAP kinase. J Neurosci 
22:5042–5054.

Gong S, Zheng C, Doughty ML, Losos K, Didkovsky N, Schambra UB, 
Nowak NJ, Joyner A, Leblanc G, Hatten ME, Heintz N (2003) A 
gene expression atlas of the central nervous system based on bacte-
rial artificial chromosomes. Nature 425:917–925.

Gong S, Doughty ML, Harbaugh CR, Cummins A, Hatten ME, Heintz N, 
Gerfen CR (2007) Targeting Cre recombinase to specific neuron pop-
ulations with bacterial artificial chromosome constructs. J Neurosci 
27:9817–9823.

Gonzales C, Chesselet MF (1990) Amygdalonigral pathway: an antero-
grade study in the rat with Phaseolus vulgaris leucoagglutinin  
(PHA-L). J Comp Neurol 297:182–200.

Graybiel AM, Ragsdale CW Jr (1978) Histochemically distinct compart-
ments in the striatum of human, monkey and cat demonstrated by ace-
tylcholinesterase staining. Proc Natl Acad Sci USA 75:5723–5726.

Graybiel AM, Chesselet MF (1984) Compartmental distribution of striatal 
cell bodies expressing [Met]enkephalin-like immunoreactivity. Proc 
Natl Acad Sci USA 81:7980–7984.

Graybiel AM, Moratalla R, Robertson HA (1990) Amphetamine  
and cocaine induce drug-specific activation of the c-fos gene in  
striosome-matrix compartments and limbic subdivisions of the stria-
tum. Proc Natl Acad Sci USA 87:6912–6916.

Graybiel AM, Ragsdale CJ, Yoneoka ES, Elde RP (1981) An immuno-
histochemical study of enkephalins and other neuropeptides in the 
striatum of the cat with evidence that the opiate peptides are arranged 
to form mosaic patterns in register with the striosomal compartments 
visible by acetylcholinesterase staining. Neuroscience 6:377–397.

Groenewegen HJ (1988) Organization of the afferent connections of the 
mediodorsal thalamic nucleus in the rat, related to the mediodorsal-
prefrontal topography. Neuroscience 24:379–431.

Groenewegen HJ, Berendse HW, Haber SN (1993) Organization of the 
output of the ventral striatopallidal system in the rat: ventral pallidal 
efferents. Neuroscience 57:113–142.

Groenewegen HJ, Russchen FT (1984) Organization of the efferent pro-
jections of the nucleus accumbens to pallidal, hypothalamic, and 
mesencephalic structures: a tracing and immunohistochemical study 
in the cat. J Comp Neurol 223:347–367.

Grofova I (1975) The identification of striatal and pallidal neurons pro-
jecting to substantia nigra. An experimental study by means of ret-
rograde axonal transport of horseradish peroxidase. Brain Res 
91:286–291.

Grofová I (1979) Types of striatonigral neurons labeled by retrograde 
transport of horseradish peroxidase. Appl Neurophysiol 42:25–28.

Grofova I, Deniau JM, Kitai ST (1982) Morphology of the substantia 
nigra pars reticulata projection neurons intracellularly labeled with 
HRP. J Comp Neurol 208:352–368.

Grove EA, Domesick VB, Nauta WJH (1986) Light microscopic evidence 
of striatal input to intrapallidal neurons of cholinergic cell group Ch4 
in the rat: a study employing the anterograde tracer Phaseolus vul-
garis leucagglutinin (PHA-L). Brain Res 367:379–384.

Haber SN, Watson SJ (1983) The comparison between enkephalin-like 
and dynorphin-like immunoreactivity in both monkey and human 
globus pallidus and substantia nigra. Life Sci 1:33–36.

Haber SN, Groenewegen HJ, Grove EA, Nauta WJ (1985) Efferent con-
nections of the ventral pallidum: evidence of a dual striato pallidofu-
gal pathway. J Comp Neurol 235:322–335.

Haber SN, Lynd BE, Mitchell SJ (1993) The organization of the descend-
ing ventral pallidal projections in the monkey. J Comp Neurol 
329:111–128.

Hanson GR, Alphs L, Pradham S, Lovenberg W (1981) Haloperidol-
induced reduction of nigral substance P-like immunoreactivity: a 
probe for the interactions between dopamine and substance P neuro-
nal systems. J Pharmacol Exp Ther 218:568–574.

Hanson GR, Merchant KM, Letter AA, Bush L, Gibb JW (1987) 
Methamphetamine-induced changes in the striato-nigral dyn-
orphin system: role of D-1 and D-2 receptors. Eur J Pharmacol 
144:245–246.

Hattori T, McGeer EG, McGeer PL (1978) Fine structural analysis of cor-
tico-striatal pathway. J Comp Neurol 185:347–354.

Hedreen JC, DeLong MR (1991) Organization of striatopallidal, striato-
nigral, and nigrostriatal projections in the macaque. J Comp Neurol 
304:569–595.

Herkenham M, Lynn AB, Johnson MR, Melvin LS, Costa BR, Rice K 
(1991) Characterization and localization of cannabinoid receptors in 
rat brain: a quantitative in vitro autoradiographic study. J Neurosci 
11:563–583.

Herkenham M, Nauta WJH (1979) Efferent connections of the habenular 
nuclei in the rat. J Comp Neurol 187:19–48.



Handbook of Basal Ganglia Structure and Function26
Herkenham M, Pert CB (1981) Mosaic distribution of opiate receptors, 
parafascicular projections and acetylcholinesterase in rat striatum. 
Nature 291:415–418.

Hersch SM, Ciliax BJ, Gutekunst CA, Rees HD, Heilman CJ, Yung KK, 
Bolam JP, Ince E, Yi H, Levey AI (1995) Electron microscopic analy-
sis of D1 and D2 dopamine receptor proteins in the dorsal striatum 
and their synaptic relationships with motor corticostriatal afferents.  
J Neurosci 15:5222–5237.

Ilinsky IA, Jouandet ML, Goldman-Rakic PS (1985) Organization of the 
nigrothalamocortical system in the rhesus monkey. J Comp Neurol 
236:315–330.

Ingham CA, Bolam JP, Smith AD (1988) GABA-immunoreactive syn-
aptic boutons in the rat basal forebrain: comparison of neurons that 
project to the neocortex with pallidosubthalamic neurons. J Comp 
Neurol 273:263–282.

Ingham CA, Bolam JP, Wainer BH, Smith AD (1985) A correlated light 
and electron microscopic study of identified cholinergic basal fore-
brain neurons that project to the cortex in the rat. J Comp Neurol 
239:176–192.

Izzo PN, Bolam JP (1988) Cholinergic synaptic input to different parts of 
spiny striatonigral neurons in the rat. J Comp Neurol 269:219–234.

Jimenez-Castellanos J, Graybiel AM (1987) Subdivisions of the  
dopamine-containing A8-A9-A10 complex identified by their dif-
ferential mesostriatal innervation of striosomes and extrastriosomal 
matrix. Neuroscience 23:223–242.

Kawaguchi Y (1992) Large aspiny cells in the matrix of the rat neostria-
tum in vitro: physiological identification, relation to the compartments 
and excitatory postsynaptic currents. J Neurophysiol 67:1669–1682.

Kawaguchi Y (1993) Physiological, morphological, and histochemical 
characterization of three classes of interneurons in rat neostriatum.  
J Neurosci 13:4908–4923.

Kawaguchi Y, Kubota Y (1993) Correlation of physiological  
subgroupings of nonpyramidal cells with parvalbumin- and  
calbindinD28k-immunoreactive neurons in layer V of rat frontal  
cortex. J Neurophysiol 70:387–396.

Kawaguchi Y, Wilson CJ, Emson PC (1989) Intracellular recording of 
identified neostriatal patch and matrix spiny cells in a slice prepara-
tion preserving cortical inputs. J Neurophysiol 62:1052–1068.

Kawaguchi Y, Wilson CJ, Emson PC (1990) Projection subtypes of rat 
neostriatal matrix cells revealed by intracellular injection of biocytin. 
J Neurosci 10:3421–3438.

Kawaguchi Y, Wilson CJ, Augood SJ, Emson PC (1995) Striatal interneu-
rones: chemical, physiological and morphological characterization. 
Trends Neurosci 18:527–535.

Kemp JM, Powell TPS (1970) The cortico-striate projection in the mon-
key. Brain 93:525–546.

Kemp JM, Powell TPS (1971) The structure of the caudate nucleus of the 
cat: Light and electron microscopic study. Phil Trans R Soc Lond 
[Biol] 262:383–401.

Kincaid AE, Zheng T, Wilson CJ (1998) Connectivity and convergence of 
single corticostriatal axons. J Neurosci 18:4722–4731.

Kita H (1993) GABAergic circuits of the striatum. Prog Brain Res 
99:51–72.

Kita H, Kitai ST (1987) Efferent projections of the subthalamic nucleus 
in the rat: light and electron microscopic analysis with the PHA-L 
method. J Comp Neurol 260:435–452.

Kita H, Kitai ST (1988) Glutamate decarboxylase immunoreactive neu-
rons in rat neostriatum: their morphological types and populations. 
Brain Res 447:346–352.
Kita H, Kitai ST (1991) Intracellular study of rat globus pallidus neurons: 
membrane properties and responses to neostriatal, subthalamic and 
nigral stimulation. Brain Res 564:296–305.

Kita H, Kitai ST (1994a) Parvalbuminin-immunoreactive neurons in rat 
globus pallidus: a light and electron microscopic study. Brain Res 
657:31–41.

Kita H, Kitai ST (1994b) The morphology of globus pallidus projec-
tion neurons in the rat: an intracellular staining study. Brain Res 
636:308–319.

Kita H, Chang HT, Kitai ST (1983a) The morphology of intracellularly 
labeled rat subthalamic neurons: a light microscopic analysis. J Comp 
Neurol 215:245–257.

Kita H, Chang HT, Kitai ST (1983b) Pallidal inputs to subthalamus: intra-
cellular analysis. Brain Res 264:255–265.

Kita H, Kosaka T, Heizmann CW (1990) Parvalbumin-immunoreactive 
neurons in the rat neostriatum: a light and electron microscopic study. 
Brain Res 536:1–15.

Kitai ST, Koscis JD, Preston RJ, Sugimori M (1976) Monosynaptic inputs 
to caudate neurons identified by intracellular injection of horseradish 
peroxidase. Brain Res 109:601–606.

Kubota Y, Kawaguchi Y (1993) Spatial distributions of chemically identi-
fied intrinsic neurons in relation to patch and matrix compartments of 
rat neostriatum. J Comp Neurol 332:499–513.

Kubota Y, Mikawa S, Kawaguchi Y (1993) Neostriatal GABAergic 
interneurones contain NOS, calretinin or parvalbumin. Neuroreport 
5:205–208.

Kunzle H (1975) Bilateral projections from precentral motor cortex to the 
putamen and other parts of the basal ganglia. An autoradiographic 
study in Macaca fascicularis. Brain Res 88:195–209.

Lacey CJ, Boyes J, Gerlach O, Chen L, Magill PJ, Bolam JP (2005) 
GABA-B receptors at glutamatergic synapses in the rat striatum.  
Neuroscience 136:1083–1095.

Lacey CJ, Bolam JP, Magill PJ (2007) Novel and distinct operational 
principles of intralaminar thalamic neurons and their striatal projec-
tions. J Neurosci 27:4374–4384.

Landry P, Wilson CJ, Kitai ST (1984) Morphological and electrophysio-
logical characteristics of pyramidal tract neurons in the rat. Exp Brain 
Res 57:177–190.

Langer LF, Graybiel AM (1989) Distinct nigrostriatal projection systems 
innervate striosomes and matrix in the primate striatum. Brain Res 
498:344–350.

Lei W, Jiao Y, Del Mar N, Reiner A (2004) Evidence for differential corti-
cal input to direct pathway versus indirect pathway striatal projection 
neurons in rats. J Neurosci 24:8289–8299.

Le Moine C, Bloch B (1995) D1 and D2 dopamine receptor gene 
expression in the rat striatum: sensitive cRNA probes demonstrate 
prominent segregation of D1 and D2 mRNAs in distinct neuro-
nal populations of the dorsal and ventral striatum. J Comp Neurol 
355:418–426.

Le Moine C, Normand E, Bloch B (1991) Phenotypical characterization 
of the rat striatal neurons expressing the D1 dopamine receptor gene. 
Proc Natl Acad Sci USA 88:4205–4209.

Le Moine C, Normand E, Guitteny AF, Fouque B, Teoule R, Bloch B 
(1990) Dopamine receptor gene expression by enkephalin neurons in 
rat forebrain. Proc Natl Acad Sci USA 87:230–234.

Loopuijt LD, van der Kooy D (1985) Organization of the striatum: collat-
eralization of its efferent axons. Brain Res 348:86–99.

Matsuda W, Furuta T, Nakamura KC, Hioki H, Fujiyama F, Arai R, 
Kaneko T (2009) Single nigrostriatal dopaminergic neurons form 



27Chapter | 1  The Neuroanatomical Organization of the Basal Ganglia
widely spread and highly dense axonal arborizations in the neostria-
tum. J Neurosci 29:444–453.

Mogenson GJ, Ciriello J, Garland J, Wu M (1987) Ventral pallidum pro-
jections to mediodorsal nucleus of the thalamus: an anatomical and 
electrophysiological investigation in the rat. Brain Res 404:221–230.

Moss J, Bolam JP (2008) A dopaminergic axon lattice in the striatum 
and its relationship with cortical and thalamic terminals. J Neurosci 
28:11221–11230.

Nakanishi H, Kita H, Kitai ST (1987a) Electrical membrane properties 
of rat subthalamic neurons in an in vitro slice preparation. Brain Res 
437:35–44.

Nakanishi H, Kita H, Kitai ST (1987b) Intracellular study of rat substantia 
nigra pars reticulata neurons in an in vitro slice preparation: electri-
cal membrane properties and response characteristics to subthalamic 
stimulation. Brain Res 437:45–55.

Nakanishi H, Kita H, Kitai ST (1988) An N-methyl-D-aspartate recep-
tor mediated excitatory postsynaptic potential evoked in subthalamic 
neurons in an in vitro slice preparation of the rat. Neurosci Lett 
95:130–136.

Nauta WJH, Mehler WR (1966) Projections of the lentiform nucleus in 
the monkey. Brain Res 1:3–42.

Oertel WH, Mugnaini E (1984) Immunocytochemical studies of 
GABAergic neurons in rat basal ganglia and their relations to other 
neuronal systems. Neurosci Lett 47:233–238.

Olson L, Seiger A, Fuxe K (1972) Heterogeneity of striatal and limbic 
dopamine innervation: highly fluorescent islands in developing and 
adult rats. Brain Res 44:283–288.

Oorschot DE (1996) Total number of neurons in the neostriatal, pallidal, 
subthalamic, and substantia nigral nuclei of the rat basal ganglia: A 
stereological study using the Cavalieri and optical dissector methods. 
J Comp Neurol 366:580–599.

Parent A, Hazrati L-N (1994) Multiple striatal representation in primate 
substantia nigra. J Comp Neurol 344:305–320.

Park MR, Falls WM, Kitai ST (1982) An intracellular HRP study of the 
rat globus pallidus. I. Responses and light microscopic analysis.  
J Comp Neurol 211:284–294.

Parthasarathy HB, Schall JD, Graybiel AM (1992) Distributed but con-
vergent ordering of corticostriatal projections: analysis of the fron-
tal eye field and the supplementary eye field in the macaque monkey.  
J Neurosci 12:4468–4488.

Pasik P, Pasik T, Holstein GR, Hámori J (1988) GABAergic elements 
in the neuronal circuits of the monkey neostriatum: a light and 
electron microscopic immunocytochemical study. J Comp Neurol 
270:157–170.

Penney GR, Wilson CJ, Kitai ST (1988) Relationship of the axonal and 
dendritic geometry of spiny projection neurons to the compartmental 
organization of the neostriatum. J Comp Neurol 269:275–289.

Plenz D, Kitai ST (1999) A basal ganglia pacemaker formed by the sub-
thalamic nucleus and external globus pallidus. Nature 400:677–682.

Raju DV, Ahern TH, Shah DJ, Wright TM, Standaert DG, Hall RA, Smith Y  
(2008) Differential synaptic plasticity of the corticostriatal and  
thalamostriatal systems in an MPTP-treated monkey model of parkin-
sonism. Eur J Neurosci 27:1647–1658.

Redgrave P, Marrow L, Dean P (1992) Topographical organization of 
the nigrotectal projection in rat: evidence for segregated channels. 
Neuroscience 50:571–595.

Ribak CE, Vaughn JE, Roberts E (1979) The GABA neurons and their 
axon terminals in rat corpus striatum as demonstrated by GAD immu-
nocytochemistry. J Comp Neurol 187:261–284.
Richfield EK, Penney JB, Young AB (1989) Anatomical and affinity state 
comparisons between dopamine D1 and D2 receptors in the rat cen-
tral nervous system. Neuroscience 30:767–777.

Robeldo P, Féger J (1990) Excitatory influence of rat subthalamic nucleus 
to substantia nigra pars reticulata and the pallidal complex: electro-
physiological data. Brain Res 518:47–54.

Saper CB (1984) Organization of cerebral cortical afferent systems in the 
rat. II. Magnocellular basal nucleus. J Comp Neurol 222:313–342.

Selemon LD, Goldman-Rakic PS (1985) Longitudinal topography and 
interdigitation of corticostriatal projections in the rhesus monkey.  
J Neurosci 5:776–794.

Schell GR, Strick PL (1984) The origin of thalamic inputs to the arcuate 
premotor and supplementary motor areas. J Neurosci 4:539–560.

Smith Y, Bolam JP (1989) Neurons of the substantia nigra reticulata 
receive a dense GABA-containing input from the globus pallidus in 
the rat. Brain Res 493:160–167.

Smith Y, Bolam JP (1990) The output neurones and the dopaminergic 
neurones of the substantia nigra receive a GABA-containing input 
from the globus pallidus in the rat. J Comp Neurol 296:47–64.

Smith Y, Bolam JP (1991) Convergence of synaptic inputs from the stria-
tum and the globus pallidus onto identified nigrocollicular cells in the 
rat: a double anterograde labelling study. Neuroscience 44:45–73.

Smith Y, Bolam JP, vonKrosigk M (1990) Topographical and synaptic 
organization of the GABA-containing pallidosubthalamic projection 
in the rat. Eur J Neurosci 2:500–511.

Smith Y, Parent A (1986) Neuropeptide Y-immunoreactive neurons in the 
striatum of the cat and monkey: morphological characteristics, intrin-
sic organization and co-localization with somatostatin. Brain Res 
372:241–252.

Smith Y, Parent A, Seguela P, Descarries L (1987) Distribution of GABA-
immunoreactive neurons in the basal ganglia of the squirrel monkey 
(Samiri sciureus). J Comp Neurol 259:50–61.

Smith Y, Bevan MD, Shink E, Bolam JP (1998) Microcircuitry of the direct 
and indirect pathways of the basal ganglia. Neuroscience 86:353–387.

Somogyi P, Bolam JP, Smith AD (1981) Monosynaptic cortical input and 
local axon collaterals of identified striatonigral neurons. A light and 
electron microscopic study using the Golgi-peroxidase transport-
degeneration procedure. J Comp Neurol 195:567–584.

Staines WA, Atmadja S, Fibiger HC (1981) Demonstration of a pallidos-
triatal pathway by retrograde transport of HRP-labeled lectin. Brain 
Res 206:446–450.

Staines WA, Fibiger HC (1984) Collateral projections of neurons of the 
rat globus pallidus to the striatum and substantia nigra. Exp Brain 
Res 56:217–220.

Steiner H, Gerfen CR (1993) Cocaine-induced c-fos messenger RNA 
is inversely related to dynorphin expression in striatum. J Neurosci 
13:5066–5081.

Surmeier DJ, Eberwine J, Wilson CJ, Cao Y, Stefani A, Kitai ST (1992) 
Dopamine receptor subtypes colocalize in rat striatonigral neurons. 
Proc Natl Acad Sci USA 89:10178–10182.

Surmeier DJ, Reiner A, Levine MS, Ariano MA (1993) Are neostriatal 
dopamine receptors co-localized?. Trends Neurosci 16:299–305.

Surmeier DJ, Song W-J, Yan Z (1996) Coordinated expression of dopa-
mine receptors in neostriatal medium spiny neurons. J Neurosci 
16:6579–6591.

Takagi H, Somogyi P, Somogyi J, Smith AD (1983) Fine structural stud-
ies on a type of somatostatin-immunoreactive neuron and its synap-
tic connections in the rat neostriatum: a correlated light and electron 
microscopic study. J Comp Neurol 214:1–16.



Handbook of Basal Ganglia Structure and Function28
Tennyson VM, Barrett RE, Cohen G, Cote L, Heikkila R, Mytilneou C 
(1972) The developing neostriatum of the rabbit: correlation of fluo-
rescence histochemistry, electron microscopy, endogenous dopamine 
levels, and [3H]dopamine uptake. Brain Res 46:251–285.

van der Kooy D, Fishell G (1987) Neuronal birthdate underlies the devel-
opment of striatal compartments. Brain Res 401:155–161.

Vincent SR, Johansson O, Hökfelt T, Skirboll L, Elde RP, Terenius L, 
Kimmel J, Goldstein M (1983a) NADPH-diaphorase: a selective 
histochemical marker for striatal neurons containing both somatosta-
tin- and avian pancreatic polypeptide (APP-) like immunoreactivity. J 
Comp Neurol 217:252–263.

Vincent SR, Staines WA, Fibiger HC (1983b) Histochemical demonstra-
tion of separate populations of somatostatin and cholinergic neurons 
in the rat striatum. Neurosci Lett 35:111–114.

Voorn P, Jorritsma-Byham B, Dijk CV, Buijs RM (1986) The dopa-
minergic innervation of the ventral striatum in the rat: a light- and  
electron-microscopical study with antibodies against dopamine.  
J Comp Neurol 251:84–99.

Webster KE (1961) Cortico-striate interrelations in the albino rat. J Anat 
95:532–544.

Wilson CJ, Groves PM (1980) Fine structure and synaptic connections 
of the common spiny neuron of the rat neostriatum: a study employ-
ing intracellular inject of horseradish peroxidase. J Comp Neurol 
194:599–615.
Wilson CJ, Phelan KD (1982) Dual topographic representation of neostri-
atum in the globus pallidus of rats. Brain Res 243:354–359.

Wilson CJ (1986) Postsynaptic potentials evoked in spiny neostriatal pro-
jection neurons by stimulation of ipsilateral and contralateral neocor-
tex. Brain Res 367:201–213.

Wilson CJ (1987) Morphology and synaptic connections of crossed corti-
costriatal neurons in the rat. J Comp Neurol 263:567–580.

Wilson CJ, Chang HT, Kitai ST (1990) Firing patterns and synaptic 
potentials of identified giant aspiny interneurons in the rat neostria-
tum. J Neurosci 10:508–519.

Xu ZC, Wilson CJ, Emson PC (1989) Restoration of the corticostriatal 
projection in rat neostriatal grafts: electron microscopic analysis. 
Neuroscience 29:539–550.

Yeterian EH, Hoesen GWV (1978) Cortico-striate projections in the rhe-
sus monkey: The organization of certain cortico-caudate connections. 
Brain Res 139:43–63.

Yung KK, Bolam JP, Smith AD, Hersch SM, Ciliax BJ, Levey AI (1995) 
Immunocytochemical localization of D1 and D2 dopamine recep-
tors in the basal ganglia of the rat: light and electron microscopy. 
Neuroscience 65:709–730.

Zheng T, Wilson CJ (2002) Corticostriatal combinatorics: the implications 
of corticostriatal axonal arborizations. J Neurophysiol 87:1007–1017.



29
Handbook of Basal Ganglia Structure and Function
Copyright © 2010 Elsevier B.V. All rights reserved.2010

The Conservative Evolution of the 
Vertebrate Basal Ganglia

Chapter 2

Anton Reiner
Department of Anatomy and Neurobiology, College of Medicine, The University of Tennessee Health Science Center, Memphis, TN, USA

I.  Introduction

At the beginning of the 20th century, the traditional view of 
telencephalic evolution held that the major parts of the tel-
encephalon had evolved in serial order: the globus pallidus 
in jawed fish, the neostriatum in amphibians, and a primi-
tive cerebral cortex in reptiles (Edinger et al., 1903; Ariëns-
Kappers et al., 1936). Mammals were thought to have 
elaborated cerebral cortex into neocortex, while birds were 
thought to have expanded the basal ganglia by evolution of 
a new territory known as the hyperstriatum. By the latter 
half of the 20th century, more sophisticated techniques for 
studying cellular neurochemistry, interregional connectiv-
ity, and the genetic control of regional brain development  
have revised the understanding of telencephalic evolution. 
It is now evident that the evolution of the basal ganglia 
has been far more conservative than once thought, with 
both a striatum and pallidum having been part of the basal 
ganglia since early in vertebrate evolution. In this chap-
ter, I review modern findings on the organization of the 
basal ganglia in each extant vertebrate group and discuss  

I.	 Introduction
A.	 Defining Traits of Basal 

Ganglia in Mammals
Box 2.1: Brain Evolution and the 

Term Homology
II.	 Basal Ganglia in Anamniotes
A.	 Agnathans
B.	 Chondroicthyans
C.	 Osteicthyes – Ray-Finned Fish

D.	Osteicthyes – Lobe-Finned 
Fish

E.	 Amphibians
F.	 Summary and Overview of 

Basal Ganglia Evolution in 
Anamniotes

III.	 Basal Ganglia in Amniotes
A.	 Reptiles
B.	 Birds

C.	 Overview of Basal Ganglia 
Evolution in Amniotes

IV.	 Basal Ganglia Evolution –  
Outdated Concepts and 
Terminology

	R eferences

the implications for basal ganglia evolution. We will begin 
with an overview of the traits of the mammalian basal gan-
glia that are pertinent to its identification in nonmammals 
(see Box 2.1 on homology).

A.  Defining Traits of Basal Ganglia in 
Mammals

In mammals, the region termed the basal ganglia is a 
rounded territory at the center of the telencephalon sur-
rounded along its dorsolateral margin by the cerebral cor-
tex. The basal ganglia consist of the striatum and the globus 
pallidus, with the globus pallidus possessing two subdivi-
sions, which in primates are referred to as the external seg-
ment (GPe) and the internal segment (GPi) (see Chapter 1).  
The homologous pallidal subdivisions in nonprimates have 
been termed the globus pallidus and the entopeduncular 
nucleus, but we will refer to the pallidal segments in all 
mammals as the GPe and GPi. Because the striatum and 
globus pallidus play a role in motor control, the part of the 
basal ganglia they make up is called the somatic or dorsal 
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basal ganglia. Nucleus accumbens, olfactory tubercle and 
ventral pallidum, on the other hand, are collectively termed 
the limbic or ventral basal ganglia (Heimer et al., 1985). 
This review will focus on somatic basal ganglia, though for 
some vertebrate groups the data are inadequate to clearly 
distinguish the limits of the somatic versus the limbic basal 
ganglia.

Cerebral cortex is part of the telencephalic sector called 
the pallium and the basal ganglia are part of the telence-
phalic sector called the subpallium, both of which can be 
distinguished by the genes they express during develop-
ment and the major neurotransmitters they employ. Genes 
controlling the development of subpallium include Dlx1 
and Dlx2, and the gene Nkx2.1 specifically is critical for 
development of globus pallidus (Rubenstein et al., 1994). 
Genes that control pallial development include Emx1, 
Emx2, and Tbr1. Projection neurons of cerebral cortex 

characteristically use glutamate as their neurotransmitter, 
while those of the subpallium are GABAergic (Swanson 
and Petrovich, 1998). The mammalian striatum is also 
distinguished from pallium in being rich in medium-sized 
GABAergic projection neurons with spiny dendrites that 
contain substance P (SP) or enkephalin (ENK) (Gerfen, 
1992) (see Chapters 1 and 5). The striatum also is identi-
fiable because its neuropil is rich in acetylcholinesterase  
(AChE) and cholinergic terminals, and dopaminergic ter-
minals from midbrain dopaminergic neurons (Parent, 
1986; Graybiel, 1990). The striatum possesses two neuro-
chemically and connectionally distinct compartments, the 
patch (or striosomal) compartment, making up about 15% 
of the striatum, and the matrix (Chapter 1). Patch neurons 
are rich in mu-opiate receptors and poor in the calcium-
binding protein calbindin, while matrix neurons are the 
opposite (Graybiel, 1990; Gerfen, 1992; Mansour et al., 
1995). The striatum in mammals also contains several dis-
tinct types of local circuit neurons, which make up about 
3–10% of striatal neurons: (1) large, aspiny cholinergic 
neurons (see Chapter 7); (2) medium-sized aspiny neurons 
co-containing somatostatin (SS), neuropeptide Y (NPY) 
and nitric oxide synthase (NOS); (3) medium-sized aspiny 
neurons co-containing GABA, the calcium-binding protein 
parvalbumin (PARV), and the neurotensin-related hexapep-
tide LANT6; and (4) medium-sized neurons containing the 
calcium-binding protein calretinin (CALR) (Reiner et al., 
1998a) (see Chapter 8). Most of the interneurons of stria-
tum and cerebral cortex are GABAergic, and they migrate 
in from the Nkx2.1-expressing zone from which globus 
pallidus forms (Marin and Rubenstein, 2001).

The globus pallidus (see Chapter 13 and Chapter 14) 
develops from the proliferative zone just inferior to that from 
which the striatum forms, and in mammals the globus pal-
lidus neurons retain their position ventromedial and below 
the striatum. Globus pallidus contains large GABAergic 
projection neurons that also possess the neurotensin-
related neuropeptide LANT6 (Lys8-Asn9-neurotensin8–13) 
(Reiner, 1987b; Reiner and Carraway, 1987), and it is rich 
in SP-immunopositive (SP) and ENK-immunopositive  
(ENK) fibers that terminate on the aspiny dendrites of 
the pallidal GABAergic projection neurons, and relatively 
poor in dopaminergic fibers and AChE (Haber and Nauta, 
1983; Graybiel, 1990; Reiner and Anderson, 1990). The 
distinctive appearance of the SP and ENK terminals  
on pallidal dendrites led Haber and Nauta (1983) to intro-
duce the term “woolly fiber” to describe that appearance. 
The GPi projects to thalamic cell groups projecting to 

Box 2.1  Brain evolution and the term homology

The current review of basal ganglia evolution presents 
conclusions about the appearance during evolution of the 
major feature of basal ganglia, and also about differences 
in basal ganglia features among the different vertebrate 
groups. In concluding that a given structure characteristic 
of mammals is present in another vertebrate group – for 
example the striatum in lamprey – we imply that the mam-
malian striatum has been inherited via intervening groups 
from the common ancestor of lamprey and mammals. As 
commonly defined in biology, the lamprey striatum would, 
in the present example, be said to be homologous to the 
mammalian striatum, since structures in two or more spe-
cies are called homologous if they are thought to derive 
from the same antecedent structure in their common 
ancestor (Campbell and Hodos, 1970). Note that identify-
ing homologous brain structures is in actuality problematic 
because brain does not fossilize in sufficient detail to trace 
the natural history of given brain structures. The approach 
that can be taken involves comparing features of the struc-
tures in question in extant species, including embryological 
origin, location within the adult brain, afferent and efferent 
connections, and neurochemical phenotype. In the simplest 
case, if candidate lamprey and mammalian homologues (to 
use the same sample groups) arise from the same develop-
mental primordium and have similar adult features, and 
if a similar structure is found in intervening groups, then 
a convincing case can be made that the common jawless 
fish ancestor of lamprey and mammal had an equivalent 
structure. Note that the word homologous is a shorthand 
that is applied to specify a particular evolutionary rela-
tionship between structures in two or more species – it  
is a shorthand for stating that they have been inherited from 
the same structure in the common ancestor (nearly always 
now extinct) of the species in question.
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motor cortices and to the intralaminar thalamus (Albin  
et al., 1989; Alexander and Crutcher, 1990; Gerfen, 1992), 
while the GPe projects mainly to the subthalamic nucleus 
(STN), and less so to the GPi, thalamic reticular nucleus, 
and substantia nigra pars reticulata (SNr) (Reiner et al., 
1998a). The STN projects heavily, in return, to the GPi 
(see Chapter 15).

In addition to the midbrain dopaminergic input (see 
Chapter 17), the striatum receives major inputs from sero-
tonergic brainstem neurons, the cerebral cortex, and the 
intralaminar thalamus (Albin et al., 1989; Graybiel, 1990). 
Striatal projection neurons receiving dopaminergic input use 
the postsynaptic phosphoprotein dopamine receptor second 
messenger DARPP-32 as part of the dopaminoceptive intra-
cellular signaling cascade (Anderson and Reiner, 1991b, 
Hemmings et al., 1995), and DARPP-32, and D1 and D2 
dopamine receptors are highly abundant in striatum (see 
Chapter 6). The cortical input to striatum arises from two 
types of neurons, deep layer 5 neurons whose main axon 
projects to brainstem and spinal cord via the pyramidal tract 
(pyramidal tract-type, or PT-type, neurons) and neurons in 
layer 3 or upper layer 5 that project to basal ganglia and 
cortex but not outside the telencephalon (intratelencephali-
cally projecting-type, or IT-type, neurons) (Wilson, 1987; 
Cowan and Wilson, 1994; Levesque et al., 1996; Levesque 
and Parent, 1998; Reiner et al., 2003) (see Chapters 2 and 
19). The inputs from cerebral cortex and perhaps thalamus 
(see Chapter 22) relay critical information on body position 
and environmental circumstances, while those from sub-
stantia nigra and perhaps raphe relay information related 
to motivation (Schultz et al., 1993) (see Chapter 31). The 
striatum integrates this input and facilitates appropriate 
movement via its projections to globus pallidus and SNr,  
as detailed in the direct-indirect pathway models of basal 
ganglia function (Albin et al., 1989; DeLong, 1990).

II.  Basal Ganglia in Anamniotes

A.  Agnathans

Based on anatomical and molecular data, the two living 
groups of jawless fish, lamprey and hagfish, are thought 
to be only distantly related, with lamprey being a sister 
group of jawed vertebrates (Forey and Janvier, 1993). The 
lamprey telencephalon is partly evaginated and possesses 
well-developed lateral ventricles, as typically true in jawed 
vertebrates, consistent with its taxonomic status as a sister 
group of jawed vertebrates. By contrast, the telencephalic 

hemispheres in hagfish are largely devoid of lateral ven-
tricles, and possess a highly laminated outer rind that  
represents the olfactory pallium (Wicht and Northcutt, 
1992). While a central region in the hagfish telencephalon 
possessing some of the neurochemical traits of the basal 
ganglia has been identified, the resemblance of this region 
to basal ganglia is not great (Wicht and Northcutt, 1992, 
1993, 1994, 1998), and it may be that hagfish are so diver-
gent from the mainstream of vertebrate evolution that they 
lack a basal ganglia. We will thus focus on lamprey, there-
fore, which clearly possess a basal ganglia.

The evaginated part of the telencephalon in lamprey 
is largely pallial (Murakami and Kuratani, 2008) and in 
receipt of olfactory bulb input (Northcutt and Puzdrowski, 
1988), while a more ventromedial region remains une-
vaginated (Fig. 2.1). This ventromedial zone lies in the 
same location as the subpallium of most jawed vertebrates 
(Pombal et al., 1997a,b), and it is rich in SP and GABA 
perikarya with spiny dendrites (Fig. 2.1) (Nozaki and 
Gorbman, 1986; Nozaki et al., 1984; Pombal et al., 1997b; 
Melendez-Ferro et al., 2002; Auclair et al., 2004; Robertson 
et al., 2007). This ventromedial region also contains 
enkephalinergic neurons and many enkephalinergic fibers 
(Pombal et al., 1997b), as well as some SS/NPY and cho-
linergic neurons (Hoheisel et al., 1986; Wright, 1986; Yáñez  
et al., 1992; Chiba, 1999; Pombal et al., 2001). Moreover, 
this region expresses lamprey Dlx1/2, while the region dor-
sal to it expresses lamprey Emx1 and Pax6 (Murakami et 
al., 2001; Neidert et al., 2001; Myojin et al., 2001). This 
ventromedial telencephalic region also receives a dopami-
nergic input from the posterior tubercle of the diencephalon 
and midbrain, the apparent homologue of at least part of the 
mammalian substantia nigra (Fig. 2.1) (Pierre et al., 1994; 
Pombal et al., 1997a). Thus, the ventromedial telencephalic 
region in question appears to be the lamprey striatum. The 
dopaminergic input to the lamprey striatum is similar in 
function to that in mammals, since deletion of this input 
with MPTP yields hypokinesia and diminished movement 
initiation (Grillner et al., 2000; Thompson et al., 2008). The 
SP neurons in the lamprey striatum project to the dopami-
nergic neurons in the posterior tubercle of lamprey (Nozaki 
and Gorbman, 1986, Pombal et al., 1997a,b). Thus, lamprey 
possess reciprocal projections from the striatum to substan-
tia nigra pars compacta (SNc) and from SNc to striatum. 
Lamprey striatum also receives serotonergic fibers arising 
from the raphe region of the isthmic tegmentum (Pombal  
et al., 1997a,b). The striatum in lamprey also receives telen-
cephalic input from medial pallium, dorsal pallium, lateral 
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(olfactory) pallium, input from dorsal thalamus (possibly 
comparable to the intralaminar thalamus), and input from 
the ventral thalamic nucleus (Polenova and Vesselkin, 1993; 
Northcutt and Wicht, 1997; Pombal et al., 1997a). A globus 
pallidus, however, is not evident in lamprey (Nieuwenhuys 
and Nicholson, 1998; Murakami et al., 2001; Murakami and 
Kuratani, 2008), and lamprey lack an Nkx2.1-expressing  
subpallial zone (Ogasawara et al., 2001; Osorio et al., 2005;  
Murakami and Kuratani, 2008). Nonetheless, SP woolly 
fibers in a field of GABAergic neurons ventrolateral to the 
striatum within what has been called the lateral pallium 
distinguish a territory that may be an analogue of mam-
malian pallidum (Nozaki and Gorbman, 1986; Pombal 
et al., 1997b). Pombal et al. (1997b) have reported that 
GABAergic pallidal neurons within the ventral lateral pal-
lium project to the ventral thalamus. Ventral thalamus in 
lamprey, in turn, projects to reticulospinal neurons of the 
midbrain and hindbrain (Pombal et al., 1997b). Pombal 
et al. (1997b) have suggested that this may be the major 
route by which the basal ganglia in lamprey influences 
movement. This basal ganglia output circuit is without a 
clear correspondent in mammals, and there is currently no  
evidence for an SP striato-GPi-motor thalamus-motor 
cortex circuit or an SP striato-SNr-tectal circuit in lam-
prey. Similarly, there is no definitive evidence for an ENK 

striato-GPe-subthalamic nucleus circuit in lamprey. Thus, 
the motor output circuitry of lamprey basal ganglia, as far 
as is known, differs from that in mammals. Robertson et al. 
(2006) have also raised the possibility that the striatum in 
lamprey influences movement by means of a projection to a 
pretectal region having input to the tectum.

B.  Chondroicthyans

Skeletal structure in living and extinct jawed fish and 
molecular data on living fish support a common origin 
of the two groups of living jawed fish, the cartilaginous 
fish (chondroichthyes) and bony fish (osteicthyes), from 
jawed fish with a bony skeleton (Hedges, 2001; Venkatesh  
et al., 2001). Cartilaginous fish are the most ancient living  
representatives of the jawed vertebrates, having appeared 
very early in the paleontological record (Hedges, 2001; 
Venkatesh et al., 2001). Cartilaginous fish are divided into 
two sister subclasses, the deep sea-dwelling, primitive 
holocephalians (ratfish and chimeras), and the elasmo-
branchs (the sharks, skates and the rays) (Northcutt, 1977). 
The elasmobranchs are divided into the sharks and the 
batoids (skates and the rays), with sharks consisting of  
the more primitive squalomorph sharks and the typically  
more advanced galeomorph sharks. Cartilaginous fish 
possess paired evaginated telencephalic hemispheres 
(Northcutt, 1977, 1978; Smeets, 1990), and pallial develop-
ment is controlled by some of the same genes as in mam-
mals (Derobert et al., 2002). In holocephalians, the pallium 
is meager, and possesses a distinct medial (hippocampal) 
and lateral (olfactory) sector, but no well-defined dorsal 
sector. In elasmobranchs, medial, dorsal and lateral pal-
lial sectors are all distinct. In sharks, a ventrally directed 
enlargement of the dorsal pallium, called the central 
nucleus, is evident at caudal telencephalic levels, where the 
central nuclei of the two sides of the brain are fused across 
the midline. This cell group contains distinct subdivisions, 
is especially large in galeomorph sharks, and receives sen-
sory (including visual) input from the thalamus (Northcutt, 
1977, 1978; Ebbesson, 1980; Luiten, 1981b; Smeets, 1990).  
A central nucleus is also present in batoids, in which the 
telencephalic expansion is so extreme in some species as 
to largely obliterate the lateral ventricles.

Neurochemical and hodological evidence suggests that 
the pallial-subpallial boundary in elasmobranchs is located 
at the upper lateral edge of a basal cell plate called the area 
superficialis basalis (ASB), and that the ASB and the region 
between it and the lateral ventricle (i.e. the ventrolateral 

FIGURE 2.1  Schematics and images illustrating the location of the 
basal ganglia (A) and substantia nigra in lamprey (B). Image A shows a 
line drawing reconstruction of a coronal section through the right lamprey 
telencephalon depicting the location of SP perikarya (dots) (redrawn 
from Fig. 8I of Auclair et al., 2004). Image B is a line drawing of frontal 
section through the caudal diencephalon of lamprey (redrawn from Fig. 
2E of Pierre et al., 1994), illustrating the location of dopaminergic (i.e., 
tyrosine hydroxylase-containing) neurons (dots) in the posterior tubercle 
region. Abbreviations: CP – posterior commissure; dmtn – dorsomedial 
telencephalic neuropil; DPal – dorsal pallium; FR – fasciculus retroflexus; 
LPal – lateral pallium; MPal – medial pallium; nFLM – nucleus of the 
medial longitudinal fasciculus; ON – optic nerve; plv – posterior lateral 
ventricle; PT – posterior tubercle; Str – striatum; TO – optic tract.
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periventricular area, or APVL, of the telencephalon) rep-
resent the basal ganglia (Northcutt et al., 1988; Carrera  
et al., 2008a; Ferreiro-Galve et al., 2008). This also appears 
to be true of holocephalians, in which an ASB is evident 
(though less distinct) and the APVL is relatively enlarged. 
The APVL, while cell-sparse, appears to be the striatal sec-
tor, since it contains SP and ENK perikarya and their 
processes, spiny GABAergic neurons (likely to be the SP 
and ENK neurons), as well as a dopaminergic innerva-
tion from the posterior tubercle and midbrain tegmentum  
(Fig. 2.2) (Meredith and Smeets, 1987; Northcutt et al., 
1988; Rodriguez-Moldes et al., 1993; Smeets, 1990; 
Stuesse et al., 1990, 1991, 1994; Stuesse and Cruce, 1991, 
1992; Carrera et al., 2008a; Ferreiro-Galve et al., 2008; 
Hofmann and Northcutt, 2008). The striatum in cartilagi-
nous fish also contains many serotonergic fibers that are 

likely to arise from isthmic tegmental serotonergic neurons 
(Ritchie et al., 1983; Stuesse et al., 1990, 1991; Stuesse and 
Cruce, 1991, 1992; Yamanaka et al., 1990; Carrera et al., 
2008b). A few presumptive interneurons neurons containing 
SS and/or NPY are evident in APVL (Vallarino et al., 1988; 
Chiba et al., 1989; Chiba and Honma, 1992). The ASB is 
enriched in GABAergic neurons and SP and ENK 
woolly fibers of presumed APVL origin, and many neurons 
in its caudolateral part contain the neurotensin-related hexa-
peptide LANT6 (Fig. 2.2) (Northcutt et al., 1988; Reiner 
and Carraway, 1985, 1987; Rodriguez-Moldes et al., 1993; 
Carrera et al., 2008a). For these reasons, at least part of the 
ASB appears to be comparable to mammalian globus palli-
dus, and based on the evidence of SP and ENK striatal 
projections to the ASB may contain intermingled GPi-type 
and GPe-type pallidal neurons. In the absence of direct evi-
dence from double-label studies that the SP and ENK 
neurons projecting to ASB are separate populations, the 
conclusion that cartilaginous fish possess both GPi-type and 
GPe-type pallidal neurons cannot yet, however, be regarded 
as firm. Note also that the ASB (i.e. presumed globus palli-
dus) is laterally migrated from its presumptive ventromedial 
position, as also the case in reptiles and birds (as addressed 
later). Since parts of the ASB do receive some olfactory 
bulb input, it is possible that part of ASB is comparable 
to the mammalian olfactory tubercle (Ebbesson, 1980; 
Smeets, 1983; Hofmann and Northcutt, 2008). Given that 
basal ganglia models in mammals involve the notion that 
striatal neurons must receive an excitatory input that drives 
them, it seems likely striatal neurons in cartilaginous fish 
also receive such inputs. The spiny nature of APVL neu-
rons is consistent with this possibility, since the dendritic 
spines of these neurons in mammals receive excitatory cor-
tical and thalamic input. The prominent development of the 
pallium in galeomorph sharks and batoids raises the further 
possibility that these groups possess a motor pallium and a 
motor thalamus projecting to it. No firm data on thalamic 
inputs and only limited data showing pallial input to subpal-
lium are, however, available for cartilaginous fish (Smeets, 
1990; Hofmann and Northcutt, 2008).

SP and ENK neurons (much more so SP neu-
rons) of the APVL project to the dopaminergic neurons 
in the posterior tubercle and rostral midbrain tegmentum 
(Fig. 2.2), and thus striato-SNc and SNc-striatal projec-
tions seems to be a feature of basal ganglia organization 
in cartilaginous fish (Smeets and Boord, 1985; Northcutt 
et al., 1988; Smeets, 1990; Stuesse et al., 1990, 1991, 
1994; Stuesse and Cruce, 1991, 1992; Molist et al., 1993; 

FIGURE 2.2  Low power images of frontal sections through the right 
telencephalic hemisphere of the squalomorph shark, the spiny dogfish 
(Squalus acanthias), immunolabeled for SP (A) and ENK (B) (adapted 
from Fig. 4A,B of Northcutt et al., 1988), and high power images (C,D) 
of coronal sections through the right caudal diencephalon of Squalus 
acanthias immunolabeled for tyrosine hydroxylase (TH) and SP (adapted 
from Fig. 4C,D of Northcutt et al., 1988). Note the enrichment of the ASB 
and area periventricularis ventrolateralis in SP and ENK, which supports 
their identification as subpallial. Images C and D illustrate the close prox-
imity of the TH dopaminergic neurons of the posterior tubercle and the 
SP fibers to this region from the basal ganglia. Abbreviations: APVL –  
area periventricularis ventrolateralis; ASB – area superficialis basalis;  
DP – dorsal pallium; LP – lateral pallium; MP – medial pallium; posterior 
tubercle – PT.
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Rodriguez-Moldes et al., 1993; Hofmann and Northcutt, 
2008). Pathway tracing studies indicate that the posterior 
tubercle and tegmentum also project to ipsilateral tectum 
in sharks, skates and rays (Smeets, 1982), suggesting there-
fore a striato-SNr-tectal circuit in cartilaginous fish. This 
projection is of interest, because the tectum has descending 
projections in sharks to premotor and motor cell groups that 
closely resemble those of the midbrain roof in mammals 
(Smeets, 1981). Thus, the basal ganglia in cartilaginous fish 
could influence movement by accessing tectal neurons with 
descending premotor and motor projections via an SP 
striato-SNr-tectal route. The projection targets of the globus 
pallidus are unknown for cartilaginous fish, and it is thus 
not demonstrated whether either a GPi-motor thalamus pro-
jection or a GPe-subthalamic projection comparable to that 
in mammals is present. The available data, however, sug-
gest that the basal telencephalon in cartilaginous fish may 
project to the subthalamic region (Smeets, 1990). Given 
what is known about the interaction of the striato-GPe path-
way with GPi neurons via the STN in mammals, it seems 
possible that cartilaginous fish possess an STN.

C.  Osteicthyes – Ray-Finned Fish

After the divergence of cartilaginous and basal bony fish, 
bony fish themselves diverged early in their evolution into 
the ray-finned fish (actinopterygians) and the lobe-finned 
fish (sarcopterygians) (Hedges, 2001; Venkatesh et al., 
2001). The lobe-finned fish possess paired tubular evagi-
nated telencephala, and extinct members of this group (the 
rhipidistians) were the ancestors of tetrapods. Lobe-finned 
fish will be discussed in the next section. Ray-finned fish 
consist of numerous species, which are grouped into super-
orders termed the polypterids (alternatively called brachi-
opterygians), the chondrosteans, the holosteans, and the 
teleosteans (Noack et al., 1996). Among these, teleosts are 
the most recently evolved and numerous, and they also 
possess the most complex telencephala among ray-finned 
fish, with polypterids being the most primitive (Noack  
et al., 1996). Whereas in all other vertebrate groups the 
telencephalon develops as a tubular structure by a process 
of bilateral evagination of the rostral part of the prosen-
cephalon, the pallial part of the telencephalon in ray-finned 
fish everts during development (Fig. 2.3) (Northcutt and 
Braford, 1980; Nieuwenhuys and Meek, 1990a). This 
places the ependymal cells at the dorsal surface of the  
telencephalon and reverses the normal medial to lateral 
topography of pallial areas. Due to complex proliferation 

and migration of telencephalic cell groups and fusion of the 
pallium and subpallium during telencephalic development 
in the more advanced ray-finned fish, the homologies of the 
different parts of the ray-finned fish telencephalon to that 
in tetrapods has been difficult to decipher (Wullimann and 
Mueller, 2004; Northcutt, 2006; Yamamoto et al., 2007). In 
polypterids, the pallium shows a simple eversion, and study 
of polypterids provided initial clarification of ray-finned 
fish telencephalic organization. The medial pallial field 
receives olfactory bulb input and is therefore comparable to  
lateral cortex in tetrapods (Braford and Northcutt, 1974). The  
region just below the polypterid medial pallium (called P-
1) is, therefore, the dorsalmost subpallial field in polypterids 
(termed the dorsal part of the ventral area or Vd), and it was 
found to contain many SP and ENK neurons, a neuro
pil relatively rich in SP and ENK processes, and a 
dopaminergic input (Fig. 2.4) (Reiner and Northcutt, 1992). 
These traits indicate Vd to be striatum in polypterids.

It is now clear that the Vd in chondrosteans, holoste-
ans and teleosts also contains many SP and ENK peri-
karya, a neuropil rich in SP and ENK processes (Vecino 
et al., 1989, 1992, 1995; Batten et al., 1990; Pinuela and 
Northcutt, 2007), and terminals arising from dopaminergic 

FIGURE 2.3  Schematic depicting the telencephalic transformations that 
occur during development with inversion and evagination of the rostral 
end of the neural tube in nonactinopterygians (C to A) and with ever-
sion in actinopterygians (C to B). Brachiopterygians, such as Polypterus, 
show eversion in its simplest form and their telencephalon resembles that 
shown in B. Note that the topological relations among telencephalic pal-
lial cell groups are the same in A and B, but the topographic locations of 
the individual cell groups differ. Consequently, the homologue of mam-
mal medial pallium lies laterally in an everted telencephalon and the 
homologue of mammalian lateral pallium lies medially. Abbreviations: 
DP – dorsal pallium; LP – lateral (olfactory cortex); MP – medial pallium;  
Sp – septum; St – striatum.
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neurons of the posterior tubercle and/or midbrain (Parent 
and Northcutt, 1982; Hornby et al., 1987; Meek et al., 1989; 
Roberts et al., 1989; Ekström et al., 1990; Sas et al., 1990; 
Meek, 1994; Rink and Wullimann, 2001, 2002; Huesa  
et al., 2006; Pinuela and Northcutt, 2007). Moreover, the 
Vd neurons are GABAergic (Martinoli et al., 1990; Anglade  

et al., 1999; Mueller and Wullimann, 2008). Consistent 
with a dopaminergic input, the Vd is enriched in D1 and 
D2 dopamine receptors (Kapsimali et al., 2000; Vacher 
et al., 2003), and consistent with a subpallial identity, the 
Vd of ray-finned fish expresses Dlx1/2 (Stock et al., 1996; 
Zerucha et al., 2000; Alunni et al., 2004; Wullimann and 
Mueller, 2004; Mueller and Wullimann, 2008). By contrast, 
the region above Vd expresses such pallial genes as Emx1, 
Emx2, Tbr1, and Tbr2 (Wullimann and Mueller, 2004; 
Mueller and Wullimann, 2008).

The location of ray-finned fish globus pallidus is,  
however, uncertain. Several lines of evidence suggest that 
pallidal neurons may be intermingled among striatal neu-
rons within Vd, including the presence of SP and ENK 
woolly fibers, LANT6 neurons and cells expressing a 
homologue of Nkx2.1 in Vd (Reiner and Northcutt, 1992; 
Rohr et al., 2001; Alunni et al., 2004; Wullimann and 
Mueller, 2004). The Nkx2.1-expressing neurons in Vd, how-
ever, could also be interneurons (Marin and Rubenstein, 
2001). There is evidence to suggest an alternative possibil-
ity – namely that globus pallidus in ray-finned fish resides 
ventral to Vd, in the region called the ventral part of the 
ventral area (or Vv). The Vv also expresses Nkx2.1 and is in 
the same topographic position as the medial ganglionic emi-
nence of mammals, which gives rise to the globus pallidus 
(Alunni et al., 2004). Moreover, the GABAergic neurons of 
Vv express parvalbumin, as characteristic of mammalian 
globus pallidus (Crespo et al., 1999), and upper Vv is rich in 
SP and to a lesser extent ENK woolly fibers (Fig. 2.4)  
(Reiner and Northcutt, 1992).

The SP and ENK neurons of Vd are likely to  
represent GABAergic striatal projection neurons (Martinoli 
et al., 1990; Anglade et al., 1999; Mueller and Wullimann, 
2008). Immunohistochemical and in situ hybridization  
histochemical studies in diverse ray-finned fish species 
show that the Vd also sparsely possesses presumptive  
interneurons containing SS, NPY and/or NOS (Pontet  
et al., 1989; Sas and Maler, 1991; Pickavance et al., 1992; 
Reiner and Northcutt, 1992; Arevalo et al., 1995; Brüning 
et al., 1995; Chiba, 1997, 2005; Chiba and Honma, 1994; 
Cerda-Revereter et al., 2000a,b; Trabucchi et al., 2002; 
Canosa et al., 2004; Gaikwad et al., 2004; Adrio et al., 
2008). The striatum (Vd) in the five ray-finned fish spe-
cies studied by immunohistochemistry contains cholin-
ergic fibers and terminals but is devoid of cholinergic 
neurons (Ekström, 1987; Brantley and Bass, 1988; Adrio 
et al., 2000; Perez et al., 2000; Mueller et al., 2004). More  
lateral and ventral subpallial regions in ray-finned fish, 

FIGURE 2.4  Photographic images of coronal sections through the 
midtelencephalon of the brachiopterygian ray-finned fish Polypterus sen-
egalus labeled immunohistochemically for SP (A) and ENK (B) (adapted 
from Fig. 7 of Reiner and Northcutt, 1992), and (C) high contrast image of 
a Nissl-stained frontal section through the left telencephalon of a goldfish 
(image kindly provided by R.G. Northcutt) and a juxtaposed line drawing 
of the right telencephalon showing the main cell groups present, as identi-
fied by Northcutt (2006), illustrating the sources of the main pallial inputs 
to the ray-finned fish striatum (Vd). The major subdivisions of the telen-
cephalon in A and B are indicated and medial is to the left. Note the pres-
ence of intense SP and ENK fiber labeling in the P3, and in Vd and 
Vv (the dorsal and ventral parts of ventral area). P1 is the term used in 
Polypterus to refer to the olfactory pallium, while P3 is used to refer to the 
hippocampal pallium, which is situated laterally in an everted telenceph-
alon. Regarding C, the forebrain territories in ray-finned fish have com-
monly been dichotomized into two major zones, a dorsal (now recognized 
as the pallium) and a ventral (now recognized as the subpallium). Within 
each of these further subdivisions are recognized as shown. The medial 
parts of the pallium (Dm) have been suggested to be amygdaloid and the 
lateral parts of the pallium to be hippocampal/olfactory (Wullimann and  
Mueller, 20004; Northcutt, 2006). Abbreviations: Dc – central part of dorsal 
area; Dd – dorsal part of dorsal area; Dl – lateral part of dorsal area; Dm –  
medial part of dorsal area; Vd – dorsal part of ventral area; Vl – lateral  
part of ventral area; Vv – ventral part of ventral area.
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however, contain many cholinergic neurons, which may 
be the source of the cholinergic input to the striatum, as 
well as to the pallium (Ekström, 1987; Perez et al., 2000). 
A few LANT6 (presumptive PARV) interneurons have 
been demonstrated in polypterid Vd (Reiner and Northcutt, 
1992), as have been GABAergic PARV neurons in tench 
Vd (Crespo et al., 1999). Scattered calretinergic neurons 
have also been observed in Vd and Vv (Diaz-Regueira and 
Anadon, 2000; Castro et al., 2003, 2006), which might 
correspond to the calretinergic interneurons in mammalian 
striatum.

While ray-finned fish have projections resembling the 
dopaminergic nigrostriatal system of mammals, dopami-
nergic neurons appear to be more varied in their abundance 
and distribution within the midbrain and posterior tubercle 
(Ekström et al., 1990; Reiner and Northcutt, 1992; Meek, 
1994; Rink and Wullimann, 2004). Nonetheless, destruction 
of dopaminergic neurons in the posterior tubercle in ray-
finned fish results in “parkinsonian” symptoms (i.e. slowed 
movements or bradykinesia), as in mammals (Barbeau et al.,  
1986; Pollard et al., 1992). Isthmic serotonergic neurons are 
present in the dorsal raphe in polypterids and teleosts, and 
appear to be the source of the many serotonergic fibers in 
the striatum in ray-finned fish (Kah and Chambolle, 1983; 
Parent et al., 1984; Meek and Joosten, 1989; Johnston  
et al., 1990; Corio et al., 1991; Reiner and Northcutt, 1992; 
Rink and Wullimann, 2004; Huesa et al., 2006; Pinuela and 
Northcutt, 2007).

In some teleost species, such as rainbow trout, zebraf-
ish, dwarf gourami, goldfish and Sabastiscus mormorata, 
Vd receives input from the medial, central, posterior and/or 
lateral pallia (Fig. 2.4) (Murakami et al., 1983; Yamamoto 
and Ito, 2000; Folgueira et al., 2004; Rink and Wullimann, 
2004; Northcutt, 2006), regions that have been suggested 
to resemble amygdaloid and medial cortical territories in 
mammals (Wullimann and Mueller, 2004). Unresolved is 
whether similar pallial inputs to Vd exist in chondrosteans, 
holosteans and polypterids, and whether they were present 
in basal ray-finned fish, or are newly evolved in teleosts. 
One study on the chondrostean Acipenser baeri (Huesa  
et al., 2006) found pallial inputs to the Vd to be meager. 
This finding, the undeveloped nature of the polypterid pal-
lium, and the absence of a definitive homologue of teleost 
medial pallium (the putative amygdaloid correspondent) 
in the polypterid pallium raise the possibility that at least 
some of the pallial projections to the teleost striatum 
evolved with the emergence of basal teleosts. Several dorsal  
thalamic nuclei project to Vd in ray-finned fish (Braford 

and Northcutt, 1978; Northcutt, 1981b; Echtheler, 
1984; Ito et al., 1986; Nieuwenhuys and Meek, 1990a; 
Striedter, 1991; Wong, 1997; Folgueira et al., 2004; Rink 
and Wullimann, 2004; Yamamoto and Ito, 2005; Northcutt, 
2006; Huesa et al., 2006). Since these dorsal thalamic nuclei 
are polysensory and project to pallium as well (Northcutt, 
2006), they resemble mammalian intralaminar thalamic 
nuclei. It seems likely that the pallial and thalamic inputs 
provide the environmental information and excitatory drive 
to the striatum needed for its role in motor control.

The SP and ENK neurons of Vd project to the 
dopaminergic neurons of the posterior tubercle and ros-
tral midbrain tegmentum (Vecino et al., 1989, 1992, 1995; 
Batten et al., 1990; Reiner and Northcutt, 1992; Folgueira 
et al., 2004; Rink and Wullimann, 2004; Pinuela and 
Northcutt, 2007). Thus, reciprocal striato-SNc and SNc-
striatal projections are characteristic of ray-finned fish.  
A striato-SNr-tectal circuit may also be present in ray-
finned fish, since a subdivision of the posterior tubercle and 
tegmental targets of the basal telencephalic input appears 
to project to ipsilateral tectum (Luiten, 1981a; Fiebig  
et al., 1983; Schlussman et al., 1990). Given that the ray-
finned fish tectum gives rise to descending motor pathways 
very similar to those in mammals (Ebbesson and Vanegas, 
1976; Northcutt and Butler, 1980), control of descend-
ing tectal output via a projection to a tegmental SNr-like 
region could be a way by which the ray-finned fish basal 
ganglia influences movement. The existence of both SP 
and ENK striatal neurons differing in their distribution 
and abundance (and thus unlikely to be coextensive) and 
a possible pallidal region in Vv in ray-finned fish suggests 
that they may also possess both striato-GPi and striato-GPe 
circuits. Consistent with a pallidal identity, Vv receives 
striatal (Vd) input and projects to the thalamus and the 
posterior tubercle (Rink and Wullimann, 2004; Folgueira 
et al., 2004; Wong, 1997). Although the latter projection 
clearly resembles the GPe-nigral pathway of mammals, 
it is uncertain if the Vv projection to thalamus resembles 
that of mammalian GPi to either intralaminar or motor 
thalamus. It is also not clear whether pallido-subthalamic  
pathways comparable to those in mammals are present 
in ray-finned fish. The available data suggest that Vv in 
ray-finned fish projects to the subthalamic region, but the 
precise projection target is uncertain (Airhart et al., 1988; 
Wong, 1997; Folgueira et al., 2004; Rink and Wullimann, 
2004). Given what is known about the interaction of the 
striato-GPe pathway with GPi neurons via the STN in 
mammals, it seems possible that ray-finned fish possess 
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an STN. Nonetheless, neither an STN, a striato-GPi nor a 
striato-GPe circuit has been demonstrated experimentally 
in ray-finned fish, and it may be that the striatal ENK 
neurons mediate their effect on behavior via input to GPe 
neurons that directly project to GPi or SNr neurons in ray-
finned fish.

D.  Osteicthyes – Lobe-Finned Fish

Lungfish and coelacanths (the crossopterygian Latimeria) 
are the living members of the sarcopterygia (Rosen et al., 
1981; Hedges, 2001). The morphology of the basal telen-
cephalon in coelacanths resembles that in lungfish, but the 
pallium in coelacanths is greatly enlarged (Nieuwenhuys 
and Meek, 1990b). In the African lungfish, the only lobe-
finned fish whose basal ganglia has been studied (Reiner 
and Northcutt, 1987; Vallarino et al., 1995, 1997a,b, 1998; 
Trabucchi et al., 1999, 2008), the ventrolateral telen-
cephalon contains both a striatum and a globus pallidus, 
by neurochemical and hodological criteria (Fig. 2.5). The 
more medial part of this field contains SP and ENK 
neurons and receives a dopaminergic innervation (Reiner 
and Northcutt, 1987; Vallarino et al., 1998), thus identi-
fying it as the striatum. The neuropil of the African lung-
fish striatum is, in fact, remarkably rich in SP fibers and 
processes (presumably arising from the striatal SP neu-
rons) and is thereby sharply demarcated from the overlying 
pallium (Fig. 2.5). By position and olfactory bulb input, 
the more ventromedial part of the SP and ENK striatal 
field may correspond to olfactory tubercle (Nieuwenhuys 
and Meek, 1990b). It is likely the SP and ENK neu-
rons of the striatal sector also contain GABA as well, since 
the lungfish subpallium is enriched in neurons expressing 
GAD65 (Trabucchi et al., 2008). The dopaminergic input 
seems likely to arise from midbrain dopaminergic neurons 
(Fig. 2.5) (Reiner and Northcutt, 1987; Nieuwenhuys and 
Meek, 1990b). Additionally, isthmic tegmental seroton-
ergic neurons are present and the striatum contains many  
serotonergic fibers in lungfish, suggesting an input from 
the isthmic serotonergic neurons (Reiner and Northcutt, 
1987). Presumptive interneurons containing somatosta-
tin and/or NPY are present in African lungfish striatum 
(Vallarino et al., 1995, 1997; Trabucchi et al., 1999), as 
are a few LANT6 neurons (i.e. presumptive PARV 
interneurons) (Reiner and Northcutt, 1987).

The dorsal and lateral sectors of the telencephalon in 
lungfish are pallial territories receiving olfactory bulb input 
(Reiner and Northcutt, 1987), and they appear to project  

to striatum, based on studies of normal fiber staining 
(Nieuwenhuys and Meek, 1990b). The dorsal thalamus also 
appears to project to the striatum in lungfish, based again 
on studies of normal fiber staining (Nieuwenhuys and 
Meek, 1990b). Given that basal ganglia models in mam-
mals involve the notion that striatal neurons must receive 
an excitatory input that drives them, it seems likely they 
do receive at least thalamic input. The striatum sends a 
return projection from SP striatal neurons to the tegmen-
tal dopaminergic neurons that appear to project to striatum 
(Reiner and Northcutt, 1987). Evolutionary inferences 
from the data for cartilaginous fish and the available data 

FIGURE 2.5  Images illustrating telencephalic organization in the 
African lungfish Protopterus annectens (A,B) (adapted from Figs 2D, 4C 
from Reiner and Northcutt, 1987). Images A and B show coronal views 
of sections through the right telencephalon of the African lungfish stained 
for Nissl substance (A) and immunolabeled for SP (B). Note that the sub-
pallium is clearly defined by intense SP immunolabeling. Images C and 
D show high power views of coronal sections through the right midbrain 
tegmentum (C,D) (adapted from Fig. 8A,B of Reiner and Northcutt, 1992) 
of the African lungfish Protopterus annectens immunolabeled for tyrosine 
hydroxylase (TH) (C) and SP (D). Note that the presence of dopaminergic 
(TH) neurons along the ventricle and an SP-rich neuropil juxtaposed 
to them defines the location of the substantia nigra (SN) of lungfish. 
The scale bar in A provides the magnification for A and B. The scale 
bar in C provides the magnification for C and D. Abbreviations: DP –  
dorsal pallium; LP – lateral pallium; MP – medial pallium; Sp – septum; 
Str – striatum.
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for sarcopterygians make it likely that sarcopterygians pos-
sess an SP striato-SNr pathway that mediates its effect on 
movement via input to the tectum. The more caudolateral 
part of the lungfish subpallium contains SP and ENK 
fibers resembling mammalian pallidal “woolly fibers” and 
numerous LANT6 neurons (Reiner and Northcutt, 1987; 
Vallarino et al., 1998). This part of the telencephalon in 
lungfish thus appears to be the globus pallidus. In this pal-
lidal field, the SP and ENK inputs overlap, indicating 
that sarcopterygians are likely to possess both a striato-GPi 
and a striato-GPe circuit. Given what is known about the 
interaction of the striato-GPe pathway with GPi neurons 
via the STN in mammals, it seems possible that sarcop-
terygians possess an STN. Nonetheless, one has not been 
demonstrated, and it may be that the striato-GPe circuit in 
sarcopterygians mediates its effect on behavior via one of 
the other demonstrated outputs of the GPe in mammals, 
namely directly to the GPi, thalamic reticular nucleus or 
SNr. The role of the apparent SP striato-GPi circuit in 
sarcopterygians is also uncertain, given the meager corti-
cal development in this group. It may be that this circuit 
has output to intralaminar thalamus and that a striato-SNr 
circuit is the main motor route.

E.  Amphibians

Living amphibians are divided into three groups, the limb-
less amphisbaenids, the urodeles (newts and salaman-
ders), and the anurans (frogs and toads) (Northcutt, 1981a; 
Jenkins and Walsh, 1993). The telencephalon in all three 
groups is tubular in shape and its neurons largely occupy 
a periventricular position, especially along the lateral wall 
(Fig. 2.6A–C). The early amphibians do not appear to have 
differed greatly from their sarcopterygian predecessors in 
general body shape, locomotor skills, or their freshwater 
habitat (Ahlberg and Milner, 1994; Ahlberg, 1995). Little 
is known about the connections or neurochemistry of the 
telencephalon in amphisbaenids, but it is likely the traits 
resemble those in urodeles and anurans. The telencephalon 
of urodeles is less well differentiated than that in frogs, but 
telencephalic features appear largely similar.

The ventrolateral amphibian telencephalon contains 
both a striatum and a globus pallidus, by neurochemical, 
hodological, and molecular developmental criteria (Figs 2.6,  
2.7). The striatal sector contains numerous SP and ENK  
neurons in anurans and urodeles, and evident cholinergic 
and dopaminergic innervation (Inagaki et al., 1981a; Taban 
and Cathieni, 1983; Merchenthaler et al., 1989; González 

and Smeets, 1991, 1994a,b; Marin et al., 1997b, 1998a,b). 
The identity of the striatum in amphibians is further con-
firmed by the extensive expression of GAD and amphibian 
Dlx1/2 (Fig. 2.6) (Papalopulu and Kintner, 1993; Bachy  
et al., 2002; Brox et al., 2003b). While double-label stud-
ies have not firmly established the SP and ENK striatal 
neurons to be separate populations, they do differ in their 
distributions and are thus likely to be in large part separate. 
The pallidum is recognizable in the caudal ventrolateral 
telencephalon, based on its enrichment in SP and ENK 
fibers woolly fibers (Fig. 2.7) (Marin et al., 1997b,e, 

FIGURE 2.6  Images of frog telencephalon illustrating the cytoarchitec-
tonic organization of the telencephalon as seen in a Nissl-stained section 
(A) (image provided courtesy of L. Medina), the enrichment of the basal 
ganglia in GAD-expressing neurons as seen by in situ hybridization his-
tochemistry (B) (image provided courtesy of L. Medina), the enrichment 
of the basal ganglia in Dlx-expressing neurons as seen by in situ hybrid-
ization histochemistry (C) (image provided courtesy of L. Medina), the 
enrichment of the basal ganglia in SP as seen by immunolabeling (D), 
the enrichment of the basal ganglia in ENK as seen by immunolabel-
ing (E), and the enrichment of the striatum in dopaminergic fibers and 
terminals as seen by immunolabeling for tyrosine hydroxylase (TH) (F) 
(image provided courtesy of A. González). All images are of the right tel-
encephalic hemisphere at a level containing the striatum. Image A shows 
the thin lateral wall of the telencephalon and the largely periventricular 
position of its neurons. Images B and C show that the subpallium, includ-
ing the septum (Sp) and striatum (Str), are defined by their conspicuous 
enrichment in GAD-expressing and Dlx-expressing neurons. The GAD-
expressing and Dlx-expressing neurons in the pallial territories represent 
interneurons that have migrated in from the subpallium. The scale bar in C 
provides magnification for A-F. Abbreviations: DP – dorsal pallium; LP –  
lateral pallium; MP – medial pallium; Sp – septum; Str – striatum.
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1998a). The SP and ENK striatal inputs overlap in 
the pallidal field, implying that GPi-type and GPe-type 
neurons are intermingled. Moreover, this region contains 
large GABAergic neurons, and expresses Nkx2.1 (Fig. 2.7) 

(Franzoni and Morino, 1989; Naujoks-Manteuffel et al., 
1994; Marin et al., 1998a,b; Brox et al., 2003a,b; González 
et al., 2002a,b).

Cholinergic neurons are reportedly absent from the 
striatum in the urodele Pleurodeles waltl and the anuran 
Xenopus laevis, and scarce in the striatum in the anuran 
Rana perezi (Marin et al., 1997d). Presumptive interneu-
rons co-containing SS and NOS are abundant, although 
NPY has not been found in amphibian striatal neurons 
(Inagaki et al., 1981b; Danger et al., 1985; Perroteau et al., 
1988; Lázár et al., 1993; Tuinhof et al., 1994; Munoz et al., 
1996; Tostivint et al., 1996; Marin et al., 1998a; González 
et al., 2003; Huynh and Boyd, 2007; Lopez et al., 2007).  
A ventral striatal region in amphibians that has been iden-
tified as nucleus accumbens is, however, especially rich in 
SS neurons (Inagaki et al., 1981b; Marin et al., 1998a). 
The cholinergic and SS/NOS interneurons of amphibian 
striatum express Nkx2.1 and are thus likely to be derived 
from the same proliferative zone that gives rise to globus  
pallidus, as true in mammals (González et al., 2002b; 
Moreno et al., 2008). Scattered CALR neurons are  
present in amphibian striatum, but it is uncertain if they 
correspond to the CALR interneurons of mammalian  
striatum (Brox et al., 2003a). Finally, large GABAergic 
neurons scattered in amphibian striatum may correspond to 
the PARV/GABA interneurons of mammalian striatum 
(Brox et al., 2003a,b).

The dopaminergic input to the striatum in amphibians 
arises from the posterior tubercle and midbrain (Dube et al., 
1990; González and Smeets, 1991, 1994a,b; Corio et al., 
1992; González et al., 1994; Marin et al., 1997a,b, 1998a,b; 
Hoke et al., 2007). The dopaminergic neurons of the posterior 
tubercle and midbrain in amphibians span the tegmental part 
of so-called prosomeres 1 and 2, plus the midbrain segment, 
thus showing a great resemblance in location to the A9-A10 
dopaminergic neurons of mammals (Puelles and Medina, 
1994). While this input is more meager than in mammals, 
loss of dopaminergic input to striatum in amphibians results 
in bradykinesia (Barbeau et al., 1986). Isthmic tegmental 
serotonergic neurons are also present in amphibians, and 
appear to give rise to a serotonergic input to striatum that is 
more meager than in mammals (Wilczynski and Northcutt, 
1983a; Parent et al., 1984; Dube et al., 1990; Corio et al., 
1992; Clairambault et al., 1994; Marin et al., 1997a).

Among pallial regions, only the medial pallium appears 
to have significant input to amphibian striatum (Marin  
et al., 1997a; Westhoff and Roth, 2002). The major excit-
atory input to the striatum instead arises from the thalamus 

FIGURE 2.7  Images illustrating the cytoarchitectonic organization 
of the caudal frog telencephalon as seen in a Nissl-stained section (A) 
(image provided courtesy of L. Medina), the enrichment of the caudal 
frog striatum and globus pallidus in SP as seen by immunolabeling (B), 
the enrichment of the caudal frog striatum and globus pallidus in GAD-
expressing neurons as seen by in situ hybridization histochemistry (C) 
(image provided courtesy of L. Medina). All images are of the right tel-
encephalic hemisphere at a level containing the striatum. Image A shows 
the thin lateral wall of the telencephalon and the largely periventricular 
position of its neurons. Note the conspicuous bed nucleus of the stria ter-
minalis (BNST) and globus pallidus (GP). Image B shows that the BNST 
possesses an SP-rich neuropil, and the striatum and pallidum are circum-
scribed by their own SP-rich neuropil. Image C shows that the subpal-
lium, including the septum (Sp), BNST, GP and striatum (Str), are defined 
by their prominent enrichment in GAD-expressing neurons. The BNST, 
GP and striatum at this level all consist of separate clusters of GAD 
neurons. Images D and E show transverse sections through the pretectal 
level of the right side of the frog brain, illustrating a Nissl-stained section 
showing the cytoarchitecture of the posterior tubercle and juxtacommis-
sural pretectal nucleus (D) (image provided courtesy of L. Medina), and 
the enrichment of the lateral part of the posterior tubercle and the jux-
tacommissural pretectal nucleus in GAD-expressing neurons as seen by 
in situ hybridization histochemistry (E) (image provided courtesy of L. 
Medina). Images D and E show the location of the GABAergic neurons 
of the PT (the dopaminergic neurons of PT lying more medially), and 
the GABAergic nature of the neurons of the juxtacommissural pretectal 
nucleus (JC). Scale bar in A provides magnification for A–C. The scale bar 
in E provides the magnification for D and E. Abbreviations: BNST – bed 
nucleus of the stria terminalis; DP – dorsal pallium; GP – globus pallidus; 
JC – juxtacommissural pretectal nucleus; LP – lateral pallium; MP –  
medial pallium; PT – posterior tubercle; Sp – septum; Str – striatum.
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(Kicliter and Northcutt, 1975; Kicliter, 1979; Wilczynski 
and Northcutt, 1983a; Wicht and Himstedt, 1986; Dube 
et al., 1990; Marin et al., 1997a, 1998b; Westhoff and 
Roth, 2002; Laberge and Roth, 2007; Roth et al., 2007). 
In amphibians, the dorsal thalamic nuclei projecting to the 
striatum receive visual and auditory input via the midbrain 
roof, thus making them resemble specific sensory dorsal 
thalamic nuclei in mammals (Wilczynski and Northcutt, 
1983a; Butler, 1994a). Unlike such nuclei in mammals, 
these nuclei in amphibians have only a slight projection to 
the pallium at best but a major projection to the striatum, 
although an additional small cell group in the anterior thal-
amus does have a restricted projection to the medial part 
of the rostral dorsal pallium (Kicliter and Northcutt, 1975; 
Wilczynski and Northcutt, 1983a; Wicht and Himstedt, 
1986; Sassoe et al., 1991; Laberge and Roth, 2007; 
Roth et al., 2007; Laberge et al., 2008; Mangiamele and 
Burmeister, 2007). The fact that thalamic sensory nuclei 
have only a limited projection to the dorsal or lateral pal-
lium in frogs may explain why the pallium does not proj-
ect to the amphibian striatum. Since the pallium does not 
receive extensive thalamic sensory input, it would not be a 
useful source of such information for the striatum. Instead, 
the thalamus appears to directly provide this information in 
amphibians. It is uncertain, however, if the dorsal thalamic 
nuclei projecting to striatum in amphibians are comparable 
to mammalian intralaminar nuclei (which also receive sen-
sory input) or to the specific sensory nuclei of mammalian 
dorsal thalamus. Dorsal thalamic specific sensory nuclei 
possess some collateral projections to the striatum in mam-
mals, which could be a remnant of the relatively larger pro-
jection these thalamic nuclei putatively had to striatum in 
ancestral amphibians (Butler, 1994a).

In amphibians, SP neurons and ENK neurons of 
the striatum project to the posterior tubercle of the dien-
cephalo-mesencephalic junction, as well as to the midbrain  
tegmentum (Fig. 2.7D,E) (Wilczynski and Northcutt, 1983b;  
Marin et al., 1997c,f; Marin et al., 1998a; Roth et al., 2004;  
Laberge and Roth, 2005). Thus, amphibians have a pro-
jection resembling the striato-SNc circuit of mammals, 
as well as one resembling the dopaminergic SNc-striatal 
pathway of mammals. A striato-SNr projection also seems 
to be present in amphibians (Wilczynski and Northcutt, 
1977, 1983b; Marin et al., 1997a,b,f, 1998a; Roth et al., 
2004). The tegmental part of the striatal target area, in  
particular, appears comparable to mammalian SNr, because 
it receives a prominent input from the striatum (Kokoros 
and Northcutt, 1977; Vesselkin et al., 1980; Wilczynski 

and Northcutt, 1983b; Marin et al., 1997c,f, 1998a; Roth 
et al., 2004), projects to the tectum (Wilczynski and 
Northcutt, 1977; Finkenstädt et al., 1983; Rettig, 1988; 
Zittlau et al., 1988; Masino and Grobstein, 1990; Marin  
et al., 1997f), does not contain dopaminergic neurons 
(Marin et al., 1997b, 1998a), and does contain GABAergic 
neurons (Franzoni and Morino, 1989; Naujoks-Manteuffel 
et al., 1994). The tectum in amphibians has descending 
projections to premotor cell groups of the brainstem simi-
lar to those in mammals (Rubinson, 1968; Ten Donkelaar 
et al, 1981b; Lázár et al., 1983; Wilczynski and Northcutt, 
1983b; Masino and Grobstein, 1989a,b; Smeets, 1991), and 
the evidence for an involvement of the descending tectal 
projections in visuomotor behavior in amphibians is strong, 
particularly in frogs (Ingle, 1983; Ewert, 1984; Masino and 
Grobstein, 1989a,b, 1990). Thus, the basal ganglia is likely 
to influence motor functions via the tectum in amphibians 
(Marin et al., 1997f). The projections of globus pallidus 
in amphibians include the dorsal thalamus (Wilczynski 
and Northcutt, 1983b; Marin et al., 1997c; Endepols  
et al., 2004). The functional role of this presumptive SP 
striato-GPi circuit in amphibians is uncertain, given the  
meager cortical development in this group. It may be that this  
circuit has output to intralaminar thalamus and that the 
striato-SNr circuit is the main motor route in amphibians. 
In amphibians, the pallidal region also has a projection to 
a subthalamic region that projects back to the basal ganglia 
(Wilczynski and Northcutt, 1983b; Marin et al., 1997a,c). 
This may correspond to the mammalian GPe-subthalamic 
nucleus-GPi pathway. Given what is known about the 
interaction of the striato-GPe pathway with GPi neurons 
via the STN in mammals, and about basal telencephalic 
projections to the ventral thalamus in amphibians, it seems 
possible that amphibians possess an STN. Nonetheless, 
one has not been demonstrated unequivocally, and it may 
be that in amphibians the striato-GPe circuit mediates its 
effect on behavior via one of the other demonstrated out-
puts of the GPe in mammals, namely the GPi, thalamic 
reticular nucleus or SNr.

A pathway from the basal ganglia to the tectum via a 
pretectal cell group containing ENK and GABA neu-
rons has been demonstrated in amphibians (Wilczynski and 
Northcutt, 1977, 1983b; Finkenstädt et al., 1983; Naujoks-
Manteuffel and Manteuffel, 1986; Rettig, 1988; Franzoni 
and Morino, 1989; Merchenthaler et al., 1989; Naujoks-
Manteuffel et al., 1994; Schmidt et al., 1989; Lázár et al., 
1990; Masino and Grobstein, 1990; Marin et al., 1997b,f; 
Brox et al., 2003b). This cell group has been termed the 
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juxtacommissural pretectal nucleus (Fig. 2.7) (Brox et al., 
2003b). The projection to the juxtacommissural pretectal 
nucleus appears to arise from both striatal and pallidal neu-
rons (Marin et al., 1997b). Since the pretectal target neurons 
of this basal ganglia projection are GABAergic, this cir-
cuit functionally resembles the striato-SNr-tectal pathway.  
The apparent absence of basal ganglia output pathways to 
the pallium via the dorsal thalamus in amphibians indicates 
that the basal ganglia of amphibians may exert its major 
influence on movement via its outputs to the midbrain tec-
tum via the tegmentum (the SNr) and the pretectum (the 
juxtacommissural nucleus). As will be noted in the review 
of the basal ganglia in amniotes, reptiles and birds but not 
mammals possess a clear homologue of the juxtacommis-
sural pretectal cell group.

F.  Summary and Overview of Basal Ganglia 
Evolution in Anamniotes

Despite limitations in the available data, a number of  
conclusions can be reached about the evolutionary history 
of the anamniote basal ganglia from the preceding over-
view. First, at least the striatal part of the basal ganglia was 
present in the vertebrate telencephalon as of the appear-
ance of jawless fish (lamprey), and both a striatum and pal-
lidum were present in the early jawed fish. In the earliest 
jawed vertebrates, the striatum must have been character-
ized by SP and ENK spiny projections neurons, and 
somatostatinergic and large GABAergic (parvalbuminer-
gic) interneurons. The inconsistent presence of cholinergic 
neurons in striatum among anamniotes suggests that these 
were not added as a core constituent of the striatum dur-
ing amniote evolution. As early as jawless fish, the striatum 
was characterized by a dopaminergic input from midbrain 
and a predominantly SP GABAergic projection back to 
the midbrain dopaminergic neurons, though the dopamin-
ergic input appears to have been relatively modest and the 
abundance of tegmental dopaminergic neurons relatively 
low. By the appearance of jawed vertebrates, SP striatal 
projections to midbrain GABAergic neurons projecting 
to tectum had emerged as a major motor output pathway 
of the basal ganglia. Additionally, striato-GPe and striato-
GPi pathways of yet undetermined functional significance 
must also have been present in early jawed vertebrates, 
although double-label studies are desirable to firmly estab-
lish the separateness of SP and ENK striatal neurons in 
the diverse anamniote groups. The main excitatory input to 
striatum in anamniotes with a simple tubular telencephalon 

appears likely to have been the thalamus, although pallial 
inputs to the striatum may have evolved independently in 
cartilaginous and ray-finned fish groups with expanded tel-
encephalic pallia. By amphibians (if not before), the basal 
ganglia had evolved a projection to a pretectal cell group as 
one of its major motor output pathways. The basal ganglia 
of lobe-finned fish is unlikely to have been notably different 
in its organization or neurochemistry from that of the earli-
est tetrapods (amphibians) that evolved from lobe-finned 
fish, although it is unknown if lobe-finned fish possess a 
basal ganglia output to the pretectum comparable to that 
seen in amphibians. One peculiarity of the basal ganglia 
(and the entire telencephalon in some cases) in nontetra-
pods that has not been noted until here is that it contains 
scattered dopaminergic neurons that may contribute to the 
dopaminergic innervation of the striatum (e.g. Northcutt  
et al., 1988; Steusse et al., 1994; Rink and Wullimann, 
2002). It is uncertain if these dopaminergic neurons are 
homologous to the infrequent dopaminergic neurons of the 
striatum in mammals (Betarbet et al., 1997). Finally, fur-
ther studies are needed to define the limits of the limbic and 
somatic basal ganglia, especially in nontetrapods.

III.  Basal Ganglia in Amniotes

A.  Reptiles

Mammals share with reptiles a common origin from early 
stem amniote descendants of amphibians (Gauthier et al., 
1988; Lee, 1993, 1997), but mammals and reptiles evolved 
divergently beginning very early in amniote evolution. 
Paleontological data indicate that living reptiles are a para-
phyletic group whose members represent separate branchings 
from the diapsid reptilian stock that itself diverged from the 
earliest reptiles (the other divergent branch being the anap-
sids). The diapsid lineages include turtles (which arose early 
in reptile evolution and were once considered anapsids), lepi-
dosaurians (lizards, snakes, and Sphenodon) and archosau-
rians (which include crocodilians and dinosaurs) (Gauthier  
et al., 1988; Lee, 1993, 1997; deBraga and Rieppel, 1997;  
Li et al., 2008). Sphenodon is an early and relatively 
unchanged offshoot of the lepidosaurian lineage (with lizards 
and snakes arising later). Thus, both turtles and Sphenodon 
diverged early during reptile evolution, and retain primitive 
reptilian features, including their telencephalon. Despite, the 
somewhat differing telencephalic morphologies of the vari-
ous groups of living reptiles, all evidence suggests that the 
main features of basal ganglia organization are the same.
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During development, the telencephalic hemispheres of 
reptiles possess the same tubular evaginated structure as 
seen in adult amphibians. As embryonic development pro-
gresses, however, the pallial and subpallial sectors of the 
telencephalon come to be large and cell rich (Källén, 1951). 
The basal ganglia of reptiles thus reflects its inheritance 
from amphibians, but shows differences that stem from the 
expansion of the thalamus, basal ganglia and pallium char-
acteristic of reptiles (traits that were presumably inherited 
from stem amniotes). For example, as in amphibians, the 
ventrolateral telencephalon of reptiles contains both a stria-
tum and a globus pallidus. As in amphibians, the striatum 
is characterized by SP and ENK GABAergic neurons 
with spiny dendrites (Fig. 2.8) (Reiner, 1987a; Russchen  
et al., 1987; Bennis et al., 1991, 1994; Reiner et al., 1998a), 
and expression of Dlx1/2 (Smith-Fernandez et al., 1998). 
The neurons of the striatum occupy much of the ventrolat-
eral telencephalic wall (i.e. are not mainly periventricular as 
in amphibians), and the ventrolateral telencephalic wall is 
much thicker than in amphibians. Enrichment in cholines-
terase, dopaminergic terminals, DARPP32, and dopamine 
receptors also characterize the striatum of reptiles, more 
so than in amphibians (Parent, 1986; Richfield et al., 1987; 
Bissoli and Contestabile, 1988; Smeets, 1994; Smeets et al., 
2003). The globus pallidus possesses large GABAergic neu-
rons with aspiny dendrites that also contain LANT6, and in 
many cases parvalbumin, which are enveloped in a dense 
mat of overlapping SP and ENK woolly fibers (Fig. 2.8)  
(implying that GPi-type and GPe-type neurons are intermin-
gled) (Reiner, 1987a; Reiner and Carraway, 1987; Bennis  
et al., 1991, 1994; Reiner et al., 1998a; Guirado et al., 
1999b). A limbic striatum and limbic pallidum also are pres-
ent in reptiles (Russchen et al., 1987; Smeets et al., 1986,  
1987; Smeets, 1988; Smeets and Medina, 1995; Guirado  
et al., 1999a; Martinez-Marcos et al., 2005).

Three types of striatal interneurons are present in reptiles. 
These make up approximately 5–10% of striatal neurons and 
they include: (1) sparse, large, aspiny cholinergic neurons 
(Brauth et al., 1985; Hoogland and Vermeulen-VanderZee, 
1990; Medina et al., 1993; Powers and Reiner, 1993); (2) 
medium-sized aspiny neurons co-containing somatostatin (SS) 
and neuropeptide Y (NPY), and perhaps also NOS (Bear and 
Ebner, 1983; Reiner and Oliver, 1987; Medina et al., 1992; 
Brüning et al., 1994; Bennis et al., 2001); and (3) medium-
sized aspiny neurons co-containing GABA, parvalbumin, and 
LANT6 (Reiner and Carraway, 1987; Guirado et al., 1999b).

The reptilian striatum receives a more substantial dopa-
minergic input from the midbrain than is the case in any 

anamniote (Parent, 1986; Smeets, 1994). The major source 
of dopaminergic input to the dorsal striatum is the SNc, 
which in more primitive reptiles such as turtles closely 
resembles its apparent mammalian homologue in its shape 
and tegmental location (Fig. 2.8). Within the striatum in 
reptiles, the dopaminergic input typically ends on the spine 
necks of spiny striatal projection neurons and these neurons 
contain DARPP32 (Henselmans and Wouterlood, 1994; 

FIGURE 2.8  Images of turtle telencephalon illustrating the enrich-
ment of the basal ganglia in SP (A), and of the basal ganglia in ENK 
(B). Images A and B show frontal sections through the basal ganglia of 
the right telencephalic hemisphere that had been immunostained for SP 
(A) or enkephalin (ENK) (B). Note the intense SP and ENK immu-
noreactivity in the ventrolateral telencephalon that defines the region of 
the striatum and globus pallidus, and distinguishes the subpallium from 
the dorsal ventricular ridge (DVR) of the overlying pallium. Images  
C-F present views of turtle midbrain brain showing the dopaminergic neu-
rons of substantia nigra in turtle (C) as visualized by tyrosine hydroxylase 
(TH) immunolabeling, the striatal input to the substantia nigra in turtle (D) 
immunolabeled for SP, the neurons of the substantia nigra pars reticulata 
of turtle (E) immunolabeled for LANT6 (adapted from Fig. 11D of Reiner 
and Carraway, 1987), and neurons of the turtle dorsal nucleus of the pos-
terior commissure (F) immunolabeled for ENK (adapted from Fig. 12C 
of Reiner, 1987a). Scale bar in B provides the magnification for A. The 
scale bar in D shows the magnification for C–E. Abbreviations: DVR –  
dorsal ventricular ridge; LP – lateral (olfactory) pallium; Sp – septum.
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Smeets et al., 2001, 2003). As in mammals, dopaminergic 
effects on striatum are mediated by D1 and D2 dopamine 
receptors, with dopamine agonists inducing hyperkinesia 
and dopamine antagonists yielding hypokinesia (Andersen 
et al., 1975; Richfield et al., 1987; Greenberg et al., 1989; 
Clark et al., 2000). The striatum in reptiles also receives a 
prominent input from serotonergic neurons in the isthmic  
brainstem (Parent, 1986; Brauth and Kitt, 1980; Ueda et al.,  
1983; Wolters et al., 1985; Smeets and Steinbusch, 1988; 
Bennis et al., 1990).

The pallium in reptiles consists of two major sectors, 
a laminated cortex overlying the lateral ventricle and a 
large subcortical sector protruding into the lateral ventri-
cle called the dorsal ventricular ridge (Reiner, 1993). The 
cortex possesses medial (hippocampal), dorsal (neocor-
tex-like) and lateral (olfactory) sectors, and the anterior 
DVR is neocortex-like in its connectivity and function, 
but in most reptiles predominantly nuclear in its cytoar-
chitecture. Excitatory input to the striatum in reptiles that 
appears to be glutamatergic arises from visual, somatosen-
sory and auditory parts of the cortex and DVR (Voneida 
and Sligar, 1979; Bruce and Butler, 1984a,b; González  
et al., 1990; Ulinski, 1990; Butler, 1994a,b; Fowler et al., 
1999). Moreover, the cell-type specific glutamate recep-
tors employed by striatal projection neurons and interneu-
rons to respond to this excitatory input are very similar 
to that in mammals (Fowler et al., 1999). The simplest 
interpretation of the commonality in corticostriatal orga-
nization between reptiles and mammals is that a major 
elaboration of corticostriatal circuitry occurred with the evo-
lutionary appearance of stem amniotes. In reptiles, several  
dorsomedial thalamic nuclei also project to the striatum  
(Ten Donkelaar and De Boer-van-Huizan, 1981a; González 
et al., 1990; Butler, 1994a). These nuclei too are glutama-
tergic, and additionally have widespread projections to the 
dorsal cortex and DVR (Hall and Ebner, 1970; Balaban and 
Ulinski, 1981; Bruce and Butler, 1984a,b; González et al., 
1990; Fowler et al., 1999; Zhu et al., 2005). The connec-
tivity and neurochemistry of these dorsomedial thalamic 
nuclei supports the interpretation that they correspond to 
the mammalian intralaminar thalamic nuclei (Hoogland, 
1981; Künzle and Woodson, 1982; Reiner, 1987a; Medina 
et al., 1993; Butler, 1994a; Reiner et al., 1998a).

The striatum in reptiles has a prominent projection to 
the tegmentum, and this projection mainly arises from 
SP GABAergic neurons of medial striatum (Fig. 2.8) 
(Hoogland, 1977; Reiner et al., 1980; Ten Donkelaar and 
De Boer-van-Huizan, 1981a; Brauth et al., 1983; Wolters 

et al., 1986; Russchen and Jonker, 1988; Anderson and 
Reiner, 1990a). The striato-tegmental projection ends on 
tegmental dopaminergic neurons and a region of lateral  
tegmentum that appears homologous to mammalian SNr, 
since it is rich in GABAergic neurons co-containing  
PARV and/or LANT6 (Fig. 2.8) (Wolters et al., 1986; 
Reiner and Carraway, 1987; Bennis et al., 1991). A lesser 
ENK projection from the striatum, which is somewhat  
more prominent in snakes and some lizards, also ends on 
nigral dopaminergic neurons (Brauth, 1984; Reiner, 1987a; 
Smeets, 1991; Smeets and Medina, 1995). In reptiles,  
the neurons of SNr are located lateral or dorsolateral to the 
majority of the dopaminergic neurons of SNc (Fig. 2.8).  
Nonetheless, SNr neurons in reptiles do receive SP 
striatal input, as well as ENK striatal input, the latter of 
which varies in its extent among reptiles (Brauth, 1984; 
Reiner, 1987a; Medina and Smeets, 1991). The reptilian 
SNr, like that in mammals, projects to the midbrain tec-
tum, which itself projects to premotor and motor centers in 
the brainstem and spinal cord (Reiner et al., 1980; Reiner, 
1994; Medina and Smeets, 1991). In mammals, SNr neu-
rons have high firing rates and are metabolically active, 
as seems likely to be true of reptilian SNr neurons as 
well (Baker-Cohen, 1968). By their SP-rich striatal input, 
their high firing rates, their neurotransmitter content, their 
PARV content and their output to tectal premotor neurons, 
the SNr neurons in reptiles and mammals resemble GPi 
neurons. Thus, a basal ganglia route to the midbrain tec-
tum via the SNr may be involved in promoting movement 
in both reptiles and mammals.

The globus pallidus in reptiles receives prominent 
SP and ENK GABAergic input from lateral striatum 
(Fig. 2.8) (Hoogland, 1977; Anderson and Reiner, 1990a; 
Russchen and Jonker, 1988), with SP input presumably 
ending on GPi-type neurons and ENK input ending on 
GPe-type neurons. There is currently suggestive evidence 
for a GPi-intralaminar thalamus projection and a GPi-
motor thalamus projection in reptiles (Hoogland, 1977; 
Voneida and Sligar, 1979; Brauth and Kitt, 1980; Reiner 
et al., 1980; Brauth, 1988; Russchen and Jonker, 1988). 
The dorsomedial and dorsolateral nuclei of reptiles, the 
GPi intralaminar target, resemble the mammalian intra-
laminar nuclei by topography, histochemistry, and outputs 
to striatum and pallium, and a pallidal projection to them 
has been demonstrated in lizards (Russchen and Jonker, 
1988). In reptiles, the globus pallidus also projects to a 
specific nucleus located in the subthalamus, called the 
anterior entopeduncular nucleus (ENa) (Brauth and Kitt, 
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1980; Brauth, 1988; Russchen and Jonker, 1988). The ENa  
contains glutamatergic neurons (Fowler et al., 1999) and 
projects back to the pallidum, as well as to the SNr (Brauth 
and Kitt, 1980), thus making it resemble the mammalian 
STN. Additionally, pallidal neurons in reptiles and mammals 
possess glutamate receptors, consistent with a glutamatergic 
input from the subthalamic nucleus and its reptilian homo-
logue, respectively (Götz et al., 1997; Fowler et al., 1999). 
The topographic location of ENa within the diencephalon 
also supports its identification as the subthalamic nucleus. It 
is possible that the putative ENK striato-GPe-subthalamic 
pathway is involved in suppression of unwanted movements 
in reptiles, as it is in mammals (Albin et al., 1989; DeLong, 
1990). As in mammals, inhibition of ENK striato-GPe 
neurons with D2-acting dopamine receptor agonists is func-
tionally akin to ablation of the STN, leading to disinhibi-
tion of unwanted movements (Andersen et al., 1975). Thus,  
the major parts of the direct-indirect circuit plan seen in 
mammals appear to be present in reptiles, implying their 
existence in the stem amniote common ancestors of reptiles 
and mammals.

In turtles, crocodiles and lacertid lizards, the basal gan-
glia has a major projection to a pretectal cell group whose 
neurons co-contain ENK, GABA and LANT6 (Fig. 2.8) 
(Brauth, 1984; Reiner, 1987a; Reiner and Carraway, 1987; 
Medina and Smeets, 1991). This cell group has been called 
the dorsal nucleus of the posterior commissure (nDCP) 
in reptiles (Reiner et al., 1980; Brauth, 1988; Medina and 
Smeets, 1991), and it projects to the deeper layers of the 
midbrain tectum, including those that project to premotor 
cell groups of the hindbrain (Reiner, 1987a, 1994; Medina 
and Smeets, 1991). This circuit provides an additional route 
by which the basal ganglia may promote movement in rep-
tiles (Reiner et al., 1980; Medina and Smeets, 1991). These 
pretectal neurons are functionally akin to pallidal neurons 
since they are GABAergic, metabolically active and thus 
likely to have a high firing rate (Baker-Cohen, 1968; Reiner 
et al., 1984a; Bennis et al., 1991). This pretectal cell group 
appears homologous to the juxtacommissural pretectal 
nucleus of amphibians. Nonetheless, a well-defined basal 
ganglia-pretecto-tectal pathway seems to be absent in some 
lizard groups and in snakes (Russchen and Jonker, 1988; 
Medina and Smeets, 1991). Both the striatum and palli-
dum are the likely source of the basal ganglia projection  
to the reptilian pretectum (Smeets et al., 2003). Thus, the 
basal ganglia in reptiles has its major output to motor areas 
via a striatal projection to pallidal-type neurons of the 
pretectum (nDCP) and the tegmentum (SNr), which are 

likely to affect movements by input to tectal neurons with 
descending projections to brainstem premotor cell groups 
(Reiner et al., 1980; Medina and Smeets, 1991). Activation 
of the striatal input is likely to produce inhibition of their 
target pretectal and SNr GABAergic neurons, resulting in 
disinhibition of tectal neurons that have descending pro-
jections to hindbrain motor-related centers, as occurs in  
mammalian basal ganglia circuitry (Chevalier et al., 1985).

B.  Birds

Birds evolved from archosaurian reptiles, of which croco-
dilians are the only other living representative (Chiappe, 
1995). Unsurprisingly, therefore, the basal ganglia in birds 
highly resembles that in reptiles, with the main differences 
stemming from the yet further telencephalic enlargement in 
birds. Other than the evolution of a distinct basal ganglia cell 
group in songbirds devoted to vocal control (as discussed 
later in this section), basal ganglia anatomy is relatively 
similar among the diverse living avian groups. The ventro-
lateral telencephalon in birds contains both a striatum and a 
globus pallidus, identifiable by neurochemical, hodological, 
and developmental molecular criteria. The striatum is distin-
guished by its enrichment in SP and ENK neurons and 
their processes (Fig. 2.9) (Reiner et al., 1983, 1984b; Molnar 
et al., 1994; Aste et al., 1995; Dubbeldam et al., 1999; den 
Boer-Visser and Dubbeldam, 2002), with the identity of the 
striatum further confirmed by its high expression of GAD 
(Veenman and Reiner, 1994; Sun et al., 2005), and Dlx1/2 
(Smith-Fernandez et al., 1998; Puelles et al., 2000). The SP 
and ENK neurons possess spiny dendrites and together 
make up the vast majority of striatal neurons (Tömböl et al., 
1988; Karle et al., 1992, 1994). The avian striatum also is 
identifiable by its richness in dopaminergic terminals arising 
from midbrain (Fig. 2.9), and in cholinergic terminals arising 
from intrinsic cholinergic interneurons (Medina and Reiner, 
1994; Reiner et al., 1994; Karle et al., 1996; Dubbeldam et 
al., 1999). Concomitant with the abundance of these types 
of terminals, the striatum is enriched in cholinesterase, 
muscarinic receptors, D1 and D2 type dopamine recep-
tors, and DARPP32 (Karten and Dubbeldam, 1973; Parent, 
1986; Richfield et al., 1987; Dietl and Palacios, 1988; Dietl 
et al., 1988; Wächtler and Ebinger, 1989; Moons et al.,  
1994; Ball et al., 1995; Kohler et al., 1995; Wynne and 
Güntürkün, 1995; Reiner et al., 1998b; Dubbeldam et al., 
1999; Durstewitz et al., 1998, 1999; Sun and Reiner 2000; 
Absil et al., 2001). Although striatal neurons with the char-
acteristics of patch neurons (mu-opiate receptor-rich and  
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calbindin-poor) may be present in avian striatum, they are 
not organized into recognizable islands resembling the stri-
atal patches in mammals (Karten and Dubbeldam, 1973; 
Brauth, 1988; Reiner et al., 1989; Csillag et al., 1990; Braun 
et al., 1991; Dubbeldam et al., 1999). The globus pallidus is 
identifiable by its large GABAergic neurons that also contain 
LANT6 and PARV, by its enrichment in SP and ENK 
woolly fibers (Fig. 2.9), and by its expression of Nkx2.1 
(Karten and Dubbeldam, 1973; Hall et al., 1984; Reiner and 
Carraway, 1987; Reiner and Anderson, 1993; Veenman and 
Reiner, 1994; Puelles et al., 2000; Laverghetta et al., 2006). 
Limbic striatal cell groups such as the nucleus accumbens 
and olfactory tubercle, and the limbic pallidal cell group the 
ventral pallidum have also been identified in birds (Reiner 
et al., 1983, 1984b; Aste et al., 1998; Reiner et al., 2004b; 
Yamamoto and Reiner, 2005; Balint and Csillag, 2007).

In birds, about 10% of striatal neurons are interneurons  
and three major populations have been identified: (1) large, 
aspiny cholinergic neurons (Medina and Reiner, 1994; 
Cookson et al., 1996); (2) medium-sized aspiny neurons  
co-containing SS, NPY, and/or NOS (Anderson and 
Reiner, 1990b; Brüning, 1993; Cozzi et al., 1997; Atoji  
et al., 2001); and (3) medium-sized aspiny neurons co-
containing GABA, parvalbumin, and LANT6 (Reiner and 

Carraway, 1987; Reiner and Anderson, 1993; Reiner and 
Anderson, 1993; Laverghetta et al., 2006). The striatum in 
birds also contains neurons that localize CALR, but these 
neurons also contain PARV and thus no not correspond to 
the unique CALR interneurons in mammals (Laverghetta 
et al., 2006).

The major source of dopaminergic input to the dorsal 
striatum is the SNc, and this input accounts for the dense 
dopaminergic innervation observed in the striatum of birds 
(Fig. 2.9) (Parent et al., 1984; Bons and Oliver, 1986; Kitt 
and Brauth, 1986a,b; Bailhache and Balthazart, 1993; Moons 
et al., 1994; Reiner et al., 1994; Wynne and Güntürkün, 
1995; Metzger et al., 1996; Durstewitz et al., 1998, 1999; 
Absil et al., 2001; Roberts et al., 2001). The dopaminergic 
input typically ends on the spine necks of striatal projec-
tion neurons in birds, and it targets both SP and ENK 
striatal neurons (Karle et al., 1992, 1994). As in mammals, 
dopaminergic effects in striatum are mediated by D1 and D2 
class dopamine receptors, with dopamine agonists inducing 
hyperkinesia and dopamine antagonists yielding hypokine-
sia (Gargiulo et al., 1981; Barrett, 1983; Nistico et al., 1983; 
Akbas et al., 1984; Richfield et al., 1987; Dietl and Palacios, 
1988; Ball et al., 1995; Demchyshyn et al., 1995; Durstewitz 
et al., 1999; Sun et al., 2000; Ding and Perkel, 2002). The 

FIGURE 2.9  Images of avian telencephalon illustrating the enrichment of the basal ganglia in SP (A), ENK (B), and in dopaminergic fibers and termi-
nals (C). Images A and B show frontal sections through the basal ganglia of the right telencephalic hemisphere of pigeon that had been immunostained 
for SP (A) or enkephalin (ENK) (B) (adapted from Figs 2C,D of Reiner et al., 1998b). Note the intense SP and ENK immunoreactivity in the ven-
trolateral telencephalon that defines the region of the striatum and globus pallidus, and distinguishes the subpallium from the dorsal ventricular ridge 
(DVR) of the overlying pallium. Image C shows a frontal section through the basal ganglia of the right telencephalic hemisphere of pigeon that had been 
immunostained for dopamine (adapted from Fig. 2B of Reiner et al., 1998b). Note the conspicuous enrichment of the striatum in dopaminergic fibers 
and terminals. Images D–F of pigeon brain illustrate tyrosine hydroxylase-containing neurons (D) in substantia nigra pars compacta (adapted from  
Fig. 4F of Reiner et al., 2000b), SP fibers (E) in the substantia nigra, and ENK immunolabeling (D) of the neurons of the lateral spiriform nucleus of 
the pretectum. Note that the neurons of SpL are rich in ENK. The scale bar in A provides the magnification for A–C. Scale bar in D provides magnifica-
tion for D–F. Abbreviations: DVR – dorsal ventricular ridge; Meso – mesopallium; Nido – nidopallium; SNc – substantia nigra pars compacta; SNr –  
substantia nigra pars reticulata; Sp – septum; SpL – lateral spiriform nucleus; TeO – optic tectum.
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striatum in birds also receives a prominent input from sero-
tonergic neurons of the isthmic brainstem (Bons and Oliver, 
1986; Brauth et al., 1978; Dubé and Parent, 1981; Yamada  
et al., 1984; Yamada and Sano, 1985; Cozzi et al., 1991; Kitt 
and Brauth, 1986a).

The pallium in birds contains the same subdivisions as 
in reptiles but is much expanded, with the dorsal part of 
the pallium enlarged into a medially situated sensorimo-
tor region called the Wulst (comparable to reptile dorsal 
cortex), and the DVR (consisting of the mesopallium and 
nidopallium) juxtaposed to a basocaudal motor output area 
called the arcopallium. The Wulst, DVR and arcopallium 
give rise to a massive excitatory input to the avian striatum 
(Zeier and Karten, 1971; Karten and Dubbeldam, 1973; 
Karten et al., 1973; Nottebohm et al., 1976; Brauth et al., 
1978; Dubbeldam and Visser, 1987; Wild, 1987b, 1989; 
Wild et al., 1993; Veenman et al., 1995b; Veenman and 
Reiner, 1996; Davies et al., 1997; Dubbeldam et al., 1997). 
As in mammals, the avian “corticostriatal” projection uti-
lizes the excitatory neurotransmitter glutamate (Veenman 
and Reiner, 1996; Csillag et al., 1997; Laverghetta et al., 
2006; Adam and Csillag, 2006). The communication 
between pallium and striatum in birds is mediated by the 
same two “corticostriatal” cell types as in mammals, the 
pyramidal tract type (located in the hyperpallium api-
cale subdivision of the Wulst and the arcopallium) and 
the intratelencephalically projecting type (located mainly 
in the nidopallium) (Cowan and Wilson, 1994; Veenman 
et al., 1995b; Reiner et al., 2001, 2003), and by the same 
cell-type specific postsynaptic glutamate receptors (Reiner, 
2002; Wada et al., 2004; Laverghetta et al., 2006).

In birds, several dorsomedial thalamic nuclei project to 
the striatum (Kitt and Brauth, 1982; Miceli and Repérant, 
1985; Bons and Oliver, 1986; Wild, 1987a; Veenman  
et al., 1995a, 1997; Montagnese et al., 2003). This input too 
is excitatory and ends on the spine heads of striatal projec-
tion neurons (Veenman et al., 1995a). These striatal afferent 
nuclei include the dorsomedial and dorsolateral thalamic 
nuclei, as well as the dorsointermediate posterior nucleus, 
which also have widespread projections to pallium. The 
neurochemistry and connectivity of these nuclei supports the 
interpretation that they are homologues of the mammalian 
intralaminar thalamic nuclei (Zeier and Karten, 1971; Kitt 
and Brauth, 1986a,b; Miceli et al., 1987; Wild, 1987b, 1989; 
Korzeniewska and Güntürkün, 1990; Arends and Zeigler, 
1991; Medina and Reiner, 1994, 1997; Veenman et al., 1997; 
Bruce et al., 2002). As in mammals, part of the intralaminar 
thalamus, namely the dorsointermediate posterior nucleus, 

receives pallidal input (Medina and Reiner, 1997; Veenman 
et al., 1997).

A major, topographically ordered projection from 
medial striatum to tegmental dopaminergic neurons arises 
from GABAergic spiny neurons that contain SP (Fig. 2.9), 
and a lesser one from GABAergic spiny neurons that con-
tain ENK (Kitt and Brauth, 1981; Reiner et al., 1983; Hall 
et al., 1984; Anderson and Reiner, 1990a, 1991a; Veenman 
and Reiner, 1994; Mezey and Csillag, 2002, 2003). The 
terminals of both SP and ENK neurons make synap-
tic contact with tegmental dopaminergic neurons in birds 
(Anderson et al., 1991; Medina et al., 1995). An SNr 
whose neurons are rich in GABA, PARV and LANT6, and 
in receipt of synaptic input from SP terminals of striatal 
origin, is also present in birds (Reiner and Carraway, 1987; 
Anderson and Reiner, 1991a; Anderson et al., 1991; Reiner 
and Anderson, 1993; Veenman and Reiner, 1994). The SNr 
of birds also receives input from pallidal neurons receiv-
ing input from ENK/GABA striatal neurons, as it does in 
mammals (Reiner et al., 1998a). The avian SNr projects to 
the midbrain tectum (Reiner et al., 1983; Hunt and Brecha, 
1984; Veenman and Reiner, 1994), and also to the avian 
motor thalamus, as it does in mammals (Medina et al., 
1997). By their SP-rich striatal input, high firing rates, high 
metabolic activity (Baker-Cohen, 1968; Streit et al., 1980), 
neurotransmitter content, PARV content and output to  
thalamic ventral tier and tectal premotor neurons, the SNr 
neurons in birds resemble GPi neurons. Thus, the basal 
ganglia route to the avian tectum via the SNr may pro-
mote movement. As in reptiles, the neurons of SNr in 
birds are located dorsolateral to the dopaminergic neurons 
of SNc (Fig. 2.9) (Reiner and Carraway, 1987; Reiner and 
Anderson, 1993; Veenman and Reiner, 1994). Moreover, 
the avian SNr does not coincide with the most dense part 
of the tegmental field of SP fibers, which mostly overlaps 
the dopaminergic tegmental neurons in pigeons (Fig. 2.9).

SP and ENK neurons of lateral striatum in birds 
project to separate populations of large aspiny GABAergic 
neurons in globus pallidus (Fig. 2.9) (Anderson and 
Reiner, 1990a; Jiao et al., 2000; Person et al., 2008). The 
pallidal neurons receiving SP input correspond to GPi-
type neurons and those receiving ENK input correspond 
to GPe-type neurons. GPi-type neurons in birds give rise 
to a projection resembling that of GPi to motor thalamus 
in mammals to a small thalamic region termed the ventro-
intermediate area (VIA) in birds (Fig. 2.10) (Karten and 
Dubbeldam, 1973; Kitt and Brauth, 1982; Medina et al., 
1997; Person et al., 2008). The VIA projects to the rostral 
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part of the Wulst, which is comparable by location and con-
nectivity to mammalian primary somatosensory/somato-
motor cortex (Wild, 1987b, 1989, 1992; Korzeniewska 
and Güntürkün, 1990; Medina and Reiner, 2000). It is 
unknown if this circuit is better developed in birds with a 
larger Wulst than in pigeons, such as owls. In addition to 
the input from the globus pallidus, the VIA also receives 

input from the SNr and the lateral and internal cerebellar 
nuclei (Medina et al., 1997). The dorsointermediate poste-
rior (DIP) nucleus of the avian intralaminar thalamus also 
receives a projection from the pallidum, presumably from 
GPi type neurons (Karten and Dubbeldam, 1973; Medina 
and Reiner, 1997). The DIP projects to striatum and to the 
pallium, and it seems specifically comparable to the mam-
malian parafascicular nucleus in its connectivity, neuro-
chemistry and location (Kitt and Brauth, 1981, 1982; Wild, 
1987a; Butler, 1994a; Veenman et al., 1995a,b; Veenman 
et al., 1997; Bruce et al., 2002). GPe-type pallidal neurons 
in birds project to the subthalamic nucleus, which contains 
glutamatergic neurons and projects back to globus pal-
lidus and SNr (Fig. 2.10) (Karten and Dubbeldam, 1973; 
Medina and Reiner, 1997; Jiao et al., 2000; Person et al., 
2008). Consistent with a glutamatergic input, pallidal neu-
rons in birds possess glutamate receptors (Jiao et al., 2000; 
Wada et al., 2004; Laverghetta et al., 2006). As in mam-
mals, STN destruction causes hyperkinesia (Jiao et al., 
2000). Thus, as in mammals, an ENK striato-GPe-STN 
circuit is present that is involved in suppressing unwanted 
movements.

In birds, lateral striatal SP neurons and GPe-type neu-
rons of the globus pallidus have a projection to a pretectal cell 
group known as the lateral spiriform nucleus (SpL), whose 
neurons co-contain ENK, GABA, parvalbumin and LANT6 
(Figs. 2.9, 2.10) (Reiner et al., 1982a,b; Reiner and Carraway, 
1987; Domenici et al., 1988; Reiner and Anderson, 1993; 
Veenman and Reiner, 1994). The avian SpL is homologous 
to the juxtacommissural pretectal nucleus of amphibians and 
the dorsal nucleus of the posterior commissure of reptiles. 
Since SpL projects to deep tectal layers that project to pre-
motor cell groups of the hindbrain (Reiner and Karten, 1982; 
Reiner et al., 1982a,b; Hellmann et al., 2004), it provides a 
route by which the basal ganglia may influence movement. 
The neurons of SpL are functionally akin to pallidal neurons 
in that they are highly metabolically active, have a high firing 
rate and contain parvalbumin (Streit et al., 1980; Reiner et al., 
1984a; Reiner and Anderson, 1993). Since they also resemble 
pallidal neurons in that they use GABA as their primary neu-
rotransmitter (Veenman and Reiner, 1994; Sun et al., 2005), 
it seems likely that they exert a tonic inhibitory influence on 
their target tectal neurons, which are released from this inhi-
bition by activation of the SP neurons projecting to SpL. 
The GPe-type pallidal input to SpL seems akin to GPe input 
to GABAergic neurons of SNr. Thus, the avian basal ganglia 
has its major output to motor areas via a projection to the 
pretectal nucleus SpL and the tegmental nucleus SNr, which 

FIGURE 2.10  Circuit diagram showing the functional organization of 
the avian basal ganglia. The pluses and minuses indicate whether projec-
tions are excitatory () or inhibitory (–). Striatal projection neuron types, 
which all use GABA as their primary neurotransmitter, are distinguished 
by their characteristic neuropeptide. The terminology used for basal gan-
glia subdivisions in birds is now similar to that in mammals, per the recent 
revision in avian brain nomenclature (Reiner et al., 2004b). As in mam-
mals, the striatal and pallidal output circuitry in birds is organized into 
direct SP striatal outputs to pallidal neurons promoting movement and 
ENK striatal outputs to pallidal neurons inhibiting unwanted movement. 
The pallidal neurons of the indirect pathway project directly to the targets 
of the SP striatal neurons (i.e. GPi, SNr and SpL), as well indirectly to 
these same targets via the subthalamic nucleus. In mammals, SP neu-
rons target two sets of pallidal-type neurons (GPi and SNr), while in birds 
three are targeted (GPi, SNr and SpL). It is not yet certain, however, if 
GPe-like neurons in the avian globus pallidus (where they are intermin-
gled with GPi-type neurons) have a projection to GPi-type neurons of 
globus pallidus. Such a projection is present in mammals. Abbreviations: 
ENK – enkephalin; GLUT – glutamate; GPe – external segment of glo-
bus pallidus; GPi – internal segment of globus pallidus; SNr – substantia 
nigra pars reticulata; SP – substance P; SpL – nucleus spiriformis latera-
lis; STN – subthalamic nucleus.



Handbook of Basal Ganglia Structure and Function48

affect movements by input to tectal neurons with descending 
motor projections (Fig. 2.10).

The striatal output pathways to pretectum, tegmentum 
and thalamus are all “direct pathway” type outputs that are 
likely to facilitate behavior (Fig. 2.10). As noted above, 
birds also possess a subthalamic nucleus and “indirect path-
way” circuit, as well (Jiao et al., 2000). The organization of 
the avian basal ganglia into direct and indirect striatal output 
circuits closely resembling those in mammals, and the pres-
ence of both SP and ENK striatal outputs in reptiles as 
well, suggests that the direct-indirect pathway plan of basal 
ganglia functional organization was present already in stem 
amniotes. The striato-GPi-thalamic circuit to motor cortex 
is, however, less well developed in birds than in mammals. 
Instead, basal ganglia influences on motor function appear 
to be mediated more so by outputs to the tectum in birds. 
While birds and mammals do share one of these circuits  
to the tectum (the striato-SNr-tectal circuit), the other (the 
striato-SpL-tectal circuit) is not readily discernible in mam-
mals. Additionally, the STN of the striato-GPe-STN-GPi 
circuit is better developed in mammals than in birds. The 
well-developed striato-GPe pathway in birds may mainly 
play its role via a direct projection of GPe neurons to GPi 
neurons. This may explain why GPe and GPi neurons 
remain intermingled in birds and in nonmammals in general. 
Although a GPe to GPi projection is present in mammals, 
the expansion of the STN-GPi circuit in mammals may 
explain the segregation of GPe and GPi neurons in mam-
mals, with GPi neurons moving closer to STN.

Basal Ganglia Specializations in Vocalizing 
Birds

Two telencephalic circuits underlie song learning and pro-
duction in oscine songbirds (Doupe and Kuhl, 1999). These 
circuits (Fig. 2.11) are present in males in those species in 
which only males sing and in both males and females in 
those species in which both sing (Langmore, 1998). One 
of these circuits, called the anterior forebrain pathway, is 
routed through a specialized part of the basal ganglia called 
area X (Fig. 2.11). This circuit is an uncrossed multisynap-
tic pathway connecting a higher order pallial song control 
area called HVC (or the “higher vocal center”) to the robust 
nucleus of the arcopallium (RA), whose full components 
are: HVC – Area X of the basal ganglia – the dorsolateral 
medial nucleus of the thalamus (DLM) – the lateral mag-
nocellular nucleus of the anterior nidopallium (LMAN) –  
RA (Nottebohm et al., 1976; Bottjer, 1997; Nordeen and 

Nordeen, 1997). The other song control circuit involves a 
direct projection from HVC to ipsilateral RA and is neces-
sary for song production. By contrast, the X–DLM–LMAN–
RA pathway is necessary for initial song learning (Bottjer 
et al., 1984; Scharff and Nottebohm, 1991), and rehearsal-
based adjustments in song during adulthood (Doupe and 
Solis, 1997; Jarvis et al., 1998; Mello and Ribeiro, 1998; 
Brainard and Doupe, 2000). Area X is located in the medial 
striatum, and, consistent with its location, predominantly 
appears to contain small GABAergic spiny neurons with 
the anatomical, neurochemical (e.g. many contain SP), and 
physiological characteristics of spiny striatal projection 
neurons (Fig. 2.11) (Grisham and Arnold, 1994; Farries 
and Perkel, 2002). Area X also contains a less numerous  

FIGURE 2.11  Images illustrating (A) the two song control circuits in 
male songbirds (adapted from Fig. 1 of Reiner et al., 2004a), and (B) 
immunolabeling for SP in area X of male zebra finch (adapted from Fig. 
4A of Reiner et al., 2004a). Image B shows SP immunolabeling of Area 
X at a low magnification, as seen in a transverse section through the right 
telencephalon of a male zebra finch. Note that Area X stands out in SP-
immunolabeled material. Abbreviations: NIDO – nidopallium.
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population of larger GABAergic neurons that are the neu-
rons of area X that project to the thalamic nucleus DLM 
(Luo and Perkel, 1999a,b). These neurons possess pal-
lidal neurochemistry, physiology and dendritic morphology  
(Fig. 2.11) (Luo and Perkel, 1999a; Farries and Perkel, 
2002; Reiner et al., 2004a). The HVC input to Area X seems 
likely to terminate extensively on spiny striatal-type neurons, 
with these spiny neurons then having their major efferent 
projection to pallidal-type neurons that project to DLM.

Parrots and hummingbirds also use learned vocaliza-
tions to communicate with conspecifics (Farabaugh et al., 
1994; Durand et al., 1997; Pepperberg, 1999; Hile et al., 
2000; Jarvis and Mello, 2000; Jarvis et al., 2000). While 
the vocalizing abilities of parrots, hummingbirds and song 
birds are likely to have evolved independently, a similar 
pair of neural circuits subserves vocalization in all three 
(Ball, 1994; Striedter, 1994; Durand et al., 1997; Jarvis 
et al., 2000). The circuits in hummingbirds and parrots 
resembling the anterior forebrain pathway of songbirds 
include a portion of the medial striatum called the magno-
cellular nucleus of medial striatum (MStm) in parrots and 
the vocal nucleus of the anterior paleostriatum (VAP) in 
hummingbirds (Ball, 1994; Striedter, 1994; Durand et al., 
1997; Jarvis and Mello, 2000; Jarvis et al., 2000). While 
some details of the neurochemistry and circuitry of parrot 
MStm are known (Ball, 1994; Roberts et al., 2002), it is 
unknown if parrot MStm and hummingbird VAP possess 
the unique mix of striatal and pallidal neuron types found 
in area X.

C.  Overview of Basal Ganglia Evolution in 
Amniotes

The anamniote to stem amniote transition must have been 
accompanied by several changes in basal ganglia organiza-
tion. First, cell abundance in the telencephalon must have 
undergone a great increase, as reflected in an expansion of 
both the pallium and basal ganglia. As part of this expan-
sion, both thalamo-pallial sensory pathways and pallio-
striatal pathways must have become prominent. Moreover, 
the tegmental dopaminergic field and its input to striatum 
also must have become more substantial. Two evolutionary 
scenarios seem possible to account for this. In one scenario, 
the amphibians giving rise to stem amniotes are presumed 
to have only possessed intralaminar thalamic nuclei, and 
specific sensory nuclei are presumed to have evolved during 
the amphibian – reptile transition. In the second scenario, 
the amphibians giving rise to stem amniotes are presumed 

to have possessed specific sensory nuclei in the dorsal thala-
mus, but during the amphibian – reptile transition the major 
projection of these neurons shifted from the striatum to the 
cortex. As in amphibians, the major output to motor areas 
in stem amniotes must have been via a projection to the 
pretectum and SNr, with both affecting movements by an 
input to tectal neurons with descending projections. In stem 
amniotes, basal ganglia circuitry must have been organized 
into direct and indirect pathways. In mammals, however, 
the direct pathway to the pretectum became de-emphasized 
and the direct pathway to GPi emphasized instead. Thus, in 
mammals, the basal ganglia effects its role in motor con-
trol via pallial motor areas more so than in reptiles and 
birds. Additionally, mammalian striatum is compartmen-
talized into interlaced zones called striosomes and a much 
larger sector in which the striosomes are embedded called 
the matrix. These two striatal sectors, which differ in their 
connectivity with cortex and midbrain, consist of neuronal 
populations that may be more uniformly interspersed in 
striatum in birds and reptiles. Finally, the globus pallidus is 
laterally migrated in reptiles and birds. Since it is medially 
situated in lobe-finned fish and amphibians, it is likely that 
the medial position of globus pallidus as seen in mammals 
is the stem amniote condition, and that the lateral migration 
of pallidal neurons evolved in the reptile-bird lineage.

Several major changes in telencephalic morphology 
appear to have occurred in the evolution of the mamma-
lian basal ganglia from the stem amniote condition inferred 
from commonalities among extant reptiles, birds and mam-
mals. First, from a simple, poorly laminated state, the  
pallium evolved into multilayered neocortex (Karten, 1969; 
Reiner et al., 2005). By a process of extensive lateroventral 
migration from the pallium where it meets the subpallium, 
the neocortex comes to surround the basal ganglia in mam-
mals (Alvarez-Bolado and Swanson, 1996). As a conse-
quence, the basal ganglia occupies a more central position in 
the telencephalon than it does in nonmammals. The embry-
onic development of the basal ganglia versus the neocortex, 
however, reflects its ancestral basal position. Unlike in non-
mammals in which GPi and GPe neurons are intermingled, 
in mammals these pallidal neuronal populations occupy 
separate sectors, in either of two arrangements. In primates, 
the GPe and GPi are segregated, but contiguous and distin-
guishable by their differential neurochemistry, namely an 
enrichment in terminals arising from ENK striatal neurons 
in GPe and an enrichment in terminals arising from SP 
striatal neurons in GPi. All other mammalian groups show  
a pallidal arrangement that must therefore be the primitive 
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pattern for mammals. In this primitive pallidal pattern, the 
GPi and GPe are noncontiguous, with the GPi enveloped 
by the internal capsule and seemingly dragged medially 
to a thalamic proximity. The gap between the two pallidal  
segments is so large, that they have customarily been identi-
fied by different names than in primates, the globus pallidus 
instead of the GPe and the entopeduncular nucleus instead 
of the GPi.

IV.  Basal Ganglia Evolution –  
Outdated Concepts and 
Terminology

The preceding overview of basal ganglia evolution in ver-
tebrates reveals that both the striatum and pallidum are 
ancient structures, both likely present in the jawed fish 
ancestral to modern jawed vertebrates. Thus, the notion 
that the pallidum (i.e., the so-called paleostriatum) evolved 
first and is older than the striatum (i.e., the so-called neos-
triatum) is incorrect. Because the terms paleostriatum and 
neostriatum perpetuate outdated ideas about basal ganglia 
evolution, their abandonment is recommended. The actual 
evolutionary history of the basal ganglia seems character-
ized by an increase in neuron number as the telencephalon 
expanded during the anamniote-amniote transition, with 
the elaboration of prominent cortical glutamatergic inputs 
and midbrain dopaminergic inputs, and an increased role 
for telencephalic circuitry in motor control occurring in 
stem amniotes. In mammals, especially the primate line-
age, this trend has been accelerated. Nonetheless, the basic 
direct-indirect pathway circuit plan by which the basal 
ganglia regulate movement may have already been in place 
in early anamniotes.
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I.  Introduction

A.  Overview of the Basal Ganglia Nuclei in 
Rodents and Higher Vertebrates

The basal ganglia can be subdivided into “dorsal” and 
“ventral” aspects. The dorsal aspect of the basal ganglia 
in rodents and higher vertebrates consists of four major 
nuclei (Tepper et al., 2007). These nuclei are the striatum, 
the globus pallidus, the subthalamic nucleus (STN) and 
the substantia nigra (SN) (see Fig. 1.1 in Chapter 1). The 
striatum in rodents is a single nucleus, also called the cau-
date-putamen. In higher vertebrates the striatum is com-
prised of the caudate nucleus and the putamen which are 
partitioned by the internal capsule. The globus pallidus 
consists of external (GPe) and internal (GPi) segments. In 
rodents, the external segment is also known as the “glo-
bus pallidus” and the internal segment is equivalent to 
the entopeduncular nucleus. In this chapter, GPe will be 
used when referring to the rodent globus pallidus and GPi 
will be used when referring to the rodent entopeduncular 
nucleus. Each pallidal segment has different afferents and 
efferents and is functionally unique (see further details 
below). The SN is also divided into two parts that are 
functionally distinct. The pars reticulata (SNr) and the pars 
compacta (SNc) share mostly similar afferents but have 
different outputs. The main output of the SNr is to the tha-
lamus, while the SNc primarily consists of dopaminergic 
neurons that principally innervate the striatum. The SNr 
and GPi are the major output nuclei of the basal ganglia 
(see Fig. 1.1 in Chapter 1).

The ventral aspect of the basal ganglia consists of the 
nucleus accumbens, the ventral pallidum, and the medial 
parts of the STN and SN. The dorsal aspect of the basal 
ganglia is primarily involved with motor and associative 
functions, while the ventral aspect is primarily involved 
with limbic or emotional functions (Tepper et al., 2007).
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Figure 3.1  (A) Schematic diagram illustrating the local axonal collaterals of striatal spiny projection neurons in the rat brain. Adapted with permis-
sion from Heimer et al. (1995). (B) A horseradish peroxidase-filled rat neostriatal spiny projection neuron with densely spiny dendrites (black) and a 
projecting axon (grey, upper figure) and local axonal collaterals (grey, lower figure). Reprinted from Wilson and Groves (1980) with permission from 
John Wiley & Sons, Inc.
In rodents, the dorsal basal ganglia receive a massive 
input from the cerebral cortex to the largest input structure, 
the striatum (Webster, 1961; McGeorge and Faull, 1989; 
Hontanilla et al., 1994) (see Chapter 1). From the striatum 
several pathways reach other basal ganglia nuclei (Grofova, 
1975; Bunney and Aghajanian, 1976; Cuello and Paxinos, 
1978; van der Kooy et al., 1981; Haber and Nauta, 1983; 
Heimer et al., 1985; Loopuijt and van der Kooy, 1985; 
Kawaguchi et al., 1990; Bevan et al., 1994), namely, the 
GPe, the GPi, the STN, and the SNr and SNc (see Fig. 1.1 
in Chapter 1). These internal loops are thought to regulate 
the activity of the GPi and SNr, which then convey the 
output of the basal ganglia to the thalamus and onto the 
supplementary motor area and premotor area of the frontal 
cortex (Graybiel, 1990). The circuitry in higher vertebrates 
is very similar to that of rodents (DeLong, 2000). Since 
both the input and the output of the dorsal basal ganglia are 
intimately related to motor (and other) areas of the cere-
bral cortex, the dorsal basal ganglia are thought to control 
the direction and the velocity of movement that is initiated 
by the cerebral cortex (Alexander et al., 1986; Wickens, 
1993). The dorsal aspect of the basal ganglia also contrib-
utes to associative functions (Tepper et al., 2007).

Within the striatum of rodents and higher vertebrates, 
there are two types of projection neurons. Since these pro-
jection neurons have numerous spines on their dendrites 
(Fig. 3.1b), and have a medium-sized soma (Table 3.1), 
they are generally referred to as either spiny projection 
neurons or medium-spiny neurons. The first type of projec-
tion neuron projects to the SNr and GPi to form the direct 
pathway to the output nuclei of the basal ganglia (see Fig. 
1.1 in Chapter 1). These projection neurons of the direct 
pathway contain GABA, substance P and dynorphin. The 
second type of projection neuron projects to the GPe and 
contains GABA and enkephalin. Since the GPe neurons 
project in turn to the SNr and GPi, the striatal GABA/
enkephalin neurons form the indirect pathway to the output 
nuclei of the basal ganglia (Fig. 1.1 in Chapter 1).

In the ventral aspect of the basal ganglia, the nucleus 
accumbens has a number of striatal characteristics (Heimer 
et al., 1995). For example, it is innervated by neurons in the 
cerebral cortex and by midbrain dopaminergic neurons. It 
also consists principally of spiny projection neurons that proj-
ect to pallidal neurons. Yet, it is also important to acknowl-
edge that some of the detailed connections do differ [i.e., 
the pallidal connection is primarily to the ventral pallidum 
(Heimer et al., 1995)] and there are relatively sparse nigral 
afferents to the nucleus accumbens (Gerfen et al., 1987a). 
The shell region of the nucleus accumbens is also unique, in 
that it also projects to the lateral hypothalamus (Heimer et al., 
1995). The ventral pallidum is located inferior to the anterior 
commissure and receives input from the nucleus accumbens 
which is mainly substance P-positive (Heimer et al., 1995). 
The ventral pallidum projects in turn to the SN, as well as 
other brain regions (Heimer et al., 1995). Additional struc-
tural and functional aspects of the ventral part of the basal 
ganglia are discussed in greater detail in Chapter 21.

B.  Overview of Recent Findings on the 
Circuitry and Nuclei of the Basal Ganglia

Several discoveries on the circuitry of the basal ganglia and 
related structures were made over the last decade, and some 
of these are highlighted in this Section. The principal neurons 
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Table 3.1  Types of neurons and their soma size in the different nuclei of the rat basal ganglia

Nucleus Cell type (neurotransmitter) Size References

Striatum Spiny projection neuron (GABA) Medium, 20–10 m Ribak et al., 1979

Interneuron (acetylcholine) Large, 35–20 m Bolam et al., 1984

Interneuron (somatostatin/nitric oxide 
synthase/neuropeptide Y/possibly GABA)

Medium, 25–15 m Aoki and Pickel, 1988

Interneuron (GABA/parvalbumin) Medium, 20–14  12–11 m Gerfen et al., 1985; Cowan et al., 1990

Interneuron (GABA/parvalbumin) (2% 
subpopulation of GABA/parvalbumin 
interneurons)

Large, 20 m Cowan et al., 1990

Interneuron (GABA/calretinin) Medium, 17–9 m Bennett and Bolam, 1993

GPe Projection neuron (GABA) Large, 28–13 m Oertel et al., 1984;
Moriizumi and Hattori, 1992

Projection neuron (acetylcholine) Large, 26–14 m Johnston et al., 1979; Ingham et al., 1985

Interneuron (calretinin/GABA?) Small, 11–9 m Cooper and Stanford, 2002

GPi Projection neuron (GABA) Medium, 15–7 m Oertel et al., 1984; Rajakumar et al., 1994

STN Projection neuron (glutamate) Medium, 25–10 m Chang et al., 1983; Bevan et al., 1994

Interneuron (GABA) Size unknown Mugnaini and Oertel, 1985

SNr Projection neuron (GABA) Medium, 22–13 m Gonzalez–Hernandez and Rodriguez, 2000

Projection neuron (dopamine) Medium, 20–11 m German and Manaye, 1993

SNc Projection neuron (dopamine) Medium, 22–11 m German and Manaye, 1993

Interneuron (GABA) Medium, 20–10 m Hebb and Robertson, 2000
of the striatum, the GABAergic spiny projection neurons, are 
connected by local axonal collateral synapses (Wilson and 
Groves, 1980; Somogyi et al., 1981; Kitai and Wilson, 1982; 
see Fig. 3.1). Electrophysiological evidence of the existence 
of local inhibitory synapses between striatal spiny projection 
neurons, however, remained elusive for 20 years. Only in 
2002, two publications provided the first evidence for these 
synaptic connections (Czubayko and Plenz, 2002; Tunstall et 
al., 2002) (see Chapter 5). This evidence has since been con-
firmed by a number of studies (e.g., Gustafson et al., 2006). 
The existence of local inhibitory connections between striatal 
spiny projection neurons is critical to increasing knowledge on 
the structure, computations and functions that are performed 
by the striatum and the basal ganglia. From a theoretical per-
spective, local inhibitory synaptic connections are common 
features of neural network models (Wickens, 1993; Plenz, 
2003; Tepper et al., 2004; Wickens et al., 2007), endowing 
them with computational and learning capacities (Taverna  
et al., 2008). Aspects of the structural, computational and 
functional consequences of these local inhibitory connections 
are discussed further in Section IV.A (see also Chapter 5).

Other recent studies indicate that the lateral habenula 
(LHb) may play a role in regulating midbrain dopaminergic 
neurons. In the monkey, a smaller pathway exists from the 
GPi to the LHb (Nauta, 1974; Herkenham and Nauta, 1977; 
Nagy et al., 1978), and recent electrophysiological evidence 
indicates that this connection is involved in reward evaluation 
rather than motor execution (Hong and Hikosaka, 2008).  The 
LHb may provide a key source of input to the dopaminergic 
neurons in the SN and the ventral tegmental area (VTA) of 
the rat (Aghajanian and Wang, 1977; Wang and Aghajanian, 
1977; Ji and Shepard, 2007) and the monkey (Matsumoto 
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and Hikosaka, 2007). This GPi-LHb-SN/VTA pathway may 
signal non-rewarding or disappointing outcomes (Hong and 
Hikosaka, 2008; Wickens, 2008). The detailed inhibitory or 
excitatory pathways that subserve this function require further 
anatomical and behavioural research (see also Section IV.B).

In the rat, other more extensively characterized inputs to 
the dopaminergic neurons of the SNc and VTA are derived 
from the pedunculopontine nucleus (Jackson and Crossman, 
1983), the superior colliculus (Comoli et al., 2003), the pro-
jection neurons within the patch compartment of  the striatum 
(Gerfen, 1985), and GABA and substance P neurons in gen-
eral including some derivation from the striatum (Bolam and 
Smith 1990). The projection neurons within the patch com-
partment of the striatum are discussed further in Chapter 1. 
The other inputs are discussed further in Chapters 16 and 23). 

The dopaminergic input from the SNc to the striatum 
(Anden et al., 1964) is one of the best known pathways in 
the brain. The nigral dopaminergic neurons are known to 
synapse with the striatal spiny projection neurons (Freund 
et al., 1984) and some of the striatal interneurons (see 
Section IV.C below). Progress over the past 10 years indi-
cates that this dopaminergic pathway to the projection neu-
rons is critically involved in reward-related learning (e.g., 
Reynolds et al., 2001). Dopamine acts principally as a 
neuromodulator in the striatum via modulation of voltage-
gated sodium, potassium and calcium channels in spiny 
projection neurons. This modulation leads directly to com-
plex and state-dependent changes in striatal neuronal excit-
ability (Surmeier, 2006) (see also Chapters 6 and 12).

In recent years, a second major pathway from the cerebral 
cortex to the basal ganglia has gained increasing prominence. 
This is the pathway from the cerebral cortex to the STN 
(Kita, 1994), which is also know as the corticosubthalamic 
or hyperdirect pathway. Since the STN regulates the activity 
of the SNr and GPi neurons, this pathway is considered the 
fastest route by which cortical information can influence the 
output nuclei (Tepper et al., 2007). This pathway may also 
be critically involved in Parkinson’s disease, since a lesion 
of the STN can reduce Parkinsonian symptoms and major  
l-DOPA-associated motor complications (Steiner et al., 
2008). This topic is discussed in detail in Chapters 36 and 39.

II.  Projection neurons within 
the different nuclei of the basal 
ganglia

In the adult, the projection neurons of the different nuclei 
of the dorsal aspect of the basal ganglia are mostly 
GABAergic inhibitory neurons (Tepper et al., 2007). 
Glutamatergic excitatory neurons constitute the cortical 
input to the basal ganglia, as well as the projection neurons 
of the STN. The functional consequences of this mix of 
inhibitory and excitatory neurons is discussed below.

Within the striatum of rodents and higher vertebrates 
there are two main types of projection neurons, the GABA/
substance P/dynorphin neurons of the direct pathway and 
the GABA/enkephalin neurons of the indirect pathway (see 
Section I.A). A third putative type of striatal projection 
neuron may be the large (25  16–12 m) neurons that 
are located in the ventral region of the rat striatum (Bolam  
et al., 1981, 1984). Alternatively, these large neurons 
may be displaced pallidal neurons since they are structur-
ally like GPe neurons and their synaptic input is similar 
(Bolam, personal communication). Further characteriza-
tion of these large neurons is needed.

The GPe of higher vertebrates and rodents contains 
projection neurons which have a large soma and are mainly 
GABAergic (Table 3.1). There are also scattered clusters 
of large cholinergic neurons in the ventromedial portion of 
the rat GPe (Table 3.1). In the monkey the equivalent neu-
rons contribute to the “cholinergic group 4” (Ch4) group 
of the substantia innominata (Mesulam and Van Hoesen, 
1976). There is a similar population of cholinergic neurons 
in humans (Saper and Chelimsky, 1984). In rats, monkeys 
and humans these cholinergic neurons project to the cere-
bral cortex (Mesulam and Van Hoesen, 1976; Saper and 
Chelimsky, 1984; Ingham et al., 1985) and may integrate 
limbic and basal ganglia functions (Ingham et al., 1985).

In the rat GPe, recent evidence indicates that the 
GABAergic projection neurons co-express either calbindin 
or parvalbumin or neither of these calcium-binding pro-
teins (Cooper and Stanford, 2002). Since calcium-binding 
proteins are known to have unique buffering kinetics, the 
differential expression of these proteins may underlie the 
electrophysiological heterogeneity observed in the rat GPe 
(Cooper and Stanford, 2002). In living cells, calbindin is 
considered to be a fast calcium buffer, whereas parvalbumin 
is a slow-onset calcium buffer (Schwaller et al., 2002). The 
basis for this difference is that the metal binding sites in cal-
bindin are calcium-specific, whereas those in parvalbumin 
are also capable of interacting with magnesium (Schwaller 
et al., 2002). Under resting conditions within a cell parv-
albumin is mainly bound to magnesium, but the magne-
sium ions are displaced by calcium when the intracellular 
calcium concentration is elevated (Schwaller et al., 2002). 
Since the dissociation of magnesium from parvalbumin  
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is relatively slow, parvalbumin is therefore considered to be 
a slow-onset calcium buffer (Schwaller et al., 2002).

The GPi and SNr, the output nuclei of the basal ganglia, 
are also comprised mainly of medium-sized GABAergic 
projection neurons (Table 3.1). The GPi consists of two 
subpopulations of projection neurons. Fluorescent tracer 
studies in the rat have shown that its rostral neurons project 
to the LHb in the epithalamus, while the caudal neurons 
project to the thalamus (Rajakumar et al., 1993). These 
projections come from the rostral third or caudal two-
thirds of the GPi neurons, respectively (Rajakumar et al., 
1993). Progress on possible functions of this circuitry are 
discussed further in Section IV.B.

The SNr consists principally of GABAergic projec-
tion neurons and a small subpopulation of dopaminergic  
projection neurons (Table 3.1). A recent study in the 
rat has shown that the GABAergic projection neurons 
express calcium binding proteins, specifically parvalbu-
min or calretinin or both (Lee and Tepper, 2007). This 
in contrast to the striatum where these calcium binding  
proteins are expressed by interneurons (see Section III). 
The significance of this difference is unclear. Although 
the GABAergic projection neurons of the SNr are hetero-
geneous in terms of their calcium binding proteins, the 
neurons are physiologically and morphologically homoge-
neous (Lee and Tepper, 2007). This is different from the 
rat GPe and requires further investigation.

In the rat, the dopaminergic neurons within the SNr and 
the ventral tier of the SNc innervate the striatal patches and 
the dopaminergic neurons within the dorsal tier of the SNc 
innervate the striatal matrix (Gerfen et al., 1987a,b) (for 
further discussion of the striatal matrix and patch/strio-
some compartments, see Chapter 1).

In contrast to the GPi and SNr, the STN consists of glu-
tamatergic projection neurons (Table 3.1) which innervate 
the GABAergic projection neurons of the GPi and SNr 
(Bevan et al., 1994; Levesque and Parent, 2005). In the 
primate STN, there may be five different types of projec-
tion neurons (Rafols and Fox, 1976). Recent studies have 
revealed that the five distinctive types are: (i) neurons pro-
jecting to the SNr, GPi and GPe; (ii) neurons targeting the 
SNr and GPe; (iii) neurons projecting to the GPi and GPe; 
(iv) neurons targeting the GPe only; and (v) neurons send-
ing axons toward the striatum but whose terminal arboriza-
tion could not be visualized (Parent and Parent, 2007).

The connections among the projection neurons of the dor-
sal basal ganglia are usually considered functionally in terms 
of the direct and indirect pathways and the role of the STN. 
Since the STN neurons are tonically active they are thought 
to excite the GPi and SNr neurons of the output ganglia, 
which, in turn, inhibit their thalamic target neurons. This is 
considered to be the normal “steady-state”. The role of the 
direct pathway neurons (Fig. 1.1 in Chapter 1) is to inhibit 
the GPi and SNr neurons, which in turn disinhibits the thala-
mus and allows excitation of the cerebral cortical neurons. 
Thus the direct pathway is thought to facilitate the generation 
of a desired movement. The role of the indirect pathway is to 
remove any inhibition by the GPe neurons on the STN, GPi 
and SNr (Fig. 1.1 in Chapter 1), which in turn facilitates the 
inhibition of the thalamus by the GPi and SNr neurons. The 
precise role of the indirect pathway in movement is debated. 
It may have a role in inhibiting the undesired or antagonist 
movement (Alexander and Crutcher, 1990) or it may have a 
role in terminating the movement associated with the preced-
ing activation of the direct pathway (Alexander and Crutcher, 
1990; Smith et al., 1998). The experimental evidence appears 
to favor the latter view (see review by Smith et al., 1998).

III.  Interneurons Within the Nuclei 
of the Basal Ganglia

The number of interneurons in the nuclei of the dorsal aspect 
of the basal ganglia is generally small, or seemingly non-
existent for the GPi. In spite of the relatively small number 
of interneurons, their role(s) are likely to be functionally pro-
found (see further details in Section IV.C for the striatum).

Four major types of interneurons have been identified 
within the striatum (Kawaguchi et al., 1995). These are 
the large cholinergic interneurons, and the medium-sized 
GABA/parvalbumin interneurons, GABA/calretinin inter-
neurons, and somatostatin/neuropeptide Y/nitric oxide syn-
thase/possibly GABA interneurons (Table 3.1). Within the 
striatum, it is well known that the cholinergic, GABA/parval-
bumin, and somatostatin/neuropeptide Y interneurons inner-
vate the spiny projection neurons (see review by Kawaguchi 
et al., 1995; Oorschot, 2000). Whether the GABA/calretinin 
neurons innervate the spiny projection neurons remains to be 
investigated. All striatal interneurons are aspiny in compari-
son to the striatal spiny projection neurons.

Within the output nuclei of the basal ganglia, there may 
be a low number of putative interneurons in the SNr (Deniau  
et al., 2007) and appear to be no interneurons in the GPi. In 
the GPe, small calretinin-positive interneurons have recently 
been identified (Cooper and Stanford, 2002; Table 3.1). 
Within the STN, GABA interneurons have been observed 
in the primate (Rafols and Fox, 1976) and rat (Oertel and 
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Figure 3.2  Schematic diagram illustrating the unilateral total number of neurons within each subdivision of the rat basal ganglia in a parasagittal 
section. Note that the entopeduncular nucleus is the equivalent of the GPi. The respective location and size of each basal ganglia subdivision is also 
shown. Note also that the hippocampus has been omitted for clarity. Reprinted from Oorschot (1996) with permission from John Wiley & Sons, Inc.
Mugnaini, 1984; Mugnaini and Oertel, 1985; Table 3.1), and 
more recently in the human (Levesque and Parent, 2005). A 
small subpopulation of GABAergic neurons, which are possi-
bly interneurons, have also been identified in the SNc (Hebb 
and Robertson, 2000; Table 3.1). Specific roles of each type 
of interneuron in these basal ganglia remain to be elucidated.

IV.  Absolute numbers of neurons 
in the basal ganglia: functional 
implications

Anatomical and electrophysiological evidence of the last 
10–15 years has increased our understanding of the cir-
cuitry of the basal ganglia. Two examples of this increased 
knowledge is new data on the absolute number of neuronal 
cell types within each nucleus (Oorschot, 1996; Hardman 
et al., 2002) and electrophysiological evidence of inhibi-
tory interactions between nearby striatal spiny projection 
neurons (Czubayko and Plenz, 2002; Tunstall et al., 2002; 
Gustafson et al., 2006).

A.  Absolute Number of Projection Neurons 
in the Striatum and its Targets

There is a noticeable trend in rodents and higher verte-
brates that the striatum contains far more output neurons 
(i.e., medium-sized, spiny projection neurons) than the 
total number of neurons in all its targets. For example, 
in the rat there are 29 times more striatal output neurons 
compared with all the pallidal and nigral target neurons 
(Oorschot, 1996; Fig. 3.2). The resulting anatomical con-
vergence, in both the rat and the human, has been inter-
preted as a loss of information through the basal ganglia. 
However, the domain hypothesis (Wickens, 1993; Wickens 
et al., 1995) challenged this interpretation.

The domain hypothesis in its original form (Wickens, 
1993) stated that each domain is a population of spiny pro-
jection neurons that have mutually inhibitory connections. 
As part of this hypothesis, it was also proposed that a spiny 
projection neuron may inhibit all nearby spiny projection 
neurons via its local axonal collaterals (Figs 3.1, 3.2, 3.3; 

Figure 3.3  A schematic illustration of the original domain hypothesis. 
Reprinted from Wickens et al. (1995) with permission from John Wiley &  
Sons, Inc.
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Wickens et al., 1995). In the human, there are thought to 
be, bilaterally, 100 million medium-sized spiny striatal pro-
jection neurons, with a (shrinkage-corrected) Nv of 11,000 
per mm3 (Lange et al., 1976). Assuming a radius of contact 
inhibition for each striatal projection neuron of 250 m, 
Wickens (1993) calculates the number of neurons in a 
human striatal inhibitory domain to be 720 (i.e., number 
in a domain  Nv.4/3.r3), and the total number of 
domains to be 139,000. This latter number is remarkably 
similar to estimates of the number of neurons in the human 
GPi (157,000) and SNr (160,000; Percheron et al., 1987) 
and is given the interpretation that information is preserved 
in this pathway (Wickens, 1993).

For the rat, the radius of contact inhibition for each stri-
atal projection neuron is likely to be 100 m (Penny et al., 
1988; Kawaguchi et al., 1989). Coupled with the total num-
ber of medium-sized neurons in the neostriatum of 5.58 mil-
lion (bilaterally; Fig. 3.2), and their (shrinkage-corrected) Nv 
of 84,900 per mm3, the number of neurons in a rat domain 
would be 356 and the total number of domains would be 
15,674 (Oorschot, 1996). This number of domains is only 
2.4 times the total number of entopeduncular neurons (6400; 
bilaterally; Fig. 3.2) and 0.3 of the total number of SNr neu-
rons (52,600; bilaterally; Fig. 3.2), thereby implicating that 
information may also be preserved in the rat basal ganglia 
pathway (Oorschot, 1996). Thus, a circuit which is some-
what perplexing in terms of information theory at the mac-
roscopic level, becomes less perplexing in the context of the 
domain hypothesis (Wickens, 1993; Wickens et al., 1995).

Electrophysiological evidence gained in the last 10 
years indicates, however, that the local circuit diagram for 
striatal spiny projection neurons may be more complex. 
For example, only 1 in 5 pairs of neighboring rat spiny 
projection neurons may be synaptically connected and the  
amplitude of an inhibitory postsynaptic potential can be 
small (Tunstall et al., 2002). By contrast, the amplitude of 
an inhibitory postsynaptic potential between a rat GABA/
parvalbumin interneuron and a spiny projection neuron 
is larger (Koos and Tepper, 1999). Nonetheless, some 
inhibitory postsynaptic potentials between spiny projec-
tion neurons can be just as large as that recorded between 
a GABA/parvalbumin neuron and a spiny projection neu-
ron (Koos and Tepper, 1999; Gustafson et al., 2006). In 
addition, smaller inhibitory postsynaptic potentials from a 
spiny projection neuron can effectively inhibit nearby spiny 
projection neurons in realistic computer models (Oorschot  
et al., 2002; Wickens et al., 2007). Taken together, the local 
inhibition of spiny projection neurons by nearby spiny  
projection neurons and by GABA/parvalbumin neurons 
may still yield domains of inhibition that allow information 
to be preserved in the basal ganglia pathway. Specifically, 
the spiny projection neurons may modulate, via inhibition, 
the timing of action potentials generated by nearby spiny 
projection neurons during their up-state (Oorschot et al., 
2002). The aspiny neostriatal GABA/parvalbumin interneu-
rons may delay the onset of cortically driven action poten-
tial firing at the start of the up-state (Oorschot et al., 2002).

An alternative interpretation for the role of striatal spiny 
projection neurons is that they act principally on postsynaptic  
dendrites to modulate local dendritic excitability as well 
as the overall level of activity of spiny projection neurons 
(Tepper et al., 2008). Clarification of this will require electron 
microscopic studies on the postsynaptic location of synapses 
between identified spiny projection neurons.

B.  Absolute Number of GPe, GPi, SNr and 
STN Neurons

In the rat, there are, on average and unilaterally, 46,000 
GPe projection neurons, 3,200 GPi projection neurons, 
26,300 SNr neurons and 13,600 STN neurons (Oorschot, 
1996; see Fig. 3.2). This data has been confirmed in the rat 
and quantified in other species (Hardman et al., 2002).

As discussed above, the GPi consists of two subpopu-
lations of projection neurons. Fluorescent tracer studies 
in the rat have shown that its rostral neurons project to 
the LHb in the epithalamus while the caudal neurons pro- 
ject to the thalamus (Rajakumar et al., 1993). This study 
also showed that these projections come from the rostral 
third or caudal two-thirds of the GPi neurons, respectively 
(Rajakumar et al., 1993). Recent total number data for the 
rat LHb (Zhang and Oorschot, 2006) has provided greater 
insight into information processing in the GPi/LHb/SNc 
pathway. Based on the unilateral total number of GPi neu-
rons in the rat of 3200 to 6300 neurons (Oorschot, 1996; 
Hardman et al., 2002; Fig. 3.2), approximately 1000 to 
2000 GPi neurons may project to the unilateral LHb, 
which is primarily to the lateral LHb (L-LHb; Nauta, 1974; 
Herkenham and Nauta, 1977; Nagy et al., 1978). In the rat, 
13,000 neurons are within a unilateral LHb (Zhang and 
Oorschot, 2006). Half of these neurons, namely 6500, might 
be located within the L-LHb. This indicates that about 6500 
L-LHb neurons can receive or be innervated by about 1000 
to 2000 GPi neurons. This suggests that all the information 
conveyed by one third of the neurons in the GPi can be pre-
served in this pathway (Zhang and Oorschot, 2006).
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Furthermore, the medial LHb (M-LHb) and the L-LHb 
neurons both project to the SNc (Wang and Aghajanian, 
1977; Aghajanian and Wang, 1977). Quantitative studies 
have shown that the total number of neurons in one rat SNc 
is 7,200 (Oorschot, 1996; Fig. 3.2) and that there are 13,700 
neurons in both SNc of the normal adult mice (Chadi et al., 
1993). Thus, the total information from a unilateral GPi and 
L-LHb can be received by a unilateral SNc even if there exists 
point-to-point connection between them. Therefore, it is sug-
gested that the information from the GPi and LHb might be 
preserved in this pathway (Zhang and Oorschot, 2006) and 
that there is unlikely to be loss of information from the basal 
ganglia to their targets as was originally thought between 
the striatum and its nigral and pallidal targets (see Oorschot, 
1996, and Section IV.A).

It needs to be recognized, however, that this important 
total neuronal number data (Zhang and Oorschot, 2006) is 
a first step in understanding information processing. Other 
data are now needed before firm conclusions can be made. 
The data now needed includes the total number of synaptic 
connections made by an afferent neuron, the spatial extent 
and local configuration of an axonal arborization, physio
logical considerations about how information is encoded in 
spike trains, and the number of converging afferents that  
are required to generate a decisive effect on a postsynaptic 
neuron (Zhang and Oorschot, 2006).

For the GPe, approximately one-quarter to one-third of 
the GPe neurons also innervate the striatal GABAergic/par-
valbumin interneurons (Bevan et al., 1998). The GPe is thus 
in a position to provide some sort of spatiotemporal selection 
of these neurons and, indirectly, of their target striatal spiny 
projection neurons (Tepper et al., 2007). This in turn may 
modify the flow of cortical information through the striatum 
and the basal ganglia (Bolam et al., 2000). This is in addition 
to the role of the GPe in regulating the STN and the output 
nuclei of the basal ganglia, the SNr and GPi (see Section I).

C.  Absolute Number of Interneurons

Over the past 10–15 years, the absolute number of interneu-
ronal subtypes within the rat striatum has been quantified 
using modern stereological methods. These studies have 
revealed that there are, unilaterally, 21,300 somatostatin/
neuropeptide Y/possibly GABA interneurons (West et al., 
1996), 12,200 cholinergic interneurons (Oorschot et al., 
1999), 16,900 GABA/parvalbumin interneurons (Luk and 
Sadikot, 2001) and 13,200 GABA/calretinin interneurons 
(Rymar et al., 2004). When compared to the total unilateral  
number of medium-sized striatal projection neurons of 
2,791,000 (Oorschot, 1996; Fig. 3.2), these data suggest 
that less than 3% of rat striatal neurons are interneurons 
(Oorschot et al., 2002; Rymar et al., 2004).

Using the known anatomy, biochemistry, pharmacology 
and physiology of the striatal projection neurons and inter-
neurons (e.g. Kawaguchi et al., 1995), it has been proposed 
(Oorschot, 2000) that the major role of the interneurons and 
the nigral dopaminergic input within the striatum may be as 
follows: (i) the GABAergic interneurons may assist in the 
inhibition of the vast majority of spiny projection neurons 
which are silent at any one point in time as proposed by 
the domain hypothesis; (ii) the somatostatin/neuropeptide 
Y/nitric oxide synthase interneurons may excite the “win-
ning” spiny projection neurons across a number of domains 
and inhibit the non-firing neurons and regulate local blood 
flow at any one point in time; (iii) the nigral dopaminergic 
input may drive the “winning” spiny projection neurons by 
increasing competition within a neostriatal domain at any 
one point in time; and (iv) the role of the cholinergic inter-
neurons may occur after a set of spiny projection neurons, 
each in a different domain, have fired. In this context, the 
role of the cholinergic interneurons may be to “reset the 
domains” in readiness for the next movement sequence. In 
other words, their role may be to “restore a level playing 
field” by decreasing the competition that has been gener-
ated by the previous firing sequence (Oorschot, 2000). This 
proposal suggests an underlying functional coherence to the 
specific neuronal cell types within the striatum. It is likely, 
however, to be an oversimplistic account of biological real-
ity. Nonetheless it provides a framework for further research 
on the specific details of the anatomical microcircuitry and 
the biophysical consequences of each part of the circuitry.

The striatal interneurons are discussed in further detail 
in Chapters 7 and 8.

V.  Glial cell types within the 
different nuclei

The three major types of glial cells within the central nerv-
ous system, namely astrocytes, oligodendrocytes, and rest-
ing microglia, reside within all the nuclei of the dorsal and 
ventral aspects of the basal ganglia. Stereological studies 
over the past 10–15 years have revealed the total number 
of astrocytes within some nuclei of the dorsal aspect of the 
basal ganglia. The relationship between the total number 
of astrocytes and the characteristics of the resident neurons 
within each of these ganglia has proven insightful.
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A.  Absolute Number of Glial Cells: Neuron-
to-Astrocyte Ratios in some of the Basal 
Ganglia Nuclei of the Rat

Astrocytes are thought to have a pivotal role in equilibrating 
the extracellular ionic environment after neuronal activity 
(Walz, 1989; White et al., 1992). The number of astrocytes 
per neuron possibly reflects a number of neuronal char-
acteristics, including neuronal size, neuronal activity rate 
and active neuron location. These three neuronal charac-
teristics vary, sometimes markedly, between the rat basal 
ganglia. For example, in the rat striatum only a minority of 
the predominant medium-sized spiny neurons (Table 3.1) 
are thought to be active at any one time, with active neu-
rons widely separated (Wilson and Groves, 1981; Wickens, 
1993). By contrast, the SN consists of medium-size projec-
tion neurons that are larger (Table 3.1) and exhibit tonic 
or pacemaker-like activity (Nakanishi et al., 1987; Lacey, 
1993). The pacemaker-like activity for the SN is evident for 
both the dopamine neurons of the SNc (Lacey, 1993) and 
the GABA neurons of the SNr (Nakanishi et al., 1987). It 
is therefore pertinent to ask: Do neuron-to-astrocyte ratios 
reflect characteristics of the resident neurons?

Neuron-to-astrocyte ratios can be derived from recent 
studies on the absolute number of neurons and astrocytes 
within two adult rat basal ganglia, the striatum and the SN. 
In the normal, rat striatum, there are unilaterally 2,791,000 
medium-spiny neurons (Oorschot, 1996; Fig. 3.2) and uni-
laterally 35,000 astrocytes that stain positively with glial 
fibrillary acidic protein (GFAP; Gomide et al., 2005). This 
yields a neuron-to-astrocyte ratio of approximately 80 to 
one. By contrast, there are 33,500 neurons in total in the uni-
lateral SN (Oorschot, 1996; Fig. 3.2) and 25,500 GFAP-pos-
itive astrocytes unilaterally (Janson and Møller, 1993). This 
yields a neuron-to-astrocyte ratio of approximately 1.3 to 
one. It is thus evident that the striatum has an abundance of 
neurons in comparison to astrocytes, while the SN consists 
of approximately the same number of astrocytes and neu-
rons. These findings suggest that neuron-to-astrocyte ratios 
do reflect characteristics of the resident neurons within the 
rat striatum and SN.

In particular, neuron-to-astrocyte ratios within these 
ganglia seem to reflect neuronal size, neuronal activity rate 
and active neuron location. The supporting evidence for 
this interpretation is as follows: In terms of neuronal size, 
the SN (Juraska et al., 1977) consists of far more larger 
(greater than 20 m) neurons relative to the striatum, where 
almost all the 2.85 million neurons in one hemisphere 
are medium-sized, 10–20 m, neurons (Oorschot, 1996; 
Oorschot et al., 2002; Table 3.1). It seems reasonable that 
the presence of relatively more larger neurons requires a 
greater number of astrocytes per neuron since this would 
ensure that ionic conditions along the entire surface area of 
each large neuron are adequately controlled.

With respect to neuronal activity rate, the dominant 
population of GABA neurons within the SNr are able to 
fire spontaneously at high frequency and are tonically 
activated by excitatory glutamatergic neurons of the STN 
(Nakanishi et al., 1987; Bevan et al., 1994). Within the 
SNc, its dominant population of dopamine neurons seem 
to sustain pacemaker-like firing that is intrinsically gener-
ated, as well as bursting activity when stimulated (Lacey, 
1993). By contrast, only a minority of the predominant 
population of GABA medium-spiny neurons within the 
striatum are thought to be activated at any one point in time 
(Wickens, 1993). It seems that each striatal medium-spiny 
neuron requires the relatively rare occurrence of tempo-
rally coincident activity in a large number of its glutama-
tergic afferent axons in order to be depolarized sufficiently 
to generate an action potential (Wilson and Groves, 1981). 
The striatal medium-spiny neurons also have a low intrin-
sic spontaneous activity (Wilson and Groves, 1981). It 
seems reasonable that these marked differences in activity 
rate result in far fewer astrocytes for the relatively inactive 
striatal neurons and a much greater number of astrocytes 
per neuron for the substantially more active nigral neurons. 
With respect to active neuron location, the neurons that are 
active within the striatum at any one time are thought to be 
widely separated from each other (Wickens, 1993).

It seems therefore that the SN may have a much higher 
astrocyte number per neuron because its neurons are rela-
tively larger and tonically active. The striatum seems to have 
a much lower number of astrocytes per neuron, because the 
medium-spiny neurons within it that are active at any one 
time are not large, clustered nor constantly active.

Further research is now needed on whether neuron-to-
astrocyte ratios reflect characteristics of the resident neu-
rons in the rat GPe, STN and GPi. This data is also needed 
for other species.

VI.  Conclusions: the past and the 
next 10–15 years

Considerable knowledge on the different types of neurons 
and interneurons in the basal ganglia has been gained in 
the past 10–15 years. There has also been an advance in  



Handbook of Basal Ganglia Structure and Function72
knowledge of the absolute number of neurons, interneurons 
and astrocytes within the dorsal aspect of the basal gan-
glia, as well as the absolute number of neurons in associ-
ated structures such as the LHb, using modern stereological 
methods. The electrophysiological detection of local inhibi-
tory connections between neighboring neostriatal spiny pro-
jection neurons has been another major advance in 2002. 
In combination, this anatomical and electrophysiological 
knowledge has advanced understanding of information 
processing within the basal ganglia and associated struc-
tures. Major investigations are now needed to unravel the 
detailed synaptic circuitry between the projection neurons 
of the basal ganglia nuclei, and between the interneurons 
and projection neurons within each nuclei. Progress may be 
facilitated by recent technical advances in serial sectioning 
and image collection for electron microscopy, and in two 
photon microscopy.
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I.  Introduction

The concept that neurotransmitters produce their physiolog-
ical effects by acting on “receptive substances” or receptors 
on cells was developed by Langley (1905; see review by 
Maehle, 2004). This receptor concept was further developed 
and refined by distinguished pharmacologists such as Hill, 
Clark and Gaddum (for overview, see Rang, 2006) This 
concept has been amply confirmed and, over the past years, 
a number of receptor proteins have been cloned, identified 
and are being subject to detailed study. Neurotransmitter 
receptors fall into two classes, ionotropic, including acetyl-
choline, serotonin, and GABA receptors, and metabotropic 
or serpentine receptors, which include dopamine, GABA, 
opioid, tachykinin, adenosine and glutamate receptors and 
if orphan receptors are included make up a family of up to 
1000 receptors. The principal distinction is that ionotropic 
receptors when activated open to let Na, K, Ca2 or Cl 
ions pass through, either depolarizing or hyperpolarizing 
the cell, whilst the serpentine seven transmembrane metab-
otropic receptors exert their slower effects after ligand 
binding through activation of heterotrimeric G-proteins that 
Copyright © 2010 Elsevier B.V. All rights reserved.2010
influence downstream signaling pathways. Other impor-
tant features of transmitter receptors include saturability, 
specificity, supersensitivity and reversibility. It is the tools 
of molecular biology, particularly the technique of expres-
sion cloning where cDNAs were expressed in Xenopus 
oocytes, which allowed the identification of the majority of 
transmitter receptors (for detailed examples, see Houamed 
et al., 1991; Masu et al., 1991; Hollmann and Heinemann, 
1994; Kaupmann et al., 1997). More recently transgenic 
techniques using homologous recombination in embry-
onic stem cells which allow selective, regional or condi-
tional knockouts and knock-ins of specific receptors have 
allowed the localization and roles of individual receptors to 
be studied in detail. This overview will focus on the main 
features of the most abundant basal ganglia ionotropic and 
metabotropic receptors, whilst more specific aspects of sig-
naling are covered in other chapters. For detailed localiza-
tion in the CNS for many of the receptors briefly discussed 
here the excellent Gensat and Allen Brain atlases, Gensat  
http://www.gensat.org/index.html and Allen http://www.
brain-map.org, provide gene expression data in the mouse 
brain. Table 4.1 provides a limited overview of the basal 
75
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Table 4.1  Localization of neurotransmitter receptors in the basal ganglia nuclei. 
Neurotransmitter receptors associated pre- or postsynaptically with afferents to the different 
neuronal types in the various nuclei of the basal ganglia.

Nucleus Neuron type Afferent 
neurotransmitter

Receptor

Striatum Projection neuron, 
striatonigral (GABA)

Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 
2, 5

GABA GABA-A 232,32 subunits, GABA-B

Acetylcholine Nicotinic, Muscarinic M1, M4

Dopamine D1, D3

Serotonin 5-HT1, 5-HT3

Histamine H2, H3

Opioid Mu, delta and kappa

Cannabinoid CB1

Glycine Glycine

Somatostatin Sst2

Adenosine A1

Cholecystokinin CCK2

Noradrenaline Alpha 2

Striatum Projection neuron, 
striatopallidal (GABA)

Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 
4, 5

GABA GABA-A 232,32 subunits, GABA-B

Acetylcholine Nicotinic, Muscarinic M1

Dopamine D2, D3

Serotonin 5-HT1, 5-HT3

Histamine H2, H3

Opioid Mu, delta, kappa

Cannabinoid CB1

Glycine Glycine

Somatostatin Sst2

Adenosine A2a

Cholecystokinin CCK2

Noradrenaline Alpha 2

(Continued)
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Table 4.1  Continued

Nucleus Neuron type Afferent 
neurotransmitter

Receptor

Striatum Interneuron 
(acetylcholine)

Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5

GABA GABA-A 3, GABA-B

Acetylcholine Nicotinic, Muscarinic M2

Dopamine D5

Serotonin 5-HT3

Histamine H2, H3

Opioid Delta

Cannabinoid CB1

Glycine Glycine

Tachykinin NK1

Somatostatin Sst2

Noradrenaline Beta adrenoreceptors

Striatum Interneuron, Somatostatin/
NOS (GABA)

Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5

GABA GABA-A

Acetylcholine Nicotinic, Muscarinic M2

Dopamine D5

Serotonin 5-HT3

Opioid Opiate

Cannabinoid CB1

Glycine Glycine

Tachykinin NK1

Somatostatin Sst2

Noradrenalin Beta adrenoreceptors

Striatum Interneuron, Parvalbumin 
(GABA)

Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5

GABA GABA-A 12,32 subunits, GABA-B

Acetylcholine Nicotinic, Muscarinic M2

(Continued )
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Table 4.1  Continued

Nucleus Neuron type Afferent 
neurotransmitter

Receptor

Dopamine D5

Opioid Opiate

Cannabinoid CB1

Glycine Glycine

Somatostatin Sst2

Noradrenalin Beta adrenoreceptors

Striatum Interneuron, Calretinin 
(GABA)

Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5

GABA GABA-A 12,32 subunits, GABA-B

Acetylcholine Nicotinic, Muscarinic M2

Dopamine D5

Serotonin 5-HT3

Glycine Glycine

Opioid Opiate

Tachykinin NK1

Somtatostatin Sst2

Noradrenalin Beta adrenoreceptors

Globus pallidus 
(internal and 
external)

Projection neuron  
(GABA)

Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5

GABA GABA-A 12,32 subunits, GABA-B

Acetylcholine Nicotinic, Muscarinic M2

Dopamine D2

Serotonin 5-HT1A, 5-HT1B

Glycine Glycine

Tachykinin NK1

Neurotensin NTR1

Somatostatin Sst1, 2 and 4

(Continued)
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Table 4.1  Continued

Nucleus Neuron type Afferent 
neurotransmitter

Receptor

Interneuron Not known

Subthalamic 
nucleus

Projection neuron 
(glutamate)

Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5

GABA GABA-A, GABA-B

Acetylcholine Nicotinic

Dopamine D1/D5, D2, D3

Serotonin 5-HT2A/C

Interneuron (GABA) Not known

Substantia nigra 
pars compacta

Projection neuron 
(dopamine)

Glutamate NR1, NR2, AMPA, Kainate, mGluR5

GABA GABA-A 32 subunits, GABA-B

Acetylcholine Nicotinic, Muscarinic M5

Dopamine D2

Serotonin 5-HT1, 5-HT2, 5-HT4

Histamine H3

Opioid Mu, delta, kappa

Cannabinoid CB1

Glycine Glycine

Tachykinin NK1, NK3

Neurotensin NTR1

Interneuron (GABA) Not known

Substantia nigra 
pars reticulata to 
read reticulata

Projection neuron (GABA) Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5

GABA GABA-A 12,32 subunits,  
GABA-B

Acetylcholine Nicotinic, Muscarinic M2

Serotonin 5-HT1A, 5-HT1B

Opioid Delta, kappa

Tachykinin NK1, NK3

Interneuron Not known
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ganglia cell body/nuclear localization of some receptors 
discussed in the text (see text for relevant references) (see 
Chapter 1, for an overview of basal ganglia anatomy).

II.  Ionotropic Receptors

A.  Glutamate Receptor Ion Channels

These glutamate receptors are homo- or heteromeric com-
plexes of integral membrane protein subunits (Hollmann 
and Heinemann, 1994). Each subunit has a typical structure 
(Fig. 4.1) consisting of three transmembrane (TM) domains 
(-helices) and a pore-forming membrane-residing domain 
which does not cross the membrane. The N-terminal domain 
is extracellular and the C-terminal domain intracellular. 
The distal N-terminal domain has similarities to the leu-
cine/isoleucine/valine binding protein (LIVBP), a bacterial 
periplasmic binding protein (Mayer and Armstrong, 2004; 
Mayer, 2005, 2006), whilst the agonist binding domain of 
ionotropic glutamate receptors (S1/S2) is made up of the 
C-terminal part of the N-terminus and a homologous part 
of the second transmembrane domain. This S1/S2 lig-
and binding domain has similarities to bacterial glutamine 
binding proteins and can be expressed separately from the 
rest of the subunits allowing crystallographic studies to be 
done (Madden, 2002; Mayer and Armstrong, 2004; Mayer, 
2005, 2006). Ionotropic glutamate receptors can be divided 
into three types based on their affinities for synthetic ago-
nists: (1) N-methyl-D-aspartate (NMDA); (2) -amino-3-
hydroxy-5-methyl-4-isoxazole propionate (AMPA); and 
(3) kainate receptors. These receptors may have developed 
from a prokaryotic glutamate receptor (Chen et al., 1999). 
The NMDA receptors are permeable to monovalent cations 
and calcium, whilst AMPA and kainate receptors are per-
meable primarily to monovalent cations but not calcium. 
There has been considerable interest in developing antago-
nists for these receptors as treatments for stroke and brain 
injury (for recent review, see Kew and Kemp, 2005).

1.  NMDA Receptors (Fig. 4.1B)

The NMDA receptor is a heteromeric ligand-gated ion 
channel. There are three subunits of the NMDA receptor: 
the ubiquitously expressed NR1 subunit, which is critical 
for the formation of functional channels, four NR2 (A–D) 
subunits, and two NR3 (A–B) subunits, although the NR3 
subunits have not been reported in the basal ganglia. The 
NMDA receptor subunits share a high degree of amino 
acid sequence similarity with some 20% identity between 
NR1 and NR2 subunits, about 70% identity between NR2A 
and NR2B subunits, and around 50–60% identity between 
NR2A/NR2B and NR2C or NR2D subunits (Matsuda et al.,  
Figure 4.1  A. Schematic representation of an ionotropic glutamate receptor. Note the extracellular N-terminal domain which has similarities to the 
bilobed agonist binding domains of mGluR and GABAb receptors. There are three transmembrane domains and a pore forming domain which resides in 
the membrane. The agonist binding domain is S1/S2 B. Structure of an NMDA receptor made up of NR1 and NR2 subunits. Glycine binds to NR1 and 
glutamate binds to NR2. Magnesium ions block the channel until the cell is depolarized. C. General structure (simplified) of an AMPA/kainate receptor. 
The AMPA receptors in the basal ganglia are predominantly GluR1 and GluR3 whilst the kainate receptors are assemblies of GLuK1-3 and GluK4-5 
subunits (see text for details).
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2002). There are also a number of isoforms particularly of 
the NR1 subunit (Monyer et al., 1992; Monyer et al., 1994; 
Ciabarra et al., 1995). In situ hybridization studies indicate 
that the basal ganglia contain mRNAs for the ubiquitous 
NR1, NR2A and at lower levels NR2B, with NR2C present 
in glial-like cells in the caudate-putamen (Monyer et al., 
1992; Monyer et al., 1994; Standaert et al., 1996; Standaert 
et al., 1999) and NR2D in low levels in the globus pallidus 
(Standaert et al., 1996). NMDA receptors are heterote-
trameric cation channels with subunits in an (NR1)2 and 
(NR2)2 organization (Laube et al., 1998). There is evidence 
for both binary and ternary complexes of subunits, that is 
NR1/NR2A or NR1/NR2A/NR2B (Sheng et al., 1994; 
Chazot and Stephenson, 1997). In the caudate-putamen,  
Dunah and Standaert (2003) have provided immunopre-
cipitation evidence for the presence of ternary receptors 
in synaptosomal membrane fractions. This is important 
because the subunit composition will alter the pharmacol-
ogy and physiology of the resulting channel. The NR1/
NR2A binary complex has been shown in in vitro studies 
to deactivate faster than the NR1/NR2B complex, whilst 
the ternary complex is slowly deactivating.

The extracellular S1/S2 domain of the NR2 subunit is the 
site of binding for glutamate, whilst the extracellular domain 
NR1 subunit binds glycine (Kuryatov et al., 1994; Wafford 
et al., 1995; Hirai et al., 1996; Anson et al., 1998; Laube 
et al., 1998); this feature of requiring co-agonists, glutamate 
and glycine, is unique amongst ligand-gated ion channels. 
Zn2 ions are known to be concentrated and released at some 
glutamatergic synapses and may inhibit NMDA receptors 
through voltage-dependent and voltage-independent mecha-
nisms (reviewed by Dingledine et al., 1999; Paoletti and 
Neyton, 2007). The NR2A subunit is allosterically inhibited 
by nanomolar concentrations of Zn2 such that sensitivity is 
approximately 100-fold higher for NR2A over the other NR2 
subunits (Kew and Kemp, 2005; Paoletti and Neyton, 2007). 
The other cation critically involved with the NMDA recep-
tor is magnesium, which binds to the channel in a voltage-
dependent fashion so that activity of other receptors such as 
AMPA receptors is required to unblock the receptor channel. 
Antagonists of the NMDA receptor have been a subject of 
much research for the treatment of neurological illness espe-
cially stroke (for review, see Kew and Kemp, 2005).

There is a considerable literature on interactions between 
NMDA receptors and other proteins through the cytoplas-
mic C-terminal which are responsible for dendritic transport 
and clustering at the synapse. The trafficking and anchoring 
of all the receptors discussed here is a rapidly developing 
field and most progress has so far been made with iono-
tropic receptors. Many of these proteins for the NMDA 
receptor are membrane-associated guanylate kinases which 
anchor the NMDA receptor at the synapse. A typical mem-
ber of this family is postsynaptic density protein(PSD) 95, 
that contains three PDZ domains, an SH3 domain, and a 
guanylate kinase (GK) domain (Wenthold et al., 2003). The 
PDZ domain binds directly to the NMDA receptor subunit 
C-termini and is a common structural domain found in PSD 
signaling MAGUK proteins, including PSD-95, the syn-
apse-associated protein of 102 kDa (SAP-102), SAP-97,  
and PSD-93 (Husi and Grant, 2001b; Sheng and Sala, 
2001). The PSD is a specialized structure localized at the 
postsynaptic membrane and acts as a scaffold for the pro-
teins that are involved with signal transduction (Husi and 
Grant, 2001a; Wenthold et al., 2003). Specific interactions 
between NR2 subunits and the PSD proteins are critical for 
the synaptic localization of receptors. For example, NR2B 
subunit delivery to the plasma membrane involves an inter-
action between SAP-102 and an exocyst protein, Sec8 
(Sans et al., 2003). The exocyst is a complex of eight pro-
teins that are involved in targeting secretory vesicles to the 
cell (Wenthold et al., 2003). NMDA receptors are also criti-
cally involved in long-term depression (LTD) and long-term 
potentiation (LTP) (Calabresi et al., 2007).

2.  AMPA Receptors (Fig. 4.1C)

Fast synaptic transmission in the basal ganglia is primarily 
mediated by AMPA receptors which are composed of sub-
units GluR1-4. In the basal ganglia, GluR1-3 are the main 
forms of GluR, depending on species (Stefani et al., 1998; 
Beneyto and Meador-Woodruff, 2003; Deng et al., 2007). 
The ligand-binding domain S1/S2 is present as expected 
in all GluRs. The C-terminal has PDZ- and NSF-binding 
domains which will influence the binding of intracellular 
proteins involved in trafficking and synaptic targeting. As 
with NMDA receptors many of these proteins are membrane- 
associated guanylate kinases (MAGUKs). MAGI-2 is a 
candidate for linking the four-pass transmembrane AMPA 
receptor-regulating proteins (TARPS) (including stargazin) 
which are responsible for synaptic trafficking of AMPA 
receptors (Tomita et al., 2004; Milstein and Nicoll, 2008). 
For example, in the stargazin mutant mouse the surface 
expression of AMPA receptors is substantially reduced in 
the cerebellar granule cells, resulting in ataxia.

All AMPA receptor subunits exist as two splice vari-
ants, flip and flop, in the extracellular S2 domain. Flip and 
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flop variants have effects on the rate of desensitization of 
heteromers and sensitivity to allosteric modulators. Another 
feature of the GluR2 subunit is post-transcriptional editing 
of the mRNA, changing a single amino-acid from glutamine 
(Q) to arginine (R). GluR2(R) is the major form in the CNS 
and this form is calcium-impermeable, whilst the GluR2(Q) 
is calcium-permeable. The calcium impermeability and its 
intracellular interactions through PDZ and NSF domains 
make GluR2 the most important AMPA receptor subunit.

3.  Kainate Receptors (Fig. 4.1C)

Kainate receptors (KAR) constitute a separate group from 
the NMDA and AMPA receptors. Although they share many 
structural characteristics with the other ionotropic glutamate 
receptors, they do not cross-assemble. The nomenclature of 
the KARs has changed recently; the subtypes once termed 
GluR5-7 are now termed GLuK1-3, and the KA1-2 subtypes 
are now GLuK4-5, corresponding to the gene nomenclature 
GIRK1-5 as decided by IUPHAR (Collingridge et al., 2008). 
They are built from multimeric assemblies of GLuK1-3 and 
GLuK4-5 subunits; the GLuK4-5 subtypes can not assem-
ble into functional channels and require a partner from the 
GLuK1-3 group, whilst members of the GLuK1-3 can form 
homomers. Like the other ionotropic glutamate receptors, 
they possess an extracellular N-terminus that, together with 
a loop between TMIII and TMIV, forms the ligand-binding 
domain (S1/S2), and a re-entrant loop (TMII) that forms the 
lining of the pore region of the ion channel. There is around 
70–80% homology between GLuK1-3, 60–70% between 
GLuK4 and GLuK5, and some 45% between the two groups.

In the basal ganglia, GLuK2 and GLuK5 are the main 
forms detected by in situ hybridization (Wullner et al., 
1997). As with the other ionotropic glutamate receptors, 
the functional kainate receptor is probably a tetramer with 
ligand-binding domains similar to NR1 or GluR2. Recent 
structural studies have suggested a basis for the differences 
in agonist binding between GLuK1 and 2 (Mayer and Arm
strong, 2004; Mayer, 2005; Nanao et al., 2005; Naur et al., 
2005; Mayer, 2006). There is editing or alternative splic-
ing of kainate receptors and, as with the AMPA receptor 
Q/R site, editing determines permeability to calcium ions. 
C-terminal domain variants determine the intracellular 
trafficking and interactions with proteins at the synapse 
(Pinheiro and Mulle, 2006). In recent years selective ago-
nists for the GLuK1 subunit have been developed (Jane  
et al., 2008) and progress is being made to develop selec-
tive antagonists for individual subunits (Pinheiro and Mulle, 
006; Jane et al., 2008). Knockout mice have allowed con-
entrations of agonists to be defined to selectively activate 
pecific kainate receptors.

.  Ligand-Gated Ion Channels (Fig. 4.2)

embers of the ligand-gated ion channel family, which 
re also sometimes termed cys-loop ligand-gated ion chan-
els (LIGC) because of the cystine loop in the extracellu-
ar N-terminal domain (Sine and Engel, 2006; Fig. 4.2A), 
re abundant in the mammalian CNS. In the basal ganglia, 
hey include nicotinic acetylcholine receptors (nAChR),  
ABA-A receptors, serotonin (5-HT3) receptors and gly-

ine receptors. Each subunit has four transmembrane 
omains, and the subunits are arranged in a pentameric 
tructure around the ion channel (Fig. 4.2B,C) based on 
he model of Unwin (Unwin, 2005). There is only limited 
equence homology of the extracellular domains between 
he families. However, models based on the structure of the 
oluble snail acetylcholine binding protein (AChBP) allow 
orrect prediction of ligand-binding domains, indicating 
hat the secondary structure (Zhou et al., 2002) is to some 
xtent conserved between the families (Brejc et al., 2001; 
onnolly and Wafford, 2004). The GABA-A and glycine 

eceptors are anion/chloride channels, whilst the nicotinic 
nd 5-HT3 channels are cation channels with permeability 
o Ca2 as well as Na and K.

.  Nicotinic Receptors

s members of the cys-loop ligand-gated receptor fam-
ly neuronal nicotinic receptors are pentamers of  and  
ubunits in a ratio of 3:2 (Jones et al., 1999). Neuronal 
ubunits include 2–6 and 2–4 with 7 and 9 being 

igure 4.2  A. Schematic of a typical ligand-gated channel subunit 
ith four membrane-spanning domains. B. Schematic of a pentameric 

rrangement of a ligand gated channel. C. Schematic of the heteromeric 
rrangement of a GABAA receptor made up of two 1 subunits, two  
2 subunits and one 2 subunit. The agonist GABA binds between 1 
nd 2 subunits, with benzodiazepines binding between the 1 and 2 
ubunits.
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capable of forming homomers and 9 possibly forming 
heteromers with 10. The most common combination in 
the basal ganglia are the 2 and 4 and in the midbrain 
3–7 and 2–4 (for reviews, see (Wonnacott, 1997; 
Zhou et al., 2002). The most described effect of nicotinic 
receptors is presynaptic, namely, modulation of transmitter 
release through regulation of the calcium response; this is 
best established for dopamine release and to a lesser extent 
glutamate (Wonnacott, 1997; Zhou et al., 2002). Dopamine 
neurons express nAChR 2 subunits, and knockout of 2 
dramatically reduces the effects of nicotine on dopamine 
release in the basal ganglia (Picciotto and Wickman, 
1998; Picciotto et al., 1998). It is likely that many of the 
major effects of acetylcholine released by the cholinergic 
interneurons in the caudate-putamen are mediated through 
presynaptic regulation of transmitter release. Studies of 
striatal synaptosomes show that nicotinic receptors mobi-
lize Ca2 as do 5-HT3 receptors (for a recent review, see 
(Dani and Bertrand, 2007).

2.  5-HT3 Receptors

The serotonin 5-Hydroxytryptamine type-3 receptor (5-HT3),  
in contrast to the other 5-HT receptors in the basal gan-
glia which are metabotropic G-protein coupled receptors, 
belongs to the ligand gated channel (LIGC) family of recep-
tors and like all the members of this family is made of a pen-
tamer of subunits around the central ion channel. The first 
subunit isolated was the 5HT3A subunit which was isolated 
by expression cloning. Expression of this subunit did not 
however mimic the precise physiological properties of the  
5-HT3 receptor in neurons and additional subunit genes were 
subsequently identified. Examination of the human genome 
sequence identified 5-HT3B-E which require the presence 
of the 5-HT3A to form 5-HT binding sites and functional 
receptors. So far, the physiological properties of the subu-
nits forming heteromers with 5-HT3A have not been tested 
in detail (Barnes et al., 2008). In the striatum, binding stud-
ies using tissue from patients with a diagnosis of Parkinson’s 
disease (PD) and Huntington’s disease (HD) indicate that, for 
the human brain at least, the 5-HT3 receptor is localized on 
GABA output cells that die in HD, and not on the dopamine 
terminals which degenerate in PD (Steward et al., 1993b; 
Steward et al., 1993a).

3.  Glycine Receptors

Like its cousins the nicotinic, 5-HT3 and GABAA receptors, 
the glycine receptor (GlyR) is a member of the cys-loop  
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ligand gated channels (LIGC). Compared to the GABAA 
receptor there has been relatively little work on basal gan-
glia glycine receptors. Expression studies indicate that gly-
cine receptors are expressed by medium sized spiny neurons 
and giant cholinergic neurons in the rat and mouse striatum 
(Sergeeva, 1998; Darstein et al., 2000; Sergeeva and Haas, 
2001). Immunocytochemical studies on human brain found 
glycine receptor immunoreactivity to be highly expressed 
in substantia nigra neurons and on neurons of the IML and 
MML (Waldvogel et al., 2007). In the human striatum, 
GlyRs were detected in interneuron populations including 
cholinergic and parvalbumin positive neurons (Waldvogel 
et al., 2007). Similar studies have not been done in rodent 
species. Glycine receptors are strychnine sensitive and 
like other LIGCs form pentamers of 1–4 and  subunits 
(Cascio, 2004; Lynch, 2004; Grudzinska et al., 2005). The 
protein gephyrin is responsible for clustering of glycine 
and GABAA receptors at the synapse. Gephyrin is a mul-
timeric PSD component which couples directly to GlyRs 
and indirectly to GABA receptors. (For recent reviews see 
(Kneussel and Loebrich, 2007; Fritschy et al., 2008).

4.  GABAA Receptors (Fig. 4.2C)

GABA is the major inhibitory neurotransmitter in the brain 
and the main output transmitter of the basal ganglia nuclei. 
As with other cys-loop LIGC, GABAA receptors are com-
posed of five subunits with a large extracellular domain.  
A number of subunits including 1–6, 1–3, 1–3, , , , 
, and 1–3 have been cloned and sequenced, which is the 
most for any mammalian ion channel receptor (Sieghart, 
2006; Olsen and Sieghart, 2008). This complexity allows 
an extensive range of pharmacological and electrophysio-
logical properties; however, the most common subunits are 
combinations of ,  and , usually in a combination of alter-
nating  and  subunits with one  subunit (Pritchett et al.,  
1989; McKernan and Whiting, 1996). The 2 subunit is 
necessary to form a benzodiazepine sensitive receptor with 
the benzodiazepine binding site localized between an  and 
a 2 subunit (Sieghart, 2006). Indeed, reduced expression 
of the 2 subunit created an “anxious” mouse. Activation 
of a functional GABAA receptor lets chloride ions into the 
neuron causing a strong inhibitory hyperpolarization. In a 
detailed overview of the distribution of GABAA receptors 
on neurons in the basal ganglia, Wisden and colleagues 
(Goetz et al., 2007) note that a majority of GABAA recep-
tors are of the standard benzodiazepine type 123 and 
that the subthalamic nucleus, substantia nigra and globus 
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pallidus are regions of high benzodiazepine binding. Based 
on abundance Wisden and colleagues predict that recep-
tors expressing 2 and 3 subunits are on the GABA-ergic 
medium sized output neurons of the caudate-putamen. This 
is also generally true in the human basal ganglia, where 
Faull and colleagues have studied changes in Huntington’s 
disease (Faull et al., 1993). In the human the most com-
mon receptor type is also 123 found on parvalbumin 
positive interneurons in the striatum as well as on the palli-
dal neurons and those in the SNr. The 3 subunit is mainly 
associated with cholinergic interneurons in the striatum 
and the pars compacta neurons of the substantia nigra 
(Waldvogel et al., 1999; Waldvogel et al., 2004; Waldvogel 
et al., 2008). GABAA receptors are cycled rapidly in the 
neuron and respond to changes in GABA levels (Fenelon 
and Herbison, 1996). As noted above synaptic anchoring 
of GABAA receptors involves the protein gephryin in asso-
ciation with other intermediate proteins such as GABA 
receptor associated protein (GABARAP), dystrophin and 
others (Luscher and Keller, 2004) with synaptic receptors 
being recruited from an extrasynaptic pool (Kneussel and 
Loebrich, 2007; Connolly, 2008). Clustering of GABAA 
receptors extrasynaptically may involve gephyrin or the 
protein radixin which is a member of the ERM family 
(ezrin/radixin/moesin) (Kneussel and Loebrich, 2007).

III.  Metabotropic Receptors

Compared to the ionotropic families of receptors, the serpen-
tine G-protein coupled receptors (GPCRs) are a very large 
family of at least a 1000 members. They mediate most of the 
effects of peptides and hormones in the body. They can be 
divided into three families. Family 1 is the largest and con-
tains the majority of GPCRs, including opioid, muscarinic, 
adenosine, cannabinoid, dopamine, somatostatin and tachy-
kinin receptors, amongst others. Family 2 includes a number 
of peptide hormones and is not significantly represented in 
the basal ganglia. Family 3 is a small family but includes the 
metabotropic glutamate and GABA receptors which are of 
considerable importance in the basal ganglia. Family 1 recep-
tors are members of the rhodopsin family, and the structures 
of rhodopsin,  and 2-adrenergic and most recently the A2a 
adenosine receptors have been determined at high resolution 
(Palczewski et al., 2000; Rasmussen et al., 2007; Jaakola et al.,  
2008). Figure 4.3 shows a two-dimensional view of the 
somatostatin-2 receptor based on the rhodopsin structure 
(Palczewski et al., 2000). Using this receptor as a general 
example of GPCR structure, there is an N-terminal extracellular  
domain containing sites for glycosylation which may alter 
the receptor properties, influencing ligand binding or interac-
tions with other receptors. There are three extracellular loops 
between the seven transmembrane domains. On the intra-
cellular side are three cytoplasmic loops and a C-terminal 
sequence which contains sites for phosphorylation and palmi-
toylation; these are important for internalization and desensiti-
zation (Fig. 4.3). Phosphorylation for example may influence 
the receptor’s G-protein coupling. This has been shown for 
the 2 adrenergic receptor that has reduced ability to inter-
act with Gs and acquires an ability to interact with Gi after 
phosphorylation (Daaka et al., 1997). The cytoplasmic struc-
ture of GPCRs is relatively conserved, probably reflecting 
the need to interact with and bind G-proteins of which there 
are relatively few compared to the 100s of GPCRs. Family 3 
receptors are characterized by a much larger N-terminus than 
family 1 receptors; it is this N-terminal that is responsible for 
ligand binding and it contains domains such as the leucine/
isoleucine/valine binding domain (LIVP) with homology to 
bacterial periplasmic proteins which also bind amino acids. 
Studies of the GABAB receptor (see below) showed that this 
receptor exists as a dimer of two subunits. This discovery 
prompted many studies of potential dimerization/oligomeri-
zation between GPCRs which may have important physi-
ological and pharmacological consequences (see (Chabre and 
le Maire, 2005; Eilers et al., 2005; Fuxe et al., 2007).

The trimeric G protein (G) bound to the GPCR con-
sists of ,  and  subunits. There is considerable diver-
sity in G-proteins and there are at least twenty G, six G 
and thirteen G subunits interacting with different signal-
ing pathways. Ligand binding to the GPCR triggers the 
release of GDP from G, which can bind GTP and disso-
ciate from G. Both G and G can activate signaling 
pathways. Hydrolysis of GTP in G increases its affinity 
for G and for its receptor, resulting in the trimeric G 
binding to its receptor. There are four families of G sub-
units (for reviews, see (Gilman, 1987; Simon et al., 1991; 
Neves et al., 2002) of which only three, Gi, Gs and Gq, are 
directly involved in basal ganglia receptor signaling. The 
Gi family is usually termed inhibitory as these G-proteins  
inhibit adenylyl cyclases and are sensitive to pertussis toxin 
ribosylation which prevents them from being activated 
by GPCRs. This family includes a number of Gi forms 
including Gi 1–3, Gz, as well as Go. Go provides a good 
example of the variety of signaling pathways G-proteins 
may activate. It is neuronal specific and, as expected, inhib-
its adenylyl cyclase, but also inhibits Ca2 channels, activa
tes mitogen activated protein kinases (MAPKs) and can 
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Figure 4.3  Schematic structure of the somatostatin-2 receptor as an example of a typical family 1 GPCR. Note sites for glycosylation in the  
N-terminal domain, the seven transmembrane spanning domains and the C-terminal domain, which also contains a site for palmitoylation. 
Palmitoylation at the amino acid cystine effectively creates a fourth intracellular domain. Reproduced from Emson PC (2009) In: Encyclopedia of 
Neuroscience (Squire LR, ed), pp 121–127. Oxford: Academic Press.
interact with other proteins including the growth associated 
protein GAP43 and the Alzheimer’s gene product preseni-
lin-1. This complexity of “signaling mechanisms/targets” 
needs to be borne in mind in the space-limited descriptions 
of some of the basal ganglia GPCRs that follows. Members 
of the Gs family, which includes Golf, all stimulate adenylyl 
cyclase, but can also activate tyrosine kinases (Gs) or stim-
ulate phosphoinositide turnover (Golf). There are some nine 
members of the adenylyl cyclase family as potential targets 
for Gs or Gi. Members of the Gq family stimulate the vari-
ous phospholipase C forms.

A.  Family 1

1.  Dopamine Receptors

Since the discovery of the major tranquillizers and the local-
ization studies of dopamine and other amines in the basal 
ganglia there has been ongoing interest in the basal ganglia 
dopamine receptors as targets for drugs for the treatment 
of schizophrenia and basal ganglia disorders (Bjorklund 
and Dunnett, 2007; Iversen and Iversen, 2007). Dopamine 
receptors can be divided into two subfamilies, D1-like (D1 
and D5), which stimulate adenylate cyclase, and D2-like 
(D2, D3, and D4) which inhibit adenylate cyclase (Hartman 
and Civelli, 1997). Of these the D1 and D2 receptors are 
enriched in the striatum and its projection areas. In general, 
the D1 receptor can be used to define medium spiny neu-
rons (MSNs) projecting directly to the substantia nigra in 
the so-called direct pathway, whilst MSNs of the indirect 
pathway are characterized by the D2 receptor (see Chapters 
1 and 6 for details). It was more difficult to show that the 
D3 receptor inhibits adenylate cyclase. In the basal ganglia 
this receptor is found in lower amounts in the ventral stria-
tum, both in direct and indirect pathway neurons. The D4 
receptor is particularly localized in the cerebral cortex, as 
is D5, although the D5 receptor is also enriched in striatal 
interneurons (Rivera et al., 2002). Gene expression studies 
of the subthalamus indicate neurons in this area express a 
spectrum of dopamine receptors including D1, D2, D3 and 
D5 (Flores et al., 1999; Augood et al., 2000; Baufreton 
et al., 2003) For recent reviews of dopamine signaling, see 
(Strange, 2001; Girault and Greengard, 2004). There have 
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been a number of studies involving over-expression of 
receptors in cell lines suggesting dopamine receptors may 
form oligomers with other GPCRs including somatostatin 
and adenosine receptors. Whether this occurs in in vivo 
neurons, however, remains to be established (Chabre and le 
Maire, 2005; Eilers et al., 2005).

2.  Opioid Receptors

After dopamine historically the opioid peptides and tachy-
kinins were of considerable interest in providing chemi-
cal markers for the striatonigral and striatopallidal systems.  
In the case of the direct pathway, the opioid peptide dynor-
phin A was found in direct pathway MSNs, whilst enkepha-
lin was found in the indirect pathway (Lee et al., 1997) 
(see also Chapter 29). The concentration of enkephalin in 
the external segment of the globus pallidus is equivalent to 
that found in spinal nociceptive pathways. Opioid recep-
tors can be divided into three subfamilies (, , ) plus an 
opioid-related receptor, N/OFQ, that has a pharmacology 
distinct from the three “classical” opioid receptors. Of the 
three opioid receptors both the  receptor and the  receptor 
are enriched in the striatum, with the  receptor being local-
ized more in the ventral striatum/nucleus accumbens. The  
opioid receptor is particularly concentrated in the patches or 
striosomes (Graybiel and Ragsdale, 1978; Herkenham and 
Pert, 1981; Mansour et al., 1995; Wang et al., 1996). The  
N/OFQ receptor is present in the cerebral cortex but is vir-
tually absent from the striatum (Bunzow et al., 1994). All 
opioid receptors couple through Gi or Go to inhibit adenylate 
cyclase so that, for example, locally released enkephalin will 
presynaptically inhibit GABAergic inputs.

In situ localization studies indicate the .  and  receptors 
are found in both striatopallidal and striatonigral neurons, with 
the  receptor in cholinergic interneurons (Le Moine et al.,  
1994; Mansour et al., 1995; Wang and Pickel, 2001)

3.  Tachykinin Receptors

Of the three tachykinins (substance P, neurokinin A and 
neurokinin B), substance P is the most abundant and is 
localized in the direct pathway, although all the tachyki-
nins are enriched in the striatum. Tachykinin receptors, 
especially that for substance P, termed SP-R or NK1, are 
markers for cholinergic and somatostatin/NOS containing 
striatal interneurons (Shigemoto et al., 1993), whereas the 
NK1 and NK3 receptor are found on the target cells of the 
direct pathway in the substantia nigra. Tachykinin receptors 
couple to Gq and G11 and exert their effects through the  
phosphoinositide system generating inositol1,4,5 triphosphate 
(IP3) and diacylglycerol (DAG) (Guard et al., 1988; Guard 
et al., 1991) and will tend to activate GABAergic MSNs.

4.  Cannabinoid Receptors

The behavioral effects of 9-tetrahydrocannabinol the major 
ingredient of the marijuana plant (Cannabis sativa) are medi-
ated through cannabinoid receptors in the CNS (see also 
Chapter 9). There are two GPCRs, CB1 and CB2, but it is 
primarily the CB1 type that is found in the CNS to mediate  
the effects of cannabis. The CB1 receptor is amongst the 
most abundant GPCRs in the brain. CB1 is coupled through 
G0 or Gi to inhibit adenylate cyclase. In the striatum CB1 
mRNA is found in most MSNs both in the direct and indirect 
pathways and in patch and matrix (Herkenham et al., 1991; 
Hohmann and Herkenham, 2000), and in some interneurons, 
especially those containing parvalbumin (Fusco et al., 2004). 
Immunoreactivity and autoradiographic labeling studies for 
CB1 is concentrated in the pallidum and substantia nigra con
sistent with most of the receptor protein being transported in 
the axons of striatonigral and striatopallidal MSNs to their 
terminals (Glass et al., 1997; Julian et al., 2003). This presy-
naptic localization allows cannabinoids to modulate trans-
mitter release and influence dopamine cell activity, possibly 
underlying the psychoactive actions of cannabis. Consistent 
with these observations, human patients with Huntington’s 
disease had dramatically depleted CB1 binding (Glass et al., 
1993; Glass et al., 2000) and immunostaining in the GP and 
SN (Allen et al., 2009).

5.  Muscarinic Receptors

There are five subclasses of muscarinic receptors, M1–M5 
(Caulfield and Birdsall, 1998). M2 and M4 couple through 
Gi/o to inhibit adenylate cyclase, whilst M1, M3 and M5 
couple through Gq/11 to mobilize phosphoinositides to gen-
erate IP3 and DAG (Eglen, 2005, 2006; Wess et al., 2007). 
In the basal ganglia, as with many other receptors the 
localization of muscarinic receptors has been facilitated 
by the use of subclass specific knockout mice (Zhou et al., 
2001; Zhang et al., 2002; Wess, 2003; Yamada et al., 2003; 
Oki et al., 2005; Wess et al., 2007). M1 and M4 receptors 
(Hersch et al., 1994) are particularly concentrated in the 
striatum, with M1 being found in all MSNs both in the 
indirect and direct pathway, and in cholinergic and NOS 
interneurons. M2 is found in cholinergic interneurons and 
M4 in substance P-containing MSNs. M3 staining is dif-
fusely distributed, but was not found in identified neuronal  
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types (Hersch et al., 1994). M5 is expressed by the dop
amine cells of the substantia nigra and ventral tegmental 
area and by endothelial cells of the vascular beds (Yamada 
et al., 2003). For more detailed discussions of muscarinic 
pharmacology the reader is referred to recent reviews 
(Eglen, 2005, 2006; Ishii and Kurachi, 2006).

6.  Somatostatin Receptors

All of the somatostatin receptors are typical G-protein 
coupled receptors (Fig. 4.3) with the classical seven trans-
membrane domains and sites for glycosylation and/or 
palmitoylation on the N-termini. They can be grouped into 
two subfamilies on the basis of pharmacology, with recep-
tors sst1 and sst4 in one group, and sst2A, sst2B, sst3 and sst5 
forming another group. The peptide analogues seglitide 
and octreotide can be used to distinguish the subfamilies; 
radioligand binding studies show that sst1 and sst4 pos-
sess only a low affinity for both analogues, whilst sst2, sst3 
and sst5 display high affinity. The homology between the 
subfamilies is less than 50%, but within the subfamilies, 
sequence similarities exceed 80% in transmembrane 
regions. Somatostatin receptors couple to signal cascades 
through both pertussis toxin (PTX)-sensitive and PTX-
insensitive G-proteins Gi/Go and Gq. The precise coupling 
depends on the neuronal type and the different isoforms 
of G-proteins available in the target cell. All the receptors 
have been shown to inhibit adenylyl cyclase activity in a 
PTX-sensitive fashion and to couple to phospholipase C  
(Selmer et al., 2000). In the striatum, sst2 is localized 
to MSNs in the matrix consistent with the ability of this 
receptor to respond to somatostatin released by the NOS/
somatostatin interneurons (Allen et al., 2003). Sst2 is also 
present in cholinergic interneurons in the striatum and in 
the substantia nigra on GABAergic cells of the pars reticu-
lata (Allen et al., 2003).

7.  Adenosine Receptors

In the CNS, adenosine may be generated by dephospho-
rylation of ATP in relation to activity or by the action of 
ecto-nucleotidase on ATP released together with classical 
neurotransmitter, and adenosine is regarded as a neuromod-
ulator (see also Chapter 11). There are four adenosine recep-
tors, A1, A2a, A2b and A3. The A2 subtypes are Gs/Golf/Gq  
coupled, stimulating adenylyl cyclase, whilst A1 and A3 
couple to Gi/Go and inhibit adenylyl cyclase. In the basal 
ganglia, the receptors of interest are A1 and A2a. A2a recep-
tors are found on the enkephalin/striatopallidal cells, whilst 
A1 receptors are found on the substance P/direct pathway 
neurons (Glass et al., 2000). This allows inhibitory A1 
receptors to modulate the action of excitatory D1 receptors, 
and A2a receptors can antagonize the action of D2 receptors 
(Fink et al., 1992; Schiffmann and Vanderhaeghen, 1993; 
Svenningsson et al., 1998; Schiffmann et al., 2007). The 
localization of the A2a receptor with enkephalin cells has 
led to the suggestion that A2a antagonists may be useful in 
the treatment of Parkinson’s disease, by reducing the imbal-
ance between direct and indirect pathways (Schwarzschild 
et al., 2006; and Chapter 11), although the role of extrastri-
atal A2a receptors may complicate this picture (Shen et al., 
2008). The crystal structure of the A2a receptor bound to 
an antagonist has recently been determined at 2.6 ang-
stroms (Jaakola et al., 2008) and it is likely that knowl-
edge of this structure this will lead to development of more 
selective adenosine receptor compounds. It is noteworthy 
for example that the binding pocket for this receptor differs 
significantly in structure from those found in the adrener-
gic and rhodopsin receptors whose structures have been 
determined (Jaakola et al., 2008) As with other GPCRs the 
formation of homo and heterodimers such as A2a/D2 may 
have important physiological roles in the striatum.

8.  Serotonin Receptors

After dopamine serotonin, 5-hydroxytryptamine (5-HT), 
is the most abundant amine in the basal ganglia, with 5-HT 
projections arising from the raphe nuclei and other brain-
stem groups. Serotonin receptors, with the exception of the 
ligand gated 5-HT3 receptor (see earlier), are all GPCRs 
and comprise a number of subtypes that can be divided into 
three main families, the 5-HT1, 5-HT2 and 5-HT6 families 
(for review, see (Barnes and Sharp, 1999; Hoyer et al., 2002; 
Bockaert et al., 2006)). In the basal ganglia, in situ hybridi-
zation or ligand binding experiments demonstrated that 
representatives of each family are present. These include 
5-HT1b, 5-HT1d, 5-HT5A, and 5-HT7 for the 5-HT1 fam-
ily, 5-HT2a and 5-HT2c for the 5-HT2 family and 5-HT4 and  
5-HT6 for the 5-HT3 family. The members of the 5-HT1 family 
negatively couple to adenylyl cyclase, 5-HT2 receptors couple 
positively to phospholipase C to generate IP3 and DAG, whilst 
5-HT3 members couple positively to adenylyl cyclase.

Studies show that 5-HT1b receptors are present through-
out the basal ganglia including striatum, pallidum and sub-
stantia nigra, although mRNA is found only in the striatum, 
indicating that this receptor is present on axons to the palli-
dum and substantia nigra (Bruinvels et al., 1994). 5-HT1df 
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mRNAs are also expressed in the striatum (Bach et al., 
1993; Bruinvels et al., 1994) as are 5-HT5 receptors (Grailhe 
et al., 1999). Of the 5-HT2 family, autoradiography studies 
have localized 5-HT2a and 5-HT2c receptors in the striatum 
and substantia nigra (Lopez-Gimenez et al., 1997). 5-HT4 is 
localized to the striatum, globus pallidus and SNr are but 
have not been conclusively found on dopaminergic neurons 
of the SNc (Eglen et al., 1995) and 5-HT6 is found in the 
striatum (Kohen et al., 1996). The widespread distribution 
of 5-HT receptors in the basal ganglia and their effects on 
dopamine release has led to interest in these receptors as 
targets for the treatment of Parkinson’s disease (especially 
5-HT1b and 5-HT4) and schizophrenia (5-HT1a and 5-HT2a). 
Indeed, antipsychotic drugs often interact with 5-HT recep-
tors, in addition to dopamine receptors.

9.  Cholecystokinin Receptors

Interest in the role of CCK in the basal ganglia was stimu-
lated by the discovery by Hokfelt and colleagues (1980) of 
CCK-like immunoreactivity in the dopamine cells of the 
substantia nigra of the rat. This led to a number of stud-
ies of the effects of CCK on dopamine release, for exam-
ple (Marshall et al., 1991). Two CCK receptors have been 
cloned, CCK1 (CCKA) and CCK2 (CCKB). CCK1 is found 
in the periphery and in selected CNS areas including the 
hypothalamus and interpeduncular nucleus. As its original 
name implies (CCKB), CCK2 is the major form in the brain, 
being particularly expressed in the cerebral cortex and 
in lower amounts in the striatum and nucleus accumbens 
(Wank, 1995; Noble and Roques, 1999), although cellular 
localization is not yet established. CCK1 receptors couple 
through Gs to adenylyl cyclase and through Gq to phos-
pholipase C. CCK2 receptors couple through Gi /Go or Gq.

10.  Neurotensin Receptors

The interest in the peptide neurotensin (NT) and its recep-
tors is rather similar to CCK in that neurotensin immunore-
activity is found in dopamine cells of the ventral tegmental 
area, in MSNs of the ventral striatum and, after neurolep-
tic treatment, also in neurons in the dorsal striatum (for 
recent reviews, see Vincent et al., 1999; Binder et al., 
2001; Dobner, 2005)). Neurotensin mRNA coexists with 
enkephalin mRNA in striatal MSNs, indicating that neuro-
tensin is found in D2/enkephalin-expressing neurons of the 
indirect pathway (Augood et al., 1997). Interestingly neu-
rotensin binding was found in an annular region surround-
ing striosomes of the striatum (Faull et al., 1989).
There are two established neurotensin GPCRs. NTR-1  
is a high affinity receptor for neurotensin, whilst NTR-2  
is closely related to NTR-1 but has a lower affinity for 
NT and is sensitive to the antihistamine drug levocabas-
tine. NTR-1 couples through Gq/Gi and phospholipase 
C, mobilizing IP3 and DAG. NTR-2 is widely expressed 
in the CNS, including the cerebral cortex and different 
hypothalamic nuclei. However, its role as a functional NT 
receptor has been questioned as NT antagonists activate 
signaling pathways in cells transfected with NTR-2, which 
NT itself antagonizes (Dobner, 2005). In contrast, adding 
to the interest in NT/dopamine interactions, NTR-1 recep-
tor mRNA is specifically expressed by the nigral dopa-
mine cells, and NTR-1 immunoreactivity is found in the 
substantia nigra and striatum consistent with expression 
of the receptor on cell bodies and axons of the dopamine 
cells (Vincent et al., 1999; Fassio et al., 2000; Binder et al., 
2001; Dobner, 2005).

11.  Histamine Receptors

Although histamine is not a major amine in the basal 
ganglia by comparison with dopamine or serotonin, a 
histaminergic system originating from neurons in the pos-
terior hypothalamus and innervating the forebrain, includ-
ing striatum and substantia nigra, has been described 
(Watanabe et al., 1983; Panula et al., 1984; Steinbusch 
et al., 1986). There are currently four known histamine 
receptors, H1–H4. H1 couples through Gq/11 H2 couples 
through Gs, and H3–H4 couple through Gi/o. In the stria-
tum, H2 and H3 receptor mRNAs are strongly expressed in 
the majority of MSNs. In the substantia nigra only low lev-
els of H2 mRNA are present, although strong H2 binding is 
found in this region, suggesting the binding is present on 
afferents from the striatum, which is supported by lesion 
studies and studies in HD cases (Vizuete et al., 1997). In 
contrast to H2, H3 mRNA is expressed by the dopamine 
cells of the pars compacta (Pillot et al., 2002).

12.  Adrenergic Receptors

Adrenoreceptors can be grouped into three classes,  
1-adrenoreceptors which couple through Gq/11, 2-adrenore-
ceptors which couple through Gi/o and -adrenoreceptors which 
couple through Gs. In the striatum, where the main amine 
is dopamine, it is thought that the 1 and -adrenoreceptors 
respond to dopamine rather than noradrenaline. In terms 
of localization, the -adrenoreceptors are localized on 
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striatal cholinergic neurons (Pisani et al., 2003) and the 2c- 
adrenoreceptors on striatal MSNs (Holmberg et al., 1999).

13.  Neuropeptide Y Receptors

Receptors for the neuropeptide NPY include five family 
members, Y1–Y5, all of which couple through Gi/o. Most 
interest has focused on the roles of these receptors in obes-
ity, although the peptide NPY is abundant throughout the 
CNS (Parker et al., 2002). The Y2 receptor is particularly 
localized in the basal forebrain (Stanic et al., 2006).

14.  Other Family 1 GPCRs

In providing a brief overview of basal ganglia receptors, 
the focus has been on receptors with reported roles in the 
basal ganglia, particularly in the striatum; other identified 
receptors for neuropeptides such as neuromedin U, TRH or 
galanin, for example, have not been discussed. Similarly, 
there are other “orphan” receptors in the basal ganglia 
where the ligand remains to be identified. These include, 
for example, somatostatin- or opioid-like receptors (Lee 
et al., 2001),the glucocorticoid induced/NPY like recep-
tor GPR 83 (De Moerlooze et al., 2000) and the biogenic 
amine receptor GPR88 (Mizushima et al., 2000)
B.  Family 3

1.  GABAB Receptors (Fig. 4.4)

In the basal ganglia and throughout the mammalian CNS, 
the actions of GABA are mediated by two classes of GABA 
receptors, the GABAA (discussed earlier) and GABAB recep-
tors. The first class discovered were the GABAA receptors 
which could be detected by binding assays using 3H-GABA. 
Such binding is blocked by the antagonist bicuculline 
(Curtis et al., 1974) and dependent on chloride (Zukin et al., 
1974). In contrast, in 1979 Bowery and colleagues, studying 
the release of 3H-noradrenaline from the rat atria, reported 
that GABA would reduce this release, but this process was 
not chloride-dependent or blockable by bicuculline, suggest-
ing the presence of a separate, pharmacologically distinct 
GABA receptor (Bowery et al., 1979; Bowery et al., 1980; 
Bowery et al., 1981b; Bowery et al., 1981a). While this was 
disputed initially (Bowery, 1993), further studies identified 
-p-chlorophenyl-GABA (baclofen) as an agonist at this 
putative GABA receptor, and the use of the 3H-labeled form 
of baclofen allowed Bowery and colleagues to reveal a Ca2-
dependent binding of 3H-baclofen and 3H-GABA at the site 
they had earlier termed the GABAB site (Hill and Bowery, 
1981). These studies established GABAB as a CNS as well 
Figure 4.4  Schematic structure of the heterodimeric GABAB receptor. The functional receptor is made of two separate family 3 GPCRs, GABAB1 
and GABAB2, which have the typical serpentine seven transmembrane domains and large N-terminal sequences. GABA binds to the N-terminal bilobed 
domain of GABAB1 whilst GABAB2 is thought to bind G-proteins. Also in the N-terminal domain of GABAB1 are two complement control proteins 
(CCP) or sushi domains. There are a number of proteins that have been reported to bind to the coiled–coil domains of the C-terminal sequences of 
GABAB1 and GABAB2 which will influence receptor function and localization for example, 14-3-3 and Mupp-1, see figure for further examples (Emson, 
2007). Gi/Go binds to adenylyl cyclase (AC), and the / subunit can influence ion channels (Reproduced from Emson PC (2007) In: GABA and the 
basal ganglia pp 43–57 Progress in Brain Research Vol. 160, Edited by Tepper JM, Abercrombie ED and Bolam JP. Elsevier, Amsterdam).
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as a peripheral receptor (Curtis and Johnston, 1974; Bowery 
et al., 1983). Baclofen was already known to decrease trans-
mitter release and depress neuronal activity probably through 
an action on calcium channels. Subsequent work established 
a physiological role for a postsynaptic GABAB receptor 
whose activation produced an increase in membrane potas-
sium conductance and neuronal hyperpolarization (Dutar 
and Nicoll, 1988; Nicoll, 2004). Thus activation of presy-
naptic GABAB receptors will inhibit the release of other 
neurotransmitters (e.g. noradrenaline) through a decrease in 
membrane Ca2 conductance, whereas postsynaptic recep-
tors induce an increase in membrane potassium conductance 
through G-protein coupling to inwardly rectifying GIRK or 
Kir3 potassium channels (Nicoll, 2004); see schematic Fig. 
4.4). The GABAB receptor, in contrast to the GABAA chan-
nel, is coupled to G-proteins and is a family 3 metabotropic 
receptor (Hill, 1985; Karbon and Enna, 1985). Despite the 
relatively early recognition (1981) of the GABAB recep-
tor and the identification of 3H-baclofen as a ligand, it was 
not until 1997 that the first GABAB receptor was cloned 
(now termed GABAB(1)) by Kaupmann and colleagues 
(Kaupmann et al., 1997). Subsequently a number of groups 
established that the functional GABAB receptor exists as a 
heterodimer of two components, subunits GABAB(1) and 
GABAB(2) (Jones et al., 1998; Kaupmann et al., 1998; White 
et al., 1998; Kuner et al., 1999; Ng et al., 1999). The cloning 
of these two GABAB receptor subunits and the realization 
that GPCRs can exist as heterodimers led to a large number 
of ongoing studies on oligomerization between GPCRs and 
the realization that the properties of oligomeric GPCRs may 
differ substantially from their monomers (Bulenger et al., 
2005). Localization studies indicate that GABAB(1) mRNA 
is localized throughout the forebrain, with lower amounts of 
GABAB(2) in the basal ganglia. However, immunostaining 
and receptor binding in the human indicate expression of the 
functional receptor throughout the basal ganglia (Waldvogel 
et al., 2004).

2.  Metabotropic Glutamate Receptors (mGluRs)

In contrast to the ionotropic glutamate receptors, the mem-
bers of the mGluR family are serpentine G-protein-coupled 
receptors. They were originally identified as glutamate recep-
tors linked to inositol phospholipid metabolism (Sugiyama 
et al., 1987). Subsequently, eight members of this family have 
been identified by molecular cloning (for recent reviews, 
see Kew and Kemp, 2005; Ferraguti and Shigemoto, 2006). 
Like GABAB receptors and the classical 7-transmembrane  
domain receptors, mGluRs have a large bi-lobed N-terminal 
domain that contains the glutamate binding site. The family 
can be divided into three groups on the basis of pharmacol-
ogy, sequence and second messenger signaling, group 1  
(mGluR1 and 5) which usually couple through Gq/G11 to  
phospholipase C, group 2 (mGluR2 and 3) and group 3 
(mGluR4, 6, 7 and 8). Groups 2 and 3 usually couple through 
Gi/Go to inhibit adenylate cyclase. In the basal ganglia, group 1  
mGluRs, particularly mGluR5, are found in most regions, 
as are group 2 mGluRs. mGluR2 is found in the neuropil of 
the striatum as well as on the striatal terminals in the globus 
pallidus and substantia nigra pars reticulata, but is not found 
on compacta neurons (Phillips et al., 2000). From group 3, 
mGluR7 is the main form in the basal ganglia. Localization 
studies suggest that mGluR5 is found on indirect MSNs, 
cholinergic interneurons and globus pallidus neurons, whilst 
mGluR1 is on direct MSNs, neurons of the globus pallidus 
and dopamine neurons of the substantia nigra. mGluR4 is 
found on indirect MSN and dopamine cells, and mGluR4 
immunoreactivity is concentrated in patches in the stria-
tum (for review, see Feeley Kearney and Albin, 2003; Conn 
et al., 2005). mGluRs differ considerably in their C-terminal 
regions which determines their ability to interact with intra-
cellular proteins. mGluR7a is found in the striatum, whilst 
the 7b variant is found in the globus pallidus in rodents. The 
intracellular binding proteins include calmodulin, homer 
and PICK1 (Dev et al., 2001; Pin et al., 2003). Competitive 
ligands are believed to interact with the bi-lobed N-terminal 
domain, whilst non-competitive ligands bind within the trans-
membrane domains (for review, see Kew and Kemp, 2005).

IV.  Conclusions

The basal ganglia contains a complex variety of both iono-
tropic and metabotropic neurotransmitter receptors which 
reflects the major neurotransmitters of the system. The basal 
ganglia system functions primarily by GABAergic inhibi-
tion/disinhibition mechanisms and does not contain excita-
tory output neurons with the exception of the subthalamus 
which has glutamatergic projection neurons. The major 
input to the striatum is via excitatory glutamatergic afferents 
from the cerebral cortex and thalamus, and dopaminergic 
afferents from the substantia nigra. Local striatal interneu-
rons use GABA and acetylcholine as well as a range of 
neuropeptides (e.g., NPY, somatostatin, nitric oxide). Fast 
transmission occurs mainly through ionotropic ion chan-
nel receptors (especially AMPA, NMDA and GABAA) 
while metabotropic receptors modulate the size and nature 
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of these responses and provide slower signaling through  
G-protein modulation of basal ganglia signaling.
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	R eferences
I.  Introduction

Medium spiny projection neurons (MSNs) are the prin-
cipal cell type of the striatum. By stereological methods, 
they account for more than 95% of striatal neurons in the 
rat, and their total unilateral number in the rat brain is esti-
mated as 2.8 million (Oorschot, 1996) (see Chapter 3). 
In the human, the number is about 110 million (Schroder 
et al., 1975). The remaining 3–5% of striatal neurons 
includes cholinergic interneurons and several classes of 
gamma-amino butyric acid (GABA)-releasing interneurons 
(Kawaguchi, 1993; Kubota et al., 1993; Kawaguchi et al., 
1995). The interneurons produce disproportionately strong 
effects despite being numerically in the minority (Koos 
and Tepper, 1999; Koos et al., 2004; Tepper et al., 2004). 
However, it is the MSNs that provide the substrate for the 
specific information processing operations of the striatum.

The MSNs are the only output neurons of the striatum 
and are also the major recipient of extrinsic input (Wilson 
and Groves, 1980; Somogyi et al., 1981). In effect they form 
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 single layer of cells interposed between the input and out-
ut side of the striatum. Thus, the physiological properties 
f the MSNs, their extrinsic inputs, and their interactions 
ith other MSNs and interneurons are key determinants of 

he input–output operations performed by the striatum. In 
his chapter, we will review the anatomical and physiologi-
al characteristics of MSNs. Several other excellent reviews 
n MSNs and striatal function have been published recently 
see Part B of this volume). We also point the interested 
eader to the recent review by Bolam et al. (2006).

I.  The striatal medium spiny 
euron

.  General Morphology of the Medium  
piny Neuron

he MSN has a characteristic morphology with a relatively 
niform somatodendritic architecture (Wilson and Groves, 
980; Somogyi et al., 1981) as illustrated in Figure 5.1. The 
99
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cell body is 12–20 m in diameter. The dendritic tree is usu-
ally formed by five or six primary dendrites which radiate 
from the cell body and divide once or twice to form second-
ary and tertiary dendrites extending within a roughly spheri-
cal volume of about 250–500 m in diameter (DiFiglia et al., 
1976; Wilson and Groves, 1980). The proximal dendrites 
are of small diameter and relatively spine-free, whereas the 
distal dendrites are densely spiny, starting about 20 m from 
the soma and continuing to the tip of the dendrite (DiFiglia 
et al., 1976; Wilson and Groves, 1980). Each neuron gives 
rise to a main axon that originates close to the cell body 
and projects to target structures and also gives rise to local 
axon collaterals which divide repeatedly to form an exten-
sive network that overlaps extensively with the dendritic 
tree (Wilson and Groves, 1980) (Fig. 5.1). The synaptic 
boutons of the local axon collaterals form synapses on other 
striatal neurons (Somogyi et al., 1981), and in particular 
with other MSNs, where they are located mostly at proxi-
mal and higher order dendrites (Wilson, 1994; Oorschot  
et al., 2002).

Although all MSNs share these common properties they 
are also separable into two roughly equal subpopulations, 
based on their axonal projection targets, the expression of 
genes for certain peptides, and the expression of dopamine 
receptors (Gerfen and Young, 1988; Gerfen et al., 1990; Le 
Moine and Bloch, 1995) (see also Chapter 1). About half of all 
MSNs project to the internal segment and half to the external 
segment of the globus pallidus, which in the rat corresponds 
to the striatonigral and striatopallidal neurons, respectively 
(Gerfen and Wilson, 1996). Early studies using in situ hybrid-
ization histochemistry demonstrated that the substance P/dyn-
orphin-releasing striatonigral neurons carry predominantly 
the D1 dopamine receptor, whereas the enkephalin-contain-
ing striatopallidal neurons are regulated by the D2 receptor 
(Gerfen et al., 1990). While initial studies using single cell 
RT-PCR reported considerable co-localization of these dopa-
mine receptor subtypes, however, refinement of this tech-
nique eventually confirmed this major subdivision of MSNs 
(Surmeier et al., 1996). The recent introduction of bacterial 
artificial chromosome (BAC) D1- and D2-labeled GFP mice 
(GENSAT project; Heintz, 2001; Gong et al., 2003) allowed 
for a more detailed physiological characterization of these two 
classes using modern recording techniques (Day et al., 2006; 
Gertler et al., 2008) (see Chapter 6).
A

B

C

100 µm

25 µm

Figure 5.1  The morphology of striatal medium spiny projection neurons (MSNs). (A) Reconstruction of the dendritic arborization of a biocytin-
filled MSN from the rat striatum. Dendrites are densely studded with spines except for the first 20 m of the primary dendrite. Thin line indicates the 
axon that leaves the striatum. (B) Corresponding arborization of the local axon collaterals of the neuron in A. Note that for most MSNs local axon col-
laterals overlap with the dendritic tree (modified from Wilson and Groves, 1980). (C) High-power electron microscopic image of the dendritic tree of an 
MSN (modified from Wilson, 1994).
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Recent work using these D1- and D2-labeled GFP mice 
together with reconstructions of biocytin-filled MSNs 
revealed quantitative differences between the two classes 
of MSNs (Gertler et al., 2008). Although they possess the 
same qualitative characteristics, D1 MSNs have signifi-
cantly greater total dendritic length and more branches than 
D2 MSNs. The difference is due to a different number of 
primary dendrites, as the mean tree length (i.e., total den-
dritic length/number of primary dendrites) was similar in 
the two classes of MSNs. Striatopallidal neurons fire more 
in response to current input (Day et al., 2006; Kreitzer and 
Malenka, 2007), most likely because of their fewer den-
dritic branches.

A second major subdividing factor for MSNs has been 
their relation to the patch and matrix compartments of the 
striatum, identified by the expression of opioid receptors 
and other markers (Gerfen, 1984; Graybiel, 1984) (see 
Chapter 1). Importantly, local axon collaterals and the den-
drites of MSNs obey patch/matrix borders (Kawaguchi  
et al., 1989), suggesting a subdivision of the striatal skel-
eton into the two compartments.

B.  Dendritic Spines

An important characteristic of the MSN is its very high 
density of dendritic spines. Although many different func-
tions have been proposed for dendritic spines, they are 
commonly associated with plasticity of excitatory synapses 
and their morphology may determine the effectiveness of 
the excitatory inputs. In the striatum the dendritic spines 
are the primary recipients of input from two major extrin-
sic afferent sources. The MSNs receive excitatory synap-
tic input from pyramidal cells in all areas of the cerebral 
cortex (McGeorge and Faull, 1989) (see Chapter 1 for an 
overview) and from several intralaminar nuclei in the tha-
lamus (Nauta et al., 1974; Dube et al., 1988) (see Chapter 
22). The macroscopic, topographical organization of these 
glutamatergic projections is complex [for reviews, see 
Voorn et al., 2004 (rat); Haber, 2003 (primate)].

The glutamatergic inputs to MSNs terminate on the heads 
of dendritic spines (see Chapter 1). Although different types 
of spines have been described in cerebral cortex and striatum 
and examples of these different types can be found among 
the spines of MSNs, there is a continuum of intermediate 
forms, and quantitative analysis shows a unimodal distribu-
tion of major dimensions (Wilson et al., 1983b). Spine neck 
diameter range from less than 0.1 m to about 0.5 m and 
lengths range from 0.35–3.80 m, with spine head diameters 
ranging from 0.11–0.95 m. Densities of spines along a den-
drite range as high as 46 per 10 m. In computational models, 
the size range produces effects on the efficacy of synapses 
comparable to dendritic location (Wilson, 1984).

Although to date no differences have been identified 
between classes of MSNs in spine morphology, differential 
sensitivity of spine numbers to dopamine depletion has been 
shown. Dopamine depletion leads to a rapid and profound 
loss of spines and glutamatergic synapses on striatopallidal 
MSNs but not on striatonigral MSNs (Day et al., 2006).

C.  Glutamate Receptor-Mediated Responses

Synaptic inputs to the MSNs from cortex and thalamus pro-
duce fast, monosynaptic excitatory postsynaptic potentials 
(EPSPs) that can be finely graded and probably represent 
the contribution of many individually small synaptic inputs 
(Wilson, 1986). The EPSP is mediated by glutamate act-
ing on non-NMDA receptors (Calabresi et al., 1996) (see 
Chapters 6 and 12). Although they are present and can be 
activated pharmacologically, historically NMDA receptors 
have been difficult to activate in the acute slice in vitro, even 
with high-frequency stimulation (Herrling et al., 1983). This 
seems to be a result of the fairly polarized resting potential 
of MSNs and the uncontrolled severance of corticostriatal 
projections in most slice preparation. In vivo, a clear NMDA 
component is present in inputs from the cortex and thalamus 
(Kita, 1996), and NMDA receptors contribute to the depo-
larized states observed (Pomata et al., 2008) when strong 
excitatory input produces sufficient depolarization to over-
come the voltage-dependent magnesium ion block of these 
channels. Similarly, in cortex-striatum-substantia nigra cul-
tures, which regenerate the corticostriatal pathway and cap-
ture major aspects of the in vivo Up state dynamics, NMDA 
receptors have shown to control numerous aspects of MSN 
physiology (Kerr and Plenz, 2002; Kerr and Plenz, 2004). 
More specifically, despite their small dendritic diameter and 
shunts received from inhibitory inputs at their basal den-
drites, slice culture and acute slice experiments demonstrated 
robust backpropagation of action potentials from the soma 
into MSN dendrites during rest, i.e., the Down state (Kerr 
and Plenz, 2002; Carter and Sabatini, 2004; Kerr and Plenz, 
2004) as well as during synaptically driven Up states (Kerr 
and Plenz, 2002; Kerr and Plenz, 2004). Somatic depolariza-
tion from current injections (Carter and Sabatini, 2004) or 
synaptic depolarization during the Up state (Kerr and Plenz, 
2004) allows calcium to enter through activated NMDA 
receptor during spike backpropagation (Fig. 5.2). Importantly, 



Handbook of Basal Ganglia Structure and Function102
Figure 5.2  Spike backpropagation and dendritic calcium influx through the NMDA receptor pave the way for spike timing-dependent plasticity in 
MSNs. (A) Intracellular recording of an MSN showing spontaneous Up state transition and evoked spike at the time of a somatic, brief current injection 
(spike trigger; cortex-striatum-substantia nigra slice culture). (B) Intracellular calcium transients measured using Fura-2 are highest if the spike occurs 
early during the Up state and decreases for intermediate and late times. (C) Summary statistics of peak calcium transients with time from Up state onset. 
Note that transients are similar for spontaneous and evoked spikes from somatic current injections. Internal blockade of the NMDA receptor blocks 
the time dependence. (D) Extracellular, pulsatile application of NMDA close to the MSN tertiary dendrite evokes a supralinear calcium response when 
paired with a backpropagating burst of three spikes. Note the block of the supralinearity upon internal block of the NMDA receptors. (E) Change in the 
excitatory postsynaptic potential (EPSP) as a function of the relative time between glutamatergic inputs during the Down state and a backpropagating 
action potential. (F) Spike timing dependent plasticity rule obtained from averages of data in E. A–D: see Kerr and Plenz, 2004. E, F: see Pawlak and 
Kerr, 2008.
the amount of calcium that enters through the NMDA recep-
tor into the dendrite decreases the longer the delay between 
Up state onset and somatic spiking [Fig. 5.2(A–D)].

The demonstration of these mechanisms paved the way 
for recent experiments establishing spike timing-dependent 
plasticity at corticostriatal synapses in MSNs (Pawlak and 
Kerr, 2008), since calcium entry through NMDA channels 
contributes to long-term potentiation (LTP) of corticostria-
tal afferents (Calabresi et al., 1992). Indeed, the increase 
in synaptic efficacy obtained is largest if spike backpropa-
gation occurs shortly after a synaptic inputs (Fig. 5.2E,F). 
These experiments establish a clear temporal evaluation of 
cortical striatal inputs with respect to their ability to fire an 
action potential in the MSN. Importantly, this mechanism 
rewards specifically those inputs out of the potentially tens 
of thousands inputs to an MSNs that occurred just before 
the backpropagating spike and most likely contributed to 
the firing success. Conversely, inputs that occur right after a 
backpropagating action potential are not causally related to 
firing success and are down regulated. This way, the relative 
timing between a backpropagating spike and the calcium 
influx through the NMDA channel combine to dynamically 
regulate the strength of corticostriatal inputs. Importantly, 
this regulation requires the presence of dopamine as a third 
factor (Pawlak and Kerr, 2008). Dopamine also seems to 
regulate the backpropagation into third and fourth-order 
MSN dendrites in striatonigral MSNs (Day et al., 2008). We 
note that Fino et al. (2005) reported bidirectional spike-tim-
ing dependent plasticity, but in the opposite direction to that 
reported by Pawlak and Kerr (reviewed by Wickens, 2009).

Shen et al. (2008) showed that dopamine plays a dif-
ferent role in D1 versus D2 MSNs. These authors used 
intrastriatal stimulation, which evokes not only glutamate 
release but also release of neuromodulators such as dopa-
mine and acetylcholine, more so than cortical stimulation. 
In D1 neurons repeated theta-burst stimulation of presynap-
tic inputs before postsynaptic spikes caused LTP. This LTP 
was blocked by a D1 receptor antagonist, consistent with 
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previous reports (Reynolds et al., 2001, Kerr and Wickens,
2001). Shen et al. also found that LTP did not occur in D1
MSNs in slices from dopamine-depleted animals, but could
be restored by application of a D1 agonist. In D2 MSNs, on
the other hand, timing dependent LTP was blocked by A2a
adenosine receptor antagonists and LTD was blocked by D2
antagonists. In D2 MSNs from dopamine-depleted animals
there was loss of bidirectional plasticity and LTP dominated
spike-timing dependent plasticity. These and other findings
show that a complex interplay exists between dopamine,
adenosine, metabotropic glutamate, and endocannabinoid
receptors that determine the final outcome. These interac-
tions are discussed in more detail in Chapter 6.

D.  Neurophysiology of Medium Spiny 
Neurons

In awake animals, MSNs fire in brief episodes separated
by longer periods of quiescence (Schultz and Romo, 1988;
Kimura et al., 1990). The firing episodes are associated with
initiation, execution, or termination of particular movements
by the animal (Alexander, 1987; Schultz and Romo, 1988;
Kimura et al., 1990). Similar episodic firing patterns also
occur in immobilised, locally anaesthetised rats (Wilson and
Groves, 1981) and in urethane-anaesthetised rats (Wilson,
1993) [Fig. 5.3(A,B)].
Intracellular recordings in awake (Wilson and Groves, 
1981) and in urethane-anaesthetized rats (Wilson, 1993) 
revealed membrane potential transitions occurring continu-
ously between a hyperpolarized Down state and a depo-
larised Up state (Wilson and Groves, 1981; Wilson and 
Kawaguchi, 1996) (Fig. 5.3A). These transitions are not 
intrinsic oscillations, which do not occur in MSNs, but are 
due to network properties. For example, Up state transitions 
are reduced by removal or deactivation of the cortex (Wilson 
et al., 1983a) and do not occur in brain slices in which co-
ordinated cortical activity has been interrupted (Arbuthnott 
et al., 1985; Kawaguchi et al., 1989). Up state transitions 
do occur spontaneously in cortex-striatum co-cultures, in 
which there is intrinsic activity of the cortical explant (Plenz 
and Aertsen, 1996; Kerr and Plenz, 2002). Similarly, corti-
cal stimulation in the intact animal can evoke depolarizing 
events very similar to the Up state transitions that occur 
spontaneously (Wilson, 1995a; Wilson and Kawaguchi, 
1996). Thus, corticostriatal inputs are both necessary 
and sufficient for Up state transitions. On the other hand, 
although action potential firing only occurs during Up states, 
the Up state is not sufficient to cause action potential firing, 
which depends on the membrane potential in the Up state 
and the magnitude of the small amplitude membrane poten-
tial fluctuations that occur in the Up state, with many stria-
tal neurons remaining silent in the Up state (Wickens and 
C
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Figure 5.3  (A) Spontaneous up and down transitions in the intracellular membrane potential of a MSN in the urethane anesthetized rat. (B) 
Corresponding suprathreshold spontaneous activity. (C) Non-linear membrane potential depolarizations and related spike delays in MSNs. Note increase 
in depolarization leading eventually to a spike during prolonged current injections close to spike threshold. (D) MSNs demonstrate a large range in 
delays over a fairly narrow range of suprathreshold current injections. (E). The pause between a preceding depolarization strongly effects the time to 
spiking in a subsequent depolarization.
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Wilson, 1998). Recent intracellular studies in immobilized
rat have shown yet another membrane potential dynamics of
MSNs. Whereas during sleep the membrane potential is bi-
stable in analogy to Up and Down states, during the wake
state, potential, bi-stability is not dominant and the mem-
brane potential tends to reside within an intermediate range
of values between threshold and resting potential (Mahon
et al., 2006).

In the absence of synaptic input, the MSN remains at
a stable, hyperpolarized membrane potential dominated
by an inwardly rectifying K current, IKir (Calabresi et al.,
1987a; Uchimura et al., 1989; Wilson, 1992). This voltage-
sensitive potassium current is activated at resting mem-
brane potential and becomes blocked as the membrane
is depolarised, similar to the current described in starfish
(Hagiwara and Takahashi, 1974). The current causes a low
input resistance and a short membrane time constant at
resting membrane potential, which act to shunt excitatory
inputs, thereby maintaining the membrane potential in the
hyperpolarised state. In contrast when a MSN is depolar-
ized by a barrage of cortical afferent activity (Stern et al.,
1997; Stern et al., 1998), IKir will begin to close. As closure
occurs, the input resistance and time constant of the cell
increase, permitting greater temporal and spatial summa-
tion of excitatory inputs (Nisenbaum and Wilson, 1995a, b).
This current plays a major role in the sub-threshold behav-
iour of the cell and in the membrane potential trajectory
during the Up state transition (Fig. 5.3C–E; for an exten-
sive and detailed simulation on how intrinsic ion channels
sculpture glutamatergic inputs in MSNs resulting in Up
and Down state transitions, see Wolf et al., 2005).

A particular characteristic of the electrophysiological
properties of the MSNs is that in response to near-threshold
constant current, the membrane potential exhibits a gradual
ramp-like depolarizing trajectory and a long-latency to spike
discharge, after which relatively regular action potential fir-
ing occurs (Fig. 5.3C). During the ramp-like depolarisation,
the slowly inactivating A-type K channel IAs (Nisenbaum
et al., 1994) competes with inward Na and Ca currents,
and acts to slow the rate of depolarisation, giving rise to the
ramp potential and delayed spike discharge (Nisenbaum
and Wilson, 1995b; Wilson, 1995b). The availability of this
IAs current to influence the membrane potential fluctuations
seen in vivo depends on the recent history of the cell (Fig.
5.3E). The current is de-inactivated at the hyperpolarized
potentials that occur in the Down state, and is available
to reduce the response of the neuron to excitatory input.
However, after prolonged depolarization in the Up state, the
current inactivates and this makes the neuron more excit-
able (Nisenbaum et al., 1994).

E.  Dopaminergic Modulation of Ion 
Channels

Dopamine modulates various ion conductances in MSNs 
(see also Chapter 6). For example, dopamine and the specific 
D1 receptor agonist SKF 38393 (5 M) reduce IAs (Kitai and 
Surmeier, 1993; Surmeier and Kitai, 1993). Conversely, 
the D2 receptor agonist quinpirole (5 M) enhances IAs 
(Surmeier and Kitai, 1997). Due to the voltage-dependent 
activation and inactivation of IAs, these D1-mediated effects 
of dopamine should depend upon the membrane potential 
range in which the neuron is operating. If in the Down state, 
or early in the Up state, then a considerable fraction of IAs 
will be available. In this state, dopamine acting through D1 
receptors should decrease the strength of this current. This 
should facilitate depolarisation in response to cortical inputs. 
Thus, dopamine acting via D1 receptors enables a transition 
from the Down state to the UP state (see also Chapter 21).

The effects of dopamine on the potassium channels dis-
cussed appear to oppose each other, in that IKir is increased 
while IAs is decreased. The former effect is to stabilise the 
Down state whereas the latter effect is to facilitate the tran-
sition to the UP state. The combination of these effects 
may be to make the MSNs reluctant to change states, but 
more snappy about doing so if their inputs are increased or 
decreased by a large enough amount (Gruber et al., 2003).

Slow and persistent Na channels represented by INa are 
responsible for regenerative events underlying sub-threshold 
ramp depolarizations and action potential firing in MSNs. 
This current normally produces a depolarising prepotential, 
just before the action potential. The prepotential is sensi-
tive to the sodium-channel blocker, TTX, but not to calcium 
channel blockers (Bargas et al., 1989). It is responsible for 
the later part of the slow rise in membrane potential seen 
during positive direct current injections (Bargas et al., 1989).

Dopaminergic modulation of Na channels is a prob-
able mechanism for the inhibitory effects reported in intra-
cellular studies. As noted above, the amount of injected 
current required to reach the threshold voltage for action 
potential generation is increased by dopamine in a dose-
dependent way (Calabresi et al., 1987b). A D1 receptor-
mediated reduction of the depolarising prepotential by 
dopamine was proposed as the mechanism underlying this 
inhibitory effect (Calabresi et al., 1987b; Calabresi et al., 
1988). Voltage-clamp studies in dissociated striatal cells 
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have confirmed that D1 receptor activation causes a reduc-
tion in peak Na current, which may be with or without a 
shift in voltage dependence of inactivation (Surmeier et al., 
1992a; Schiffmann et al., 1995; Schiffmann et al., 1998). 
The effect of these changes is likely to be to increase the 
delay of firing of MSNs.

Dopamine acting via D2 receptors has complex effects on 
Na currents. An increase in the amplitude of this current has 
been reported in a minority of cells (Surmeier et al., 1992b). 
These currents are also reduced in response to D2 receptor 
activation by means of a negative shift in voltage dependence 
of steady-state inactivation (Surmeier et al., 1992b). In cells 
in which a D2 receptor-mediated decrease in Na current 
was measured, the decrease was due to a shift in the voltage 
dependent inactivation towards more hyperpolarized poten-
tials. This would make no difference at hyperpolarized Down 
state potentials but a big difference at more depolarised Up 
state potentials, where the effect would be to reduce the Na 
current in most cells.

MSNs express an extensive range of calcium cur-
rents, including L-, N-, P-, Q- and R-type Ca channels 
(Mermelstein et al., 1999). With maintained depolarisation, 
the depolarization-activated K currents begin to inactivate, 
and inwardly-rectifying currents shut off. At this stage in the 
cycle of repetitive firing high-voltage activated Ca chan-
nels begin to activate (Bargas et al., 1991, 1994; Surmeier 
et al., 1995). The Ca channels have the effect of increas-
ing the duration of the action potential and facilitating the 
entry of calcium into the cell. Dendritic entry of calcium is 
a function of both afferent activity and membrane potential 
(Kerr and Plenz, 2002). Although depolarization associated 
with Ca entry helps to maintain the depolarized state, the 
high voltage of activation of these channels suggests a pri-
mary role in controlling intracellular calcium (see Fig. 5.2).

Dopamine effects on Ca channels are complex. D1 
receptor activation reduced N- and P/Q-type Ca currents 
but enhanced L-type currents (Surmeier et al., 1995) in dis-
sociated cells. This was apparent in a much greater propor-
tion of cells in brain slices (Hernandez-Lopez et al., 1997) 
arguing for a dendritic location, since significant amounts 
of dendrite is lost from dissociated cells. D1 receptor acti-
vation prolonged Ca plateau potentials in the presence 
of the potassium channel blocker, tetra-ethyl ammonium 
(TEA), an effect which was occluded by the calcium chan-
nel agonist BAY K8644, resulting in increased repetitive 
firing and prolonged AP duration.

On the other hand, D2 receptor stimulation in enkephalin-
expressing MSNs suppresses Ca currents through L-type 
Ca channels (Hernandez-Lopez et al., 2000). Suppression 
is not mediated by inhibition of adenylate cyclase.

Although there is not yet sufficient information to achieve 
a complete coherent synthesis of all effects of dopamine 
on ion channels and striatal cell activity, it seems useful to 
attempt to put together what is known in relation to whole cell 
behaviour. The membrane potential trajectory in response to a 
depolarizing current pulse reflects the activation and inactiva-
tion of many of the currents modulated by dopamine. We start 
with the onset of a depolarizing current pulse, when the mem-
brane begins to depolarise. As it does so, the IKir is turning off. 
As the membrane depolarizes further, the fast and slow potas-
sium currents begin to activate. The fast component is not 
known to be dopamine sensitive and is not further discussed 
here. As the membrane potential approaches threshold, the 
slow Na current activates, while the IAs begins to inactivate. 
As the cell begins to fire the L-type Ca channels activate 
with each action potential.

Dopamine will influence this basic scenario in a number 
of ways. A dopamine-mediated increase of IKir increases the 
stability of the hyperpolarized state of the cell. The decrease 
of INa reduces the pre-potential. These two effects together 
produce a less excitable cell, in which it is more difficult 
to achieve a transition from the Down state to the Up state. 
Opposing these effects, the decrease in IAs and the increase in 
L channels mean that if the depolarized state is prolonged, D1 
receptor activation increases excitability. These conclusions 
broadly agree with those of Calabresi et al. (1987b; see their 
Fig. 4) and Hernandez-Lopez et al. (1997; see their Fig. 1). 
Under conditions of prolonged depolarization, D1 receptor 
stimulation may thus lead to increased action potential firing, 
as observed in vivo (Gonon, 1997; West and Grace, 2002).

The effects of D2 receptor activation are more speculative 
at present, but essentially seem to be the reverse of the effects 
for the D1 receptor. Decreasing IKir (Uchimura and North, 
1990) would be expected to decrease the stability of the 
Down state. Although an increase of INa (Surmeier and Kitai, 
1997) would increase the excitability of cells in the Up state, 
this effect may be opposed by an increase in IAs and decrease 
in L-type Ca channels leading to a delay in firing.

III.  Anatomical connectivity of the 
striatal skeleton

The synapses formed by the local axon collaterals of the 
MSNs have the appearance of inhibitory synapses, with 
symmetrical synaptic densities and large pleomorphic vesi-
cles (Wilson and Groves, 1980). Some variability has been 
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Figure 5.4  Lateral synaptic transmission between MSNs. (A) Average postsynaptic potential in response to 200 presynaptic spikes in a MSN at three 
different steady-state resting potentials. Note reversal of the response towards spike threshold (sharp-intracellullar recordings; reproduced from Tunstall 
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gle spikes of the presynaptic neuron. Overplot of three responses each. Reciprocally connected pair of MSNs. (B,C: reproduced from Czubyako and Plenz, 
2002). (D) Synaptic depression of the MSN to MSN synaptic connection during prolonged, precisely timed spike bursts in the presynaptic neuron. Voltage-
clamp analysis of inhibitory postsynaptic currents (IPSC). Bottom: average IPSC current as a function of spike rank (reproduced from Koos et al., 2004).
reported in the proportion of striatal neurons that stain posi-
tively for glutamate decarboxylase (GAD), the synthesizing 
enzyme for GABA (Bolam et al., 1985; Kubota et al., 1987; 
Kita and Kitai, 1988). When conditions are optimized for 
detection of GAD, however, the great majority (80%) of 
neurons with the morphological characteristics of MSNs stain 
positively for GAD (Kita, 1993). It has also been shown that 
GAD-positive boutons form synapses with the cell body and 
dendritic shafts of neurones identified as projection neurones 
by retrograde labeling from the substantia nigra (Aronin et al., 
1986). Finally, immunohistochemical staining for GABA has 
identified numerous synapses between GABA-positive bou-
tons and similarly staining dendrites (Pasik et al., 1988). Thus, 
the input to MSNs from other MSNs is GABAergic.

The striatopallidal and striatonigral terminations of 
the main axon have been known for some time to use the 
inhibitory neurotransmitter GABA (Precht and Yoshida, 
1971; Yoshida and Precht, 1971) and produce inhibitory 
effects in the target nuclei (see also Chapter 13). It has, 
therefore, seemed probable that the local axon collaterals 
of MSNs should also be inhibitory.

A.  Quantitative Neuroanatomical 
Consideration of Local Connectivity

Two-dimensional drawings of MSNs make it seem inevi-
table that the extensive axon collaterals of a MSN would 
make synaptic contacts where they overlap with the den-
drites of other nearby MSNs (see Fig. 5.1). This appearance 
in two-dimensional projections can be deceptive because a 
dense arborization in two dimensional projections is in real-
ity a relatively sparse distribution of fibers when the axons 
and dendrites are opened out in three dimensions. This can 
be illustrated by estimates of the probability of connections 
based on realistic values of synapse density, extent of axonal 
and dendritic spread, and the volume of the region of overlap. 
The probability of a synapse between the local axonal collat-
erals of one MSN and the dendrites of another MSN located 
at a certain distance from the first can be estimated using sta-
tistical arguments. The probability of synaptic contact as a 
function of distance between somata can be calculated from 
the volume of the solid formed by the intersection of two 
spheres representing the dendritic and axonal arborizations 
of the respective neurons (Braitenberg and Schüz, 1991; 
Wickens and Oorschot, 2000). The number of postsynaptic 
sites in the volume that belong to the neuron in question (j), 
and the total number of synaptic sites in the volume (n) are 
calculated, and from this the fraction of the postsynaptic sites 
belonging to the receiving neuron is calculated. This gives 
the probability (p) that a postsynaptic site chosen at random 
will belong to the postsynaptic neuron (p  j/n). The number 
of contacts made in the same volume by the presynaptic neu-
ron (k) is similarly determined. Finally, the probability of 
the presynaptic neuron making one, two or more synapses 
with the postsynaptic neuron is calculated from the cumula-
tive hypergeometric distribution with parameters j, k and n 
(Wickens and Miller, 1997). Quantitative neuroanatomical 
studies have provided values for these parameters.
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Ingham et al. (1998) determined a density of 0.91 m–3 
synapses in the rat striatum and estimated that symmetri-
cal synapses account for about 20% of the total number 
of synapses. The other sources of symmetrical synapses 
include GABA /parvalbumin, somatostatin and cholinergic 
interneurons, and dopaminergic afferents which are also 
predominantly of the symmetrical type. The proportion of 
symmetrical synapses that come from MSNs can be esti-
mated to be about 1 in 6 (Wilson, 2000). Using these val-
ues, the number of synapses of MSNs per unit volume is on 
the order of 0.038 m–3. The proportion of the synapses that 
belong to each individual neuron, on average, can be calcu-
lated from the density of medium-sized somata. According 
to Oorschot (1996) this number is 84,900 mm–3. From these 
values the average number of postsynaptic sites from one 
MSN is estimated as 448. Independent verification of these 
estimates is provided by counts of varicosities of identi-
fied striatonigral neurons in brain slices (Lee et al., 1997) 
that showed on average 749 synaptic boutons per cell (in a 
sample of five cells), and a sample of these studied by elec-
tron microscopy, confirmed that about 80% were involved 
in synaptic contacts. Based on this proportion, we can esti-
mate 595 synapses per striatal cell, in good agreement with 
the estimate derived from quantitative neuroanatomy. Using 
these values the estimated probability of a synapse between 
the axons and dendrites of immediately adjacent neurons is 
p  0.146 (assuming 448 synapses per cell and the diameter 
of the dendritic and axonal arborizations both to be 400 m). 
It is important to note, however, that this value decreases 
rapidly with increasing distance between the neurons.

Paired recordings provide an independent experimen-
tal estimate of the probability of a connection. Using dual 
intracellular recording, Tunstall et al. (2002) found nine con-
nected cells in a sample of 45 pairs of MSNs, corresponding 
to a probability of 0.1. With improved sensitivity for detecting 
a connection, we have recently detected 56 connected cells 
in a sample of 194 pairs (p  0.14) of MSNs of which four 
were bidirectional (Shindou et al., 2005). These measures are 
in agreement with those obtained using similar techniques in 
other labs. In the ventral striatum, Taverna et al. (2004) found 
13 connections in a sample of 38 pairs, corresponding to a 
probability of p  0.17. Koos et al. (2004) found 39 connec-
tions in a sample of 325 pairs that were studied in one direc-
tion only, corresponding to a probability of p  0.12. Venance 
et al. (2004) detected connections in 5/50 pairs in horizontally 
cut brain slices, and 7/22 pairs in sagittal slices, correspond-
ing to unidirectional probabilities of p  0.05 and p  0.16, 
respectively. Of course, the probabilities cited above are likely 
to be an underestimate, due to the proximity of the cells to the 
cut surface, and that on average about 50% of the axonal and 
dendritic arborisations will be superficial to the recorded cell. 
For comparison, in organotypic slice cultures, where centrally 
located MSNs mature within a block of 500 m thick stria-
tum taken early during postnatal development, the connection 
probability of very close MSNs is about p  0.25, providing 
an upper bound of connectivity in three dimensions (Czubayko 
and Plenz, 2002; Gustafson et al., 2006). Importantly, the esti-
mates of synaptic connectivity given above all assume that the 
MSNs show no preference for particular target neurons.

The model, which is based on the assumption of a 
uniform distribution of synaptic contacts, predicts that 
multiple synaptic contacts between pairs of MSNs are 
highly improbable. To date there have been two anatomi-
cal reports of multiple synaptic contacts between the axon 
of one probable MSN and a single postsynaptic MSN 
(Wilson and Groves, 1980; Somogyi et al., 1982). These 
observations provide evidence that the MSNs may show 
a preference for making synaptic contact with particu-
lar postsynaptic MSNs. Such selectivity would have the 
effect of lowering the probability of a synaptic connection 
between a randomly chosen pair of neurons even further.

Paired-recordings also suggest connections between stria-
tonigral and striatopallidal MSNs to be fewer than expected 
by chance, to contain fewer GABAA -receptors and to be satu-
rated at physiological conditions leading to an overall 50% 
smaller GABAergic input compared to those of connections 
between striatopallidal MSNs (Ade et al., 2008; Taverna et al., 
2008). Such asymmetries in lateral connectivities need to be 
incorporated in future models of the striatal skeleton.

IV.  Synaptic Physiology of Lateral 
Interactions

A fast synaptic transmission that utilizes the neurotrans-
mitter GABA dominates the interaction between MSNs. 
At the electron microscopic level, MSN synapses reveal 
the typical morphology of an inhibitory synapse with sym-
metrical pre- and postsynaptic densities and small vesicles 
(Somogyi et al., 1981). These synapses predominantly 
contact the dendritic shaft (40%) and spine necks (50%) of 
other MSNs, as well as the cell body (10%) (Wilson and 
Groves, 1980) suggesting their dominant influence in den-
dritic processing (Plenz, 2003; Wilson, 2007). Their remote 
location from the soma in conjunction with the strong 
anomalous rectification at the resting membrane potential, 
might be responsible why this connection escaped early 
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attempts of electrophysiological identification (Jaeger  
et al., 1994). Almost a decade later, with the introduc-
tion of stable paired recording techniques that allowed for 
extensive spike-triggered averaging (Fig. 5.4A; Tunstall  
et al., 2002) and visually identified whole-cell patch record-
ings from nearby identified MSNs (Fig. 5.4B,C; Czubayko 
and Plenz, 2002), the functional existence of this inhibi-
tory synapse was confirmed for the dorsal striatum of the 
rat. Advanced statistical analysis and rigorous comparison 
with GABAergic synapses formed by fast spiking interneu-
rons on MSNs (Koos et al., 2004; Gustafson et al., 2006) 
robustly established that MSN-MSN connections represent 
a standard inhibitory synapse with an average conductivity, 
a fast rise and decay constant, few multiple release sites, 
and average failure probability. Similar results were found 
for MSN connections in the nucleus accumbens (Taverna 
et al., 2004; Venance et al., 2004).

The sensitivity to the GABAA antagonists bicuculline 
and picrotoxin identified the MSN-MSN connection phar-
macologically as an inhibitory synapse. However, whether 
the synapse solely functions inhibitory in regulation of MSN 
excitability has been hotly debated. Both Cl– as well as HCO3 
ions act as carriers for GABAA channels under physiological 
conditions (Farrant and Kaila, 2007) and their gradients are 
easily disturbed under standard intracellular recording con-
ditions. Recent perforated-patch recordings that maintained 
the intracellular [Cl–] of MSNs, located the reversal poten-
tial for the MSN-MSN connection between –60 and –45 mV  
(Fig. 5.4A; Koos et al., 2004; Bracci and Panzeri, 2006; 
Gustafson et al., 2006). The position of the reversal potential, 
more positive than the resting membrane potential, but nev-
ertheless below action potential threshold, suggests diverse 
functional scenarios for this synapse in the context of den-
dritic integration and corticostriatal plasticity (see below).

MSNs often fire bursts of action potentials in vivo, 
which was suggested as a mechanism to increase infor-
mation transmission in the face of unreliable synapses 
(see Fig. 5.3B; Lisman, 1997). The short-term plasticity 
for MSN-MSN postsynaptic currents displays significant 
postsynaptic depression of up to 60% during prolonged 
trains of action potentials (Fig. 5.4D; Koos et al., 2004; 
Tecuapetla et al., 2007) and so do postsynaptic potentials 
under physiological conditions even for high frequency 
bursts (Gustafson et al., 2006). The depression is slightly 
stronger than that reported for FS→MSN connections 
(Koos et al., 2004; Gustafson et al., 2006; Tecuapetla et al., 
2007). The short-term plasticity is under robust neuromod-
ulatory control of dopamine, somatostatin, and adenosine. 
Whereas D1 receptor activation enhances the short-term 
depression, D2 receptor stimulation decreases short-term 
depression (Tecuapetla et al., 2007). Thus, dopamine 
release in the striatum would favor burst transmission for 
striatopallidal neurons and support precisely timed synap-
tic transmission for striatonigral neurons, given the seg-
regation of D1 and D2 receptors between the direct and 
indirect pathways (Gerfen et al., 1995; Surmeier et al., 
1996). Of the four adenosine receptor subtypes, the A2A 
receptor is highly expressed in the striatum, particularly 
on striatopallidal neurons (Dixon et al., 1996; Rosin et al., 
2003) and its activation facilitates MSN to MSN synaptic 
transmission (Shindou et al., 2008). Equally, somatostatin 
released by striatal interneurons changes synaptic transmis-
sion between MSNs by acting presynaptically on GABAA 
terminals (Lopez-Huerta et al., 2008).

A second mode of interaction in the striatal skeleton has 
been established by the identification of electrical synapses 
between MSNs. The dye Lucifer Yellow, when injected intra-
cellularly into one MSN, was found in numerous neighboring 
MSNs of the nucleus accumbens in vitro and in vivo, particu-
larly in young tissue (Cepeda et al., 1989; Walsh et al., 1989; 
Onn and Grace, 1994). The selective spread to MSNs and its 
modulation by dopamine (O’Donnell and Grace, 1993), sug-
gested the presence of gap-junctions between MSNs. Since 
then, smaller molecules such as biocytin have been shown 
to diffuse into neighboring MSNs from individually patched 
MSN (Venance et al., 2004). Although the presence of con-
nexin36, which is responsible for the formation of electrical 
synapses, has been demonstrated in rat striatum (Venance  
et al., 2004), ultimately, precisely controlled paired whole-cell 
patch recordings were required to unequivocally demonstrate 
the presence of electrical synapses between MSNs in acute 
slices of rat striatum (Czubayko and Plenz, 2002; Venance 
et al., 2004). These electrical synapse are more frequent in 
young striatal tissue, reveal mostly symmetrical coupling 
with a mean coupling coefficient of 3% and act as low-pass 
filters (5 Hz) (Venance et al., 2004). In the absence of excit-
atory local connections, the formation of spatial clusters of 
electrically coupled MSNs early during striatal development 
could act as a cooperative mechanism to bind spatially neigh-
bored neurons into similar functional operations.

V.  Functional implications, models 
and outlook

Historically, the striatal skeleton has been interpreted as a 
winner-take-all network, in which the most active MSN  
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suppresses all neighbors (Wilson and Groves, 1980; Wickens 
et al., 1991). The lateral inhibition by reducing the number of 
neurons active at any given input favorably increases memory 
capacity for pattern recognition (Wilson, 2007). The dynam-
ics, however, would require an all to all connectivity with 
high synaptic conductances (Maass, 2000). A more realistic 
simulation of the striatal skeleton that takes into account con-
nection probabilities as well as synaptic physiologies leads 
to a striatal skeleton that is dominated by sparse, asymmetric 
connections of moderate strength and which excludes a win-
ner-take-all dynamics. The skeleton, nevertheless, produces 
significant recurrent inhibition of striatal activity under physi-
ological cortical input conditions (Wickens et al., 2007). It 
is likely to favor a winner-share-all dynamics (Fukai and 
Tanaka, 1997) that effectively maps input strength differences 
into output differences and it supports the idea of input selec-
tion among alternatives (Wickens et al., 1991).

These functional considerations in the previous paragraph 
view the striatum as an equilibrium steady-state input/output 
network. On the other hand, the dominance of asymmetric 
lateral interactions and the particular dynamics of its lateral 
connections suggest alternative, not mutually exclusive, func-
tional views. First, asymmetric lateral inhibition has been 
established as the prototype for strengthening delayed, i.e., 
sequential inputs (Poggio and Reichardt, 1973; Plenz and 
Aertsen, 1994). Second, temporal shifts in the action potential 
occurrence in response to lateral inhibition might effectively 
control striatal plasticity that relies on spike-timing dependent 
plasticity during Up states (Fig. 5.4; Kerr and Plenz, 2002; 
Kerr and Plenz, 2004; Pawlak and Kerr, 2008). Third, preced-
ing depolarizing GABA MSN input has been shown to facili-
tate or delay evoked suprathreshold action potential generation 
(Bracci and Panzeri, 2006; Gustafson et al., 2006). When 
viewed in this framework, lateral inhibition in the striatal skel-
eton would contribute to the learning of corticostriatal associa-
tions, rather than to the acute selection process of a particular 
action among alternatives.

Acknowledgment

D.P. was supported by the Intramural Research Program of 
the NIMH. J.R. Wickens was funded by OIST, Japan.

References

Ade KK, Janssen MJ, Ortinski PI, Vicini S (2008) Differential tonic 
GABA conductances in striatal medium spiny neurons. J Neurosci 
28:1185–1197.
Alexander GE (1987) Selective neuronal discharge in monkey putamen 
reflects intended direction of planned limb movements. Exp Brain 
Res 67:623–634.

Arbuthnott GW, MacLeod N, Rutherford A (1985) The rat cortico-striatal 
pathway in vitro. J Physiology (London) 367:102P.

Aronin N, Chase K, DiFiglia M (1986) Glutamic acid decarboxylase and 
enkephalin immunoreactive axon terminals in the rat neostriatum 
synapse with striatonigral neurons. Brain Res 365:151–158.

Bargas J, Galarraga E, Aceves J (1989) An early outward conductance 
modulates the firing latency and frequency of neostriatal neurons of 
the rat brain. Exp Brain Res 75:146–156.

Bargas J, Surmeier DJ, Kitai ST (1991) High- and low-voltage activated 
calcium currents are expressed by neurons cultured from embryonic 
rat neostriatum. Brain Res 541:70–74.

Bargas J, Howe A, Eberwine J, Cao Y, Surmeier DJ (1994) Cellular and 
molecular characterization of Ca2 currents in acutely isolated, adult 
rat neostriatal neurons. J Neurosci 14:6667–6686.

Bolam JP, Powell JF, Wu J-Y, Smith AD (1985) Glutamate decarboxylase-
immunoreactive structures in the rat neostriatum: A correlated light 
and electron microscopic study including a combination of Golgi-
impregnation with immunocytochemistry. J Comp Neurol 237:1–20.

Bolam JP, Bergman H, Graybiel A, Kimura M, Plenz D, Seung HS, 
Surmeier DJ, Wickens JR (2006) Molecules, microcircuits and moti-
vated behaviour: Microcircuits in the striatum. In: Microcircuits: 
the interface between neurons and global brain function. Dahlem 
Workshop Report 93 (Grillner S ed). Cambridge, MA: The MIT 
Press. 

Bracci E, Panzeri S (2006) Excitatory GABAergic effects in striatal pro-
jection neurons. J Neurophysiol 95:1285–1290.

Braitenberg V, Schüz A (1991) Anatomy of the cortex: Statistics and 
geometry. Berlin: Springer. 

Calabresi P, Misgeld U, Dodt HU (1987a) Intrinsic membrane properties 
of neostriatal neurons can account for their low level of spontaneous 
activity. Neuroscience 20:293–303.

Calabresi P, Benedetti M, Mercuri NB, Bernardi G (1988) Endogenous 
dopamine and dopaminergic agonists modulate synaptic excitation 
in neostriatum: Intracellular studies from naive and catecholamine-
depleted rats. Neuroscience 27:145–157.

Calabresi P, Pisani A, Mercuri NB, Bernardi G (1992) Long-term potentiation 
in the striatum is unmasked by removing the voltage-dependent magne-
sium block of NMDA receptor channels. Eur J Neurosci 4:929–935.

Calabresi P, Pisani A, Mercuri NB, Bernardi G (1996) The corticostriatal 
projection: From synaptic plasticity to dysfunctions of the basal gan-
glia. Trends Neurosci 19:19–24.

Calabresi P, Mercuri N, Stanzione P, Stefani A, Bernardi G (1987b) 
Intracellular studies on the dopamine-induced firing inhibition of 
neostriatal neurones in vitro: Evidence for D1 receptor involvement. 
Neuroscience 20:757–771.

Carter AG, Sabatini BL (2004) State-dependent calcium signaling in den-
dritic spines of striatal medium spiny neurons. Neuron 44:483–493.

Cepeda C, Walsh JP, Hull CD, Howard SG, Buchwald NA, Levine MS 
(1989) Dye-coupling in the neostriatum of the rat: I. Modulation by 
dopamine-depleting lesions. Synapse 4:229–237.

Czubayko U, Plenz D (2002) Fast synaptic transmission between striatal 
spiny projection neurons. Proc Natl Acad Sci USA 99:15764–15769.

Day M, Wokosin D, Plotkin JL, Tian X, Surmeier DJ (2008) Differential 
excitability and modulation of striatal medium spiny neuron den-
drites. J Neurosci 28:11603–11614.



Handbook of Basal Ganglia Structure and Function110
Day M, Wang Z, Ding J, et al. (2006) Selective elimination of glutamater-
gic synapses on striatopallidal neurons in Parkinson disease models. 
Nat Neurosci 9:251–259.

DiFiglia M, Pasik P, Pasik T (1976) A Golgi study of neuronal types in 
the neostriatum of monkeys. Brain Res 114:245–256.

Dixon AK, Gubitz AK, Sirinathsinghji DJ, Richardson PJ, Freeman TC 
(1996) Tissue distribution of adenosine receptor mRNAs in the rat. 
Br J Pharmacol 118:1461–1468.

Dube L, Smith AD, Bolam JP (1988) Identification of synaptic terminals 
of thalamic or cortical origin in contact with distinct medium-size 
spiny neurons in the rat neostriatum. J Comp Neurol 267:455–471.

Farrant M, Kaila K (2007) The cellular, molecular and ionic basis of 
GABA(A) receptor signalling. Prog Brain Res 160:59–87.

Fukai T, Tanaka S (1997) A simple neural network exhibiting selective 
activation of neuronal ensembles: from winner-take-all to winners-
share-all. Neural Comput 9:77–97.

Fino E, Glowinski J, Venance L (2005) Bidirectional activity-dependent 
plasticity at corticostriatal synapses. J Neurosci 25:11279–11287.

Gerfen CR (1984) The neostriatal mosaic: compartmentalization 
of corticostriatal input and striatonigral output systems. Nature 
311:461–464.

Gerfen CR, Young WS 3rd (1988) Distribution of striatonigral and striato-
pallidal peptidergic neurons in both patch and matrix compartments: 
an in situ hybridization histochemistry and fluorescent retrograde 
tracing study. Brain Res 460:161–167.

Gerfen, C.R., Wilson, C.J. (1996). The basal ganglia. In: Handbook of 
Chemical Neuroanatomy, Vol. 12, Integrated Systems of the CNS, p. 
III: cerebellum, basal ganglia, olfactory system pp. 371-468.

Gerfen CR, Keefe KA, Gauda EB (1995) D1 and D2 dopamine receptor 
function in the striatum: coactivation of D1- and D2-dopamine receptors 
on separate populations of neurons results in potentiated immediate early 
gene response in D1-containing neurons. J Neurosci 15:8167–8176.

Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, Monsma FJ Jr., 
Sibley DR (1990) D1 and D2 dopamine receptor-regulated gene expres-
sion of striatonigral and striatopallidal neurons. Science 250:1429–1432.

Gertler TS, Chan CS, Surmeier DJ (2008) Dichotomous anatomi-
cal properties of adult striatal medium spiny neurons. J Neurosci 
28:10814–10824.

Gong S, Zheng C, Doughty ML, et al. (2003) A gene expression atlas of 
the central nervous system based on bacterial artificial chromosomes. 
Nature 425:917–925.

Gonon F (1997) Prolonged and extrasynaptic excitatory action of dopa-
mine mediated by D1 receptors in the rat striatum in vivo. J Neurosci 
17:5972–5978.

Graybiel AM (1984) Correspondence between the dopamine islands and 
striosomes of the mammalian striatum. Neuroscience 13:1157–1187.

Gruber AJ, Solla SA, Surmeier JD, Houk JC (2003) Modulation of stria-
tal single units by expected reward: A spiny neuron model displaying 
dopamine-induced bistability. J Neurophysiol 90:1095–1114.

Gustafson N, Gireesh-Dharmaraj E, Czubayko U, Blackwell KT, Plenz D 
(2006) A comparative voltage and current-clamp analysis of feedback 
and feedforward synaptic transmission in the striatal microcircuit  
in vitro. J Neurophysiol 95:737–752.

Haber SN (2003) The primate basal ganglia: parallel and integrative net-
works. J Chem Neuroanat 26:317–330.

Hagiwara S, Takahashi K (1974) The anomalous rectification and cat-
ion selectivity of the membrane of a starfish egg cell. J Membr Biol 
18:61–80.
Heintz N (2001) BAC to the future: the use of bac transgenic mice for 
neuroscience research. Nat Rev Neurosci 2:861–870.

Hernandez-Lopez S, Bargas J, Surmeier DJ, Reyes A, Galarraga E (1997) 
D1 receptor activation enhances evoked discharge in neostriatal 
medium spiny neurons by modulating an L-type Ca2 conductance. 
J Neurosci 17:3334–3342.

Hernandez-Lopez S, Tkatch T, Perez-Garci E, Galarraga E, Bargas J, 
Hamm H, Surmeier DJ (2000) D2 dopamine receptors in striatal 
medium spiny neurons reduce L-type Ca2 currents and excitabil-
ity via a novel PLC[beta]1-IP3-calcineurin- signaling cascade. J 
Neurosci 20:8987–8995.

Herrling PL, Morris R, Salt TE (1983) Effects of excitatory amino acids 
and their antagonists on membrane and action potentials of cat cau-
date neurones. J Physiol 339:207–222.

Ingham CA, Hood SH, Taggart P, Arbuthnott GW (1998) Plasticity of 
synapses in the rat neostriatum after unilateral lesion of the nigros-
triatal dopaminergic pathway. J Neurosci 18:4732–4743.

Jaeger D, Kita H, Wilson CJ (1994) Surround inhibition among projection 
neurons is weak or nonexistent in the rat neostriatum. J Neurophysiol 
72:2555–2558.

Kawaguchi Y (1993) Physiological, morphological, and histochemical 
characterization of three classes of interneurons in rat neostriatum. J 
Neurosci 13:4908–4923.

Kawaguchi Y, Wilson CJ, Emson PC (1989) Intracellular recording of 
identified neostriatal patch and matrix spiny cells in a slice prepara-
tion preserving cortical inputs. J Neurophysiol 62:1052–1068.

Kawaguchi Y, Wilson CJ, Augood SJ, Emson PC (1995) Striatal interneu-
rones: chemical, physiological and morphological characterization. 
Trends Neurosci 18:527–535.

Kerr JN, Plenz D (2004) Action potential timing determines dendritic cal-
cium during striatal up-states. J Neurosci 24:877–885.

Kerr JND, Plenz D (2002) Dendritic calcium encodes striatal neuron out-
put during up-states. J Neurosci 22:1499–1512.

Kerr JN, Wickens JR (2001) Dopamine D-1/D-5 receptor activation is 
required for long-term potentiation in the rat neostriatum in vitro. J 
Neurophysiol 85:117–124.

Kimura M, Kato M, Shimazaki H (1990) Physiological properties of pro-
jection neurons in the monkey striatum to the globus pallidus. Exp 
Brain Res 82:672–676.

Kita H (1993) GABAergic circuits of the striatum. Prog Brain Res 
90:51–72.

Kita H (1996) Glutamatergic and GABAergic postsynaptic responses of 
striatal spiny neurons to intrastriatal and cortical stimulation recorded 
in slice preparations. Neuroscience 70:925–940.

Kita H, Kitai ST (1988) Glutamate decarboxylase immunoreactive neu-
rons in cat neostriatum: Their morphological types and populations. 
Brain Res 447:346–352.

Kitai ST, Surmeier DJ (1993) Cholinergic and dopaminergic modula-
tion of potassium conductances in neostriatal neurons. Adv Neurol 
60:40–52.

Koos T, Tepper JM (1999) Inhibitory control of neostriatal projection neu-
rons by GABAergic interneurons. Nat Neurosci 2:467–472.

Koos T, Tepper JM, Wilson CJ (2004) Comparison of IPSCs evoked 
by spiny and fast-spiking neurons in the neostriatum. J Neurosci 
24:7916–7922.

Kreitzer AC, Malenka RC (2007) Endocannabinoid-mediated rescue of 
striatal LTD and motor deficits in Parkinson’s disease models. Nature 
445:643–647.



111Chapter | 5  The Striatal Skeleton: Medium Spiny Projection Neurons and their Lateral Connections
Kubota Y, Mikawa S, Kawaguchi Y (1993) Neostriatal GABAergic 
interneurones contain NOS, calretinin or parvalbumin. Neuroreport 
5:205–208.

Kubota Y, Inagaki S, Shimada S, Kito S, Wu JY (1987) Glutamate decar-
boxylase-like immunoreactive neurons in the rat caudate putamen. 
Brain Res Bull 18:687–697.

Le Moine C, Bloch B (1995) D1 and D2 dopamine receptor gene 
expression in the rat striatum: sensitive cRNA probes demonstrate 
prominent segregation of D1 and D2 mRNAs in distinct neuro-
nal populations of the dorsal and ventral striatum. J Comp Neurol 
355:418–426.

Lee T, Kaneko T, Shigemoto R, Nomura S, Mizuno N (1997) Collateral 
projections from striatonigral neurons to substance P receptor-
expressing intrinsic neurons in the striatum of the rat. J Comp Neurol 
388:250–264.

Lisman JE (1997) Bursts as a unit of neural information: making unreli-
able synapses reliable. Trends in Neurosci 20:38–43.

Lopez-Huerta VG, Tecuapetla F, Guzman JN, Bargas J, Galarraga E 
(2008) Presynaptic modulation by somatostatin in the neostriatum. 
Neurochem Res 33:1452–1458.

Maass W (2000) On the computational power of winner-take-all. Neural 
Comput 12:2519–2535.

Mahon S, Vautrelle N, Pezard L, Slaght SJ, Deniau JM, Chouvet G, 
Charpier S (2006) Distinct patterns of striatal medium spiny neu-
ron activity during the natural sleep-wake cycle. J Neurosci 
26:12587–12595.

McGeorge AJ, Faull RL (1989) The organisation of the projections 
from the cerebral cortex to the striatum in the rat. Neuroscience 
29:503–537.

Mermelstein PG, Foehring RC, Tkatch T, Song WJ, Baranauskas G, 
Surmeier DJ (1999) Properties of Q-type calcium channels in neo-
striatal and cortical neurons are correlated with beta subunit expres-
sion. J Neurosci 19:7268–7277.

Nauta NJW, Pritz MB, Lasek RJ (1974) Afferents to the rat striatum stud-
ied with horseradish peroxidase. An evaluation of a retrograde neuro-
anatomical research method. Brain Res 67:219–238.

Nisenbaum ES, Wilson CJ (1995a) Potassium currents responsible for 
inward and outward rectification in rat neostriatal spiny projection 
neurons. J Neurosci 15:4449–4463.

Nisenbaum ES, Wilson CJ (1995b) The role of potassium currents in the 
subthreshold responses of neostriatal spiny projection neurons. In: 
Molecular and Cellular Mechanisms of Neostriatal Function (Ariano 
MA, Surmeier DJ, eds), pp. 165–181: R.G. Landes Company. 

Nisenbaum ES, Xu ZC, Wilson CJ (1994) Contribution of a slowly inacti-
vating potassium current to the transition to firing of neostriatal spiny 
projection neurons. J Neurophysiol 71:1174–1189.

O’Donnell P, Grace AA (1993) Physiological and morphological proper-
ties of accumbens core and shell neurons recorded in vitro. Synapse 
13:135–160.

Onn SP, Grace AA (1994) Dye coupling between rat striatal neurons 
recorded in vivo: compartmental organization and modulation by 
dopamine. J Neurophysiol 71:1917–1934.

Oorschot DE (1996) Total number of neurons in the neostriatal, pallidal, 
subthalamic, and substantia nigral nuclei of the rat basal ganglia: A 
stereological study using the Cavalieri and optical dissector methods. 
J Comp Neurol 366:580–599.

Oorschot DE, Tunstall MJ, Wickens JR (2002) Local connectivity 
between striatal spiny projection neurons: A re-evaluation. In: Basal 
Ganglia VII (Nicholson L, Faull RLM, eds), pp. 421–434. New York: 
Plenum Press. 

Pasik P, Pasik T, Holstein G, Hamori J (1988) GABAergic elements in 
the neuronal circuits of the monkey neostriatum: A light and electron 
microscopic immunocytochemical study. J Comp Neurol 270:157–170.

Pawlak V, Kerr JN (2008) Dopamine receptor activation is required 
for corticostriatal spike-timing-dependent plasticity. J Neurosci 
28:2435–2446.

Plenz D (2003) When inhibition goes incognito: feedback interac-
tion between spiny projection neurons in striatal function. Trends 
Neurosci 26:436–443.

Plenz D, Aertsen A (1994) The basal ganglia: Minimal coherence detec-
tion in cortical activity distributions. In: The Basal Gaglia V. New 
ideas and data on structure and function (Percheron G, McKenzie JS, 
Feger E, eds). New York: Plenum. 

Plenz D, Aertsen A (1996) Neural dynamics in cortex-striatum  
co-cultures – II. Spatiotemporal characteristics of neuronal activity. 
Neuroscience 70:893–924.

Poggio T, Reichardt W (1973) Considerations on models of movement 
detection. Kybernetik 13:223–227.

Pomata PE, Belluscio MA, Riquelme LA, Murer MG (2008) NMDA recep-
tor gating of information flow through the striatum in vivo. J Neurosci 
28:13384–13389.

Precht W, Yoshida M (1971) Blockage of caudate-evoked inhibition of 
neurons in the substantia nigra by picrotoxin. Brain Res 32:229–233.

Reynolds JNJ, Hyland BI, Wickens JR (2001) A cellular mechanism of 
reward-related learning. Nature 413:67–70.

Rosin DL, Hettinger BD, Lee A, Linden J (2003) Anatomy of adenosine 
A2A receptors in brain: morphological substrates for integration of 
striatal function. Neurology 61:S12–S18.

Schiffmann SN, Lledo PM, Vincent JD (1995) Dopamine D1 receptor 
modulates the voltage-gated sodium current in rat striatal neurones 
through a protein kinase A. J Physiol 483:95–107.

Schiffmann SN, Desdouits F, Menu R, Greengard P, Vincent JD, 
Vanderhaeghen JJ, Girault JA (1998) Modulation of the voltage-gated 
sodium current in rat striatal neurons by DARPP-32, an inhibitor of 
protein phosphatase. Eur J Neurosci 10:1312–1320.

Schroder KF, Hopf A, Lange H, Thorner G (1975) Morphometrisch-statis-
tische Strukturanalysen des Striatum, Pallidum und Nucleus subthal-
amacus beim Menschen. I Striatum. J Hirnforsch 16:333–350.

Schultz W, Romo R (1988) Neuronal activity in the monkey striatum dur-
ing the initiation of movements. Exp Brain Res 71:431–436.

Shen W, Flajolet M, Greengard P, Surmeier DJ (2008) Dichotomous dopa-
minergic control of striatal synaptic plasticity. Science 321:848–851.

Shindou T, Arbuthnott GW, Wickens JR (2008) Actions of Adenosine 
A2A Receptors on Synaptic Connections of Spiny Projection Neurons 
in the Neostriatal Inhibitory Network. J Neurophysiol 99:1884–1889.

Shindou T, Ochi-Shindou M, Arbuthnott GW, Wickens JR (2005) Adenosine 
A2A receptor-mediated modulation of fast-spiking interneurons in the 
striatum. In: Society for Neuroscience. Washington, DC.

Somogyi JP, Bolam JP, Smith AD (1981) Monosynaptic cortical input 
and local axon collaterals of identified striatonigral neurons. A light 
and electron microscope study using the Golgi-peroxidase transport 
degeneration procedure. J Comp Neurol 195:567–584.

Somogyi P, Priestley JV, Cuello AC, Smith AD, Takagi H (1982) Synaptic 
connections of enkephalin-immunoreactive nerve terminals in the 
neostriatum: a correlated light and electron microscopic study.  
J Neurocytol 11:779–807.



Handbook of Basal Ganglia Structure and Function112
Stern EA, Kincaid AE, Wilson CJ (1997) Spontaneous subthreshold mem-
brane potential fluctuations and action potential variability of rat corti-
costriatal and striatal neurons in vivo. J Neurophysiol 77:1697–1715.

Stern EA, Jaeger D, Wilson CJ (1998) Membrane potential synchrony 
of simultaneously recorded striatal spiny neurons in vivo. Nature 
394:475–478.

Surmeier DJ, Kitai ST (1993) D1 and D2 dopamine receptor modulation 
of sodium and potassium currents in rat neostriatal neurons. Prog 
Brain Res 99:309–324.

Surmeier DJ, Kitai ST (1997) State-dependent regulation of neuronal 
excitability by dopamine. Nihon Shinkei Seishin Yakurigaku Zasshi 
17:105–110.

Surmeier DJ, Song WJ, Yan Z (1996) Coordinated expression of dopamine 
receptors in neostriatal medium spiny neurons. J Neurosci 16:6579–6591.

Surmeier DJ, Bargas J, Hemmings HC Jr, Nairn AC, Greengard P (1995) 
Modulation of calcium currents by a D1 dopaminergic protein kinase/
phosphatase cascade in rat neostriatal neurons. Neuron 14:385–397.

Surmeier DJ, Eberwine J, Wilson CJ, Cao Y, Stefani A, Kitai ST (1992a) 
Dopamine receptor subtypes colocalize in rat striatonigral neurons. 
Proc Natl Acad Sci USA 89:10178–10182.

Taverna S, Ilijic E, Surmeier DJ (2008) Recurrent collateral connec-
tions of striatal medium spiny neurons are disrupted in models of 
Parkinson’s disease. J Neurosci 28:5504–5512.

Taverna S, van Dongen YC, Groenewegen HJ, Pennartz CM (2004) Direct 
physiological evidence for synaptic connectivity between medium-
sized spiny neurons in rat nucleus accumbens in situ. J Neurophysiol 
91:1111–1121.

Tecuapetla F, Carrillo-Reid L, Bargas J, Galarraga E (2007) Dopaminergic 
modulation of short-term synaptic plasticity at striatal inhibitory syn-
apses. Proc Natl Acad Sci USA 104:10258–10263.

Tepper JM, Koos T, Wilson CJ (2004) GABAergic microcircuits in the 
neostriatum. Trends Neurosci 27:662–669.

Tunstall MJ, Oorschot DE, Kean A, Wickens JR (2002) Inhibitory 
interactions between spiny projection neurons in the rat striatum.  
J Neurophysiol 88:1263–1269.

Uchimura N, North RA (1990) Actions of cocaine on rat nucleus accum-
bens neurones in vitro. Br J Pharmacol 99:736–740.

Uchimura N, Cherubini E, North RA (1989) Inward rectification in rat 
nucleus accumbens neurons. J Neurophysiol 62:1280–1286.

Venance L, Glowinski J, Giaume C (2004) Electrical and chemical trans-
mission between striatal GABAergic output neurones in rat brain 
slices. J Physiol 559:215–230.

Voorn P, Vanderschuren LJ, Groenewegen HJ, Robbins TW, Pennartz CM 
(2004) Putting a spin on the dorsal-ventral divide of the striatum. 
Trends Neurosci 27:468–474.

Walsh JP, Cepeda C, Hull CD, Fisher RS, Levine MS, Buchwald NA 
(1989) Dye-coupling in the neostriatum of the rat: II. Decreased cou-
pling between neurons during development. Synapse 4:238–247.

West AR, Grace AA (2002) Opposite influences of endogenous dopamine 
D1 and D2 receptor activation on activity states and electrophysiolog-
ical properties of striatal neurons: studies combining in vivo intracel-
lular recordings and reverse microdialysis. J Neurosci 22:294–304.

Wickens JR, Miller R (1997) A formalisation of the neural assem-
bly concept: 1. Constraints on neural assembly size. Biol Cybern 
77:351–358.

Wickens JR, Wilson CJ (1998) Regulation of action potential firing 
in spiny neurons of the rat neostriatum, in vivo. J Neurophysiol 

79:2358–2364.
Wickens JR, Oorschot DE (2000) Neural dynamics and surround inhibi-
tion in the neostriatum: A possible connection. In: Brain Dynamics 
and the Striatal Complex (Miller R, Wickens JR, eds), pp. 141–150. 
Reading: Gordon and Breach. 

Wickens JR, Alexander ME, Miller R (1991) Two dynamic modes of stri-
atal function under dopaminergic-cholinergic control: simulation and 
analysis of a model. Synapse 8:1–12.

Wickens JR, Arbuthnott GW, Shindou T (2007) Simulation of GABA 
function in the basal ganglia: computational models of GABAergic 
mechanisms in basal ganglia function. Prog Brain Res 160:313–329.

Wickens JR (2009) Synaptic plasticity in the basal ganglia. Behav Brain 
Res 199:119–128.

Wilson CJ (1984) Passive cable properties of dendritic spines and spiny 
neurons. J Neurosci 4:281–297.

Wilson CJ (1986) Postsynaptic potentials evoked in spiny neostriatal pro-
jection neurons by stimulation of ipsilateral and contralateral neocor-
tex. Brain Res 367:201–213.

Wilson CJ (1992) Dendritic morphology, inward rectification, and the 
functional properties of neostriatal neurons. In: Single Neuron 
Computation (McKenna T, Davis J, Zornetzer SF, eds), pp. 141–171. 
Academic Press: San Diego. 

Wilson CJ (1993) The generation of natural firing patterns in neostriatal 
neurons. Prog Brain Res 99:277–297.

Wilson CJ (1994) Understanding the neostriatal microcircuitry: high-volt-
age electron microscopy. Microsc Res Tech 29:368–380.

Wilson CJ (1995a) The contribution of cortical neurons to the firing pat-
tern of striatal spiny neurons. In: Models of Information Processing in 
the Basal Ganglia (Houk JC, Davis JL, Beiser DG, eds), pp. 187–214: 
MIT Press. 

Wilson CJ (1995b) Dynamic modification of dendritic cable properties and 
synaptic transmission by voltage-gated potassium channels. J Comp 
Neurosci 2:91–115.

Wilson CJ (2000) Striatal circuitry: Categorically selective, or selectively 
categorical? In: Brain Dynamics and the Striatal Complex (Miller R, 
Wickens J, eds), pp. 289-305

Wilson CJ (2007) GABAergic inhibition in the neostriatum. Prog Brain 
Res 160:91–110.

Wilson CJ, Groves PM (1980) Fine structure and synaptic connection of 
the common spiny neuron of the rat neostriatum: A study employ-
ing intracellular injection of horseradish peroxidase. J Comp Neurol 
194:599–615.

Wilson CJ, Groves PM (1981) Spontaneous firing patterns of identified 
spiny neurons in the rat neostriatum. Brain Res 220:67–80.

Wilson CJ, Kawaguchi Y (1996) The origins of two-state spontaneous mem-
brane potential fluctuations of neostriatal spiny neurons. J Neurosci 
16:2397–2410.

Wilson CJ, Chang HT, Kitai ST (1983a) Disfacilitation and long-lasting 
inhibition of neostriatal neurons in the rat. Exp Brain Res 51:227–235.

Wilson CJ, Groves PM, Kitai ST, Linder JC (1983b) Three-dimensional  
structure of dendritic spines in the rat neostriatum. J Neurosci 
3:383–388.

Wolf JA, Moyer JT, Lazarewicz MT, Contreras D, Benoit-Marand M, 
O’Donnell P, Finkel LH (2005) NMDA/AMPA ratio impacts state 
transitions and entrainment to oscillations in a computational model of 
the nucleus accumbens medium spiny projection neuron. J Neurosci 
25:9080–9095.

Yoshida M, Precht W (1971) Monosynaptic inhibition of neurons of sub-
stanita nigra by caudatonigral fibres. Brain Res 32:225–228.



D1 and D2 Dopamine Receptor 
Modulation of Glutamatergic Signaling in 
Striatal Medium Spiny Neurons

Chapter 6

D. James Surmeier, Michelle Day, Tracy Gertler, Savio Chan and Weixing Shen
Department of Physiology, Feinberg School of Medicine, Northwestern University, Chicago, IL, USA
I.  Introduction
II.  the “classical” Model of 

dopaminergic Modulation
III.  Modulation of Intrinsic 

Excitability and Glutamatergic 
Signaling by D1 Receptors
Box 6.1: D1 and D2 MSNs Differ 

in Dendritic Morphology
IV.	 Modulation of Intrinsic 
Excitability and Glutamatergic 
Signaling by D2 Receptors

V.	D opaminergic Modulation of 
Long-Term Synaptic Plasticity
Box 6.2: MSN Dendrites are Active

VI.	T he Indirect Players – Striatal 
Interneurons
VII.	D opaminergic Modulation of 
Glutamatergic Signaling in 
Parkinson’s Disease

VIII.	 Functional Implications for the 
Pathophysiology in Parkinson’s 
Disease

IX.	C oncluding Remarks
	R eferences
Handbook of Basal Ganglia Structure and Function
Copyright © 2010 Elsevier B.V. All rights reserved.2010

I.  Introduction

Dopamine (DA) has long been known to be a critical mod-
ulator of striatal processing of cortical and thalamic signals 
carried by glutamatergic synapses on the principal neu-
rons of the striatum – medium spiny neurons (MSNs). DA 
regulation of these neurons is important for a wide array 
of psychomotor functions ascribed to the basal ganglia 
such as habit learning and the control of serial movement 
(Albin et al., 1989; Wickens et al., 2003; Schultz, 2006). 
In spite of its significance, an understanding of the physi-
ological principles underlying MSN regulation has devel-
oped slowly (see also Chapter 5). When I started thinking 
about DA effects in the striatum some 20 years ago, Steve 
Kitai asked me a very simple question: “Is DA excitatory 
or inhibitory?” The conceptual framework of the question 
was built from classical synaptic transmission building  
113

blocks. We know now that this is wrong and that DA 
modulates cellular function not through ionotropic recep-
tors that allow depolarizing (excitatory) or hyperpolarizing 
(inhibitory) current through them, but by activating through 
G-protein coupled receptors that change the way neurons 
respond to external signals, like the release of glutamate.

Another major obstacle to unraveling the DA puzzle in 
the striatum has been the lack of homogeneity in the MSN 
class; there are at least two major subsets of MSNs that 
differ in their expression of DA receptors (Gerfen, 1992; 
Surmeier et al., 1996) (see also Chapter 1). These subsets 
cannot be readily identified on the basis of their somato-
dendritic morphology or electrophysiological properties. 
Moreover, both cell types are imbedded in a rich neuro-
nal network involving both MSNs and interneurons that 
is modulated by DA. This has made it extremely difficult 
to sort out what DA is doing directly and what it is doing 
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indirectly through effects on network properties. The recent 
development of mouse lines in which neurons “report” 
their expression of D1 or D2 receptors by co-expressing 
enhanced green fluorescent protein (EGFP) promises to 
accelerate our pace of discovery. Another obstacle is that 
DA receptors are primarily found in dendrites that are 
inaccessible with electrodes (the principal tool of elec-
trophysiologists), making direct study of their actions on 
glutamatergic signaling and dendritic excitability difficult. 
Optical techniques, like two photon laser scanning micros-
copy (2PLSM), are giving us access to these regions, and 
providing fundamental new insights into their physiology 
and modulation by DA.

This review largely focuses on what is known about 
how DA modulates postsynaptic properties that influence 
glutamatergic synaptic events and their integration by 
MSNs in the dorsal striatum. Only the actions of the prin-
cipal DA receptors in this region (D1, D2 receptors) will be 
discussed. Even with this rather narrow focus, it is impos-
sible to faithfully summarize what has become an enor-
mous literature in the last decade. The reader is referred to 
several other recent reviews (Nicola et al., 2000; Surmeier, 
2004; Arbuthnott and Wickens, 2006). Moreover, there 
is a rich literature characterizing the impact of glutamate 
on DA neurons and DA release that will not be addressed 
(Morari et al., 1998; David et al., 2005).

II.  The “Classical” model of 
dopaminergic modulation

The now “classical” model of how DA shapes striatal activ-
ity was advanced almost two decades ago by Albin, Young, 
and Penny (Albin et al., 1989). In this model, D1 recep-
tors excite MSNs of the “direct” striatonigral pathway, 
whereas D2 receptors inhibit MSNs of the “indirect” stri-
atopallidal pathway. These were envisioned as acute, read-
ily reversible effects. The evidence for this model stemmed 
almost entirely from indirect measures of neuronal activ-
ity (e.g., alterations in gene expression, glucose utilization, 
or receptor binding). Subsequent work has proven to be 
largely consistent with the general principles of this model, 
revealing that DA activation of G-protein coupled recep-
tors (GPCRs) “excites” or “inhibits” MSNs by modulating 
the gating and trafficking of voltage-dependent and ligand-
gated (ionotropic) ion channels, essentially altering cel-
lular excitability. The relationship between dopaminergic  
and glutamatergic signaling has been the subject of a large 
number of studies, in part because of the apparent triadic 
relationship between spines where the vast majority of cor-
tical glutamatergic synapses are formed and DA release 
sites (Bolam et al., 2000). As discussed below, there also 
are longer lasting alterations in glutamatergic synaptic 
strength induced by DA when there is a conjunction of  
pre- and postsynaptic activity. These lasting changes, rather 
than the acute effects of DA, are thought to underlie asso-
ciative learning and action selection.

III.  Modulation of intrinsic 
excitability and glutamatergic 
signaling by D1 receptors

Striatonigral MSNs express D1 receptors at high levels 
(Gerfen, 1992; Surmeier et al., 1996). These receptors are 
positively coupled to adenylyl cyclase (AC) through Golf 
(Herve et al., 1995). Elevation in cytosolic cAMP levels 
leads to the activation of protein kinase A (PKA) and phos-
phorylation of a variety of intracellular targets, like the 
dual function phosphoprotein DARPP-32 (Svenningsson 
et al., 2004), altering cellular function. A growing number 
of studies suggest that the D1/PKA cascade has direct 
effects on AMPA and NMDA receptor function and traf-
ficking. For example, D1 receptor activation of PKA 
enhances surface expression of both AMPA and NMDA 
receptors (Snyder et al., 2000; Hallett et al., 2006). The 
precise mechanisms underlying the trafficking are still 
being pursued but the tyrosine kinase Fyn and the protein 
phosphatase STEP (striatal-enriched-phosphatase) appear 
to be important regulators of surface expression of gluta-
mate receptors (Braithwaite et al., 2006). Trafficking and 
localization might also be affected by a direct interaction 
between D1 and NMDA receptors (Lee et al., 2002; Scott 
et al., 2006).

What is less clear is whether D1 receptor stimulation 
has rapid effects on glutamate receptor gating. Although 
PKA phosphorylation of the NR1 subunit is capable of 
enhancing NMDA receptor currents (Blank et al., 1997), 
the presence of this modulation in MSNs is controversial. 
In neurons where the engagement of dendritic voltage-
dependent ion channels has been minimized by dialyzing 
the cytoplasm with cesium ions, D1 receptor agonists have 
little or no discernible effect on AMPA or NMDA receptor 
mediated currents in dorsal striatum (Nicola and Malenka, 
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1998). However, in MSNs where this has not been done, 
D1 receptor stimulation rapidly enhances currents evoked 
by NMDA receptor stimulation (Cepeda et al., 1993). The 
difference between these results suggests that the effect of 
D1 receptors on NMDA receptor currents is indirect and 
mediated by voltage-dependent dendritic conductances 
that are eliminated by blocking K channels and clamping 
dendritic voltage. Indeed, blocking L-type Ca2 channels, 
which open in the same voltage range as NMDA recep-
tors (Mg2 unblock) attenuates the D1 receptor medi-
ated enhancement of NMDA receptor currents (Liu et al., 
2004).

This type of interaction between voltage-dependent ion 
channels and ionotropic receptors appears to be common in 
neurons. Far from the passive entities envisioned 20 years 
ago, neuronal dendrites are richly invested with voltage- 
dependent ion channels that shape synaptic responses 
and plasticity. Although nearly all the studies of active 
dendrites to date have been in pyramidal neurons, there 
is evidence that similar mechanisms govern MSN den-
drites (Carter and Sabatini, 2004; Kerr and Plenz, 2004). 
However, unlike pyramidal neurons, the dendrites of MSNs 
are too small to accommodate an electrode, so indirect 
measures have been used to understand how DA modulates 
the ion channels that invest MSN dendrites. More recently, 
the combination of imaging (most notably two photon laser 
scanning microscopy (2PLSM)) and patch clamp has been 
applied to MSN dendrites in organotypic culture and brain 
slices (Carter and Sabatini, 2004; Kerr and Plenz, 2004); 
this approach offers a powerful alternative to conventional 
approaches, particularly when applied to tissue in which 
phenotypically homogenous neuronal populations are fluo-
rescently tagged.

Voltage-dependent Na channels were the first well-
characterized targets of the D1 receptor signaling path-
way in MSNs. Confirming inferences drawn from earlier 
studies in tissue slices (Calabresi et al., 1987), voltage 
clamp work showed that D1 receptor signaling led to a 
reduction in Na channel availability without altering 
the voltage-dependence of fast activation or inactiva-
tion (Surmeier et al., 1992). Subsequent work has shown 
that PKA phosphorylation of the pore-forming subunit 
of the Na channel promotes activity dependent entry 
into a non-conducting, slow inactivated state that can be 
reversed only by membrane hyperpolarization (Carr et al.,  
2003). It is likely that the D1 receptor modulation is 
mediated by phosphorylation of somatic Nav1.1 channels, 
as Nav1.6 channels are not efficiently phosphorylated by 
PKA (Scheuer and Catterall, 2006). The coupling of the 
D1 receptor cascade to dendritic (as opposed to somatic) 
Nav1.1/Nav1.6 channels remains uncertain and the sub-
cellular positioning of the scaffolding interactions nec-
essary to bring about efficient phosphorylation of Na 
channel subunits (Scheuer and Catterall, 2006) has not 
been mapped in MSNs.

When the somatic membrane potential is held for 
several hundred milliseconds near the up-state potential 
( 60 mV) (Wickens and Wilson, 1998), D1 recep-
tor stimulation has a quite different effect than when it 
is held at nominal down-state potentials (80 mV). At 
this up-state membrane potential, the personality of the 
MSN is transformed, as the constellation of ion channels 
governing activity is re-configured. Perhaps the most dra-
matic change is the closure or inactivation of Kir2, Kv1 
and Kv4 K channels that oppose the depolarizing influ-
ences of glutamate receptors. In this state, D1 receptor 
stimulation elevates (rather than lowers) the response to 
intrasomatic current injection (Hernandez-Lopez et al., 
1997). The augmented response is attributable in part to 
enhanced opening of L-type Ca2 channels following 
PKA phosphorylation (Surmeier et al., 1995; Gao et al., 
1997). L-type channels with a pore-forming Cav1.3 sub-
unit are likely to be major targets of this modulation; these 
channels have a voltage threshold near 60 mV and are 
anchored near glutamatergic synapses in spines through 
a scaffolding interaction with Shank (Olson et al., 2005). 
Enhanced opening of these channels and NMDA receptors 
(Cepeda et al., 1993; Levine et al., 1996; Snyder et al.,  
1998; Flores-Hernandez et al., 2002) accounts for the 
ability of D1 receptor stimulation to promote synaptically 
driven plateau potentials of MSNs (resembling up-states 
in vivo) in corticostriatal slices (Vergara et al., 2003), as in 
cortical pyramidal neurons (Tseng and O’Donnell, 2004). 
D1 receptor stimulation also reduces opening of Cav2 
Ca2 channels that couple to SK K channels (Vilchis 
et al., 2000), potentially further augmenting dendritic 
electrogenesis.

Taken together, these results suggest that D1 receptor 
signaling through PKA elevates the responsiveness of stria-
tonigral neurons to sustained synaptic release of glutamate 
generating up-states but reduces the response to transient 
or uncoordinated glutamate release that fails to signifi-
cantly depolarize the dendritic membrane for more than a 
few tens of milliseconds from the down-state.
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Box 6.1 D 1 and D2 MSNs Differ in Dendritic Morphology

MSNs have long been thought to be homogeneous in their som-
atodendritic morphology and physiology. However, recent stud-
ies using D1 and D2 BAC transgenic mice have revealed that 
D1 MSNs were less excitable than D2 MSNs over a broad range 
of developmental time points (Gertler et al., 2008). A straight-
forward explanation for the dichotomy in excitability of D1 and 
D2 MSNs is that they differ in surface area. To test this hypoth-
esis, D1 and D2 MSNs were identified by epifluorescence in 
slices from BAC mice and then patched with electrodes contain-
ing biocytin (Horikawa and Armstrong, 1988). After filling, slices 
were processed and recorded MSNs were reconstructed, pre-
serving as much of their three dimensional architecture as pos-
sible (Fig. 6.1A,B). Dendritic length and branching pattern were 
measured in a population of D1 and D2 MSNs. A three dimen-
sional Sholl analysis was performed to determine the number of 
dendritic processes in concentric shells centered on the soma 
(Fig. 6.1D,E). D1 MSNs had more intersections than D2 MSNs 
from 10–135 m from the soma. From the 3D Sholl analysis, the 
cumulative dendritic length within spheres of increasing diam-
eter was measured and averaged to determine where branching 
diverged. Approximately 25 m from the soma, the difference in 
cumulative dendritic length reached 20% and remained con-
stant (Fig. 6.1F). Total dendritic length was positively correlated 
with whole-cell capacitance, confirming the expected relation-
ship between the electrical and anatomical measurements.

The difference in total dendritic length was attributable to a 
difference in the number of primary dendrites, as the mean tree 
length (i.e., total dendritic length/number of primary dendrites) 
was similar in the two types of MSNs. D1 MSNs had significantly 
more branch points and tips, but this was due to their having more 
primary dendrites. The mean number and length of dendritic seg-
ments as a function of branch order was not significantly different  
between D1 and D2 MSNs. A convex hull analysis was used 
to estimate the three-dimensional space occupied by dendritic 
trees (this algorithm takes into account the three-dimensional  
space occupied by a set of dendritic processes, allowing for a 
more complex polygonal surface rendering than assuming a 
cubic or spherical distribution). D1 MSNs occupied significantly 
more space, though there was no significant difference in the 
dendritic trees from D1 and D2 MSNs. Taken together, the ana-
tomical analyses showed that on average D1 MSNs have more 
primary dendrites than D2 MSNs.

A basic question is whether this difference in dendritic 
anatomy depends upon intrinsic (cell autonomous) or extrin-
sic (environmental) factors. A simple way to begin to examine 
this question is to see if the differences can be recapitulated in 
a simple system, such as a two-dimensional, dissociated cor-
ticostriatal culture where the normal striatal environment and 
the topography of cortical connections with MSNs has been 
disrupted. In the absence of cortex, MSN dendrites are aspiny 
and sparsely branching, demonstrating that this anatomical 
feature is not cell autonomous. However, in co-culture MSNs 
develop a relatively normal dendritic morphology, including 
spines (Segal et al., 2003) – showing that culturing itself did 
not prevent the elaboration of qualitatively normal dendritic 
morphology. To get at the quantitative features and to com-
pare D1 and D2 MSNs, striata cultured from P0 D2 BAC mice 
and cerebral cortex from wild-type mice were maintained for 
three weeks in vitro. Cultures were then fixed; D2 MSNs were 
identified by eGFP expression and D1 MSNs were identified 
by immunoreactivity for D1 receptors. Although the average 
branching pattern of D1 and D2 MSNs differed from that seen 
in vivo, the total dendritic length was significantly greater in 
D1 MSNs, as found in vivo. This argues that the basic dichot-
omy between D1 and D2 MSNs is not dependent upon DA.
Figure 6.1  D1 and D2 MSNs differ in dendritic anatomy. A–C. Striatal neurons from P35–P45 BAC transgenic mice were biocytin-filled, 
imaged, and reconstructed in 3D. A GABAergic interneuron is included for comparison. D. Fan-in diagrams displayed no apparent preferred 
orientation in either the D1 or D2 MSN populations. E. Dendrograms displaying in two dimensions the length, number, and connectivity of den-
dritic segments in sample neurons. F. 3D Sholl analysis of biocytin-filled and reconstructed neurons from P35–45 BAC transgenic mice. Data are 
shown as mean ( SEM) number of intersections at 1-m eccentricities from the soma for 15 D1 and 16 D2 MSNs. D1 MSNs have a more highly 
branched dendritic tree, as indicated by the increased number of intersections and positive subtracted area (gray shading). B. Mean cumulative 
dendritic length at 1-m eccentricities for D1 and D2 MSN populations. Note: The % difference between populations in cumulative total dendritic 
length increases and remains at 20% (arrow and fit line) within 30 m from the soma. Inset: the total dendritic length in each cell/number of pri-
mary dendrites is not significantly different between populations (D1 MSN: median  398.8 m, n  15; D2 MSN: median  400.5 m, n  16). 
C. Whole-cell capacitance is positively correlated to total dendritic length (rS  0.45, P  0.05). D. D1 MSNs have significantly more primary 
dendrites (D1 MSN: median  8, n  15; D2 MSN: median  6, n  16; P  0.05), branch points (D1 MSN: median  28, n  15; D2 MSN: 
median  19, n  16; P  0.05), tips (D1 MSN: median  38, n  16; D2 MSN: median  28, n  15; P  0.001), and total dendritic length 
(D1 MSN: median  3385.6 m, n  15; D2 MSN: median  2878.3 m, n  16; P  0.001).
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IV.  Modulation of intrinsic 
excitability and glutamatergic 
signaling by D2 receptors

D2 receptors are expressed at high levels in striatopalli-
dal MSNs. D2 receptors couple to Gi/o proteins, leading to 
inhibition of adenylyl cyclase through Gi subunits (Stoof 
and Kebabian, 1984). In parallel, released G subunits 
are capable of reducing Cav2 Ca2 channel opening and 
of stimulating phospholipase Cb isoforms, generating 
diacylglycerol (DAG) and protein kinase C (PKC) activa-
tion as well as inositol trisphosphate (IP3) liberation and 
the mobilization of intracellular Ca2 stores (Nishi et al., 
1997; Hernandez-Lopez et al., 2000). D2 receptors also are 
capable of transactivating tyrosine kinases (Kotecha et al., 
2002).

As with D1 receptor signaling, there are a number of 
studies showing that D2 receptor signaling alters glutamate 
receptor function in dorsal striatal MSNs. Activation of 
D2 receptors has been reported to decrease AMPA recep-
tor currents of MSNs recorded in tissue slices (Cepeda  
et al., 1993). Subsequent work using acutely isolated neu-
rons and voltage clamp techniques, support a direct action 
on dendritic AMPA receptors (Hernandez-Echeagaray  
et al., 2004). D2 receptor signaling leads to dephosphoryla-
tion of S845 of the GluR1 subunit, which should promote 
trafficking of AMPA receptors out of the synaptic mem-
brane (Hakansson et al., 2006). D2 receptor stimulation 
also diminishes presynaptic release of glutamate (Bamford 
et al., 2004); however, it is not clear whether this is medi-
ated by presynaptic or postsynaptic D2 receptors (Yin and 
Lovinger, 2006).

Studies of voltage-dependent channels are largely con-
sistent with the proposition that D2 receptors act to reduce 
the excitability of striatopallidal neurons and their response 
to glutamatergic synaptic input. D2 receptor mediated 
mobilization of intracellular Ca2 leads to negative mod-
ulation of Cav1.3 Ca2 channels through a calcineurin-
dependent mechanism (Hernandez-Lopez et al., 2000; 
Olson et al., 2005). D2 receptor activation also reduces 
opening of voltage-dependent Na channels, presumably 
by a PKC-mediated enhancement of slow inactivation 
(Surmeier et al., 1992). In addition, D2 receptors promote 
the opening of K channels (Greif et al., 1995). This coor-
dinated modulation of ion channels provides a mechanistic 
foundation for the ability of D2 receptor agonists to reduce 
the responsiveness of MSNs in slices at up-state membrane 
potentials (Hernandez-Lopez et al., 2000).
Complementing this postsynaptic reduction in excitabil-
ity, D2 receptor activation leads to diminished glutamate 
release (Calabresi et al., 1992; Hsu et al., 1995; Flores-
Hernandez et al., 1997; Cepeda et al., 2001; Bamford et al., 
2004). While there is no doubt about the phenomenon, the 
mechanism mediating this modulation is controversial. At 
issue is whether the D2 receptors involved are pre- or post-
synaptic. Although this would seem to be an easy matter 
to resolve with immunocytochemical approaches, the com-
mercially available D2 receptor antibodies are of question-
able specificity in tissue that has been fixed appropriately 
for electron microscopy. Although it is not strong evidence, 
in BAC D2 GFP mice, there is no detectable cortical GFP 
expression, suggesting that, in rodents where the phenom-
enon has been studied, D2 receptors are not expressed by 
cortical pyramidal neurons. The most compelling evidence 
on the issue comes from the demonstration that the D2 
receptor modulation is sensitive to deletion or blockade of 
CB1 receptors (Yin and Lovinger, 2006). This suggests that 
postsynaptic D2 receptor stimulation elevates endocannab-
inoid production (Giuffrida et al., 1999), leading to pre-
synaptic inhibition by way of CB1 receptors. This matters 
because the presynaptic effects of D2 receptor stimulation 
are likely to be stronger near the source of the endocan-
nabinoid signal – D2 MSNs. Recent work with BAC trans-
genic mice is consistent with this inference (Kreitzer and 
Malenka, 2007).

V.  Dopaminergic modulation of 
long-term synaptic plasticity

As mentioned above, the place where DA is thought to 
exert its principal effects are in dendrites where glutamater-
gic synapses are formed. Although it modulates short-term 
network activity, DA’s role in associative learning and habit 
formation is commonly thought to be in the regulation of 
corticostriatal synaptic plasticity. The best-studied form of 
synaptic plasticity in the striatum is long-term depression 
(LTD) (see also Chapter 12). When postsynaptic depolari-
zation is paired with high-frequency stimulation (HFS) of 
glutamatergic fibers, a long-lasting reduction in synaptic 
strength of glutamatergic synapses is seen in most MSNs. 
Unlike LTD induced by low-frequency stimulation in the 
ventral striatum (Brebner et al., 2005), LTD induction in 
the dorsal striatum is not NMDA dependent. This form of 
LTD (HFS-LTD) is initiated postsynaptically, but expressed 
through a presynaptic reduction in glutamate release. There 
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is a general agreement that striatal LTD requires activation 
of Cav1.3 L-type Ca2 channels, Gq-linked mGluR1/5 
receptors, and the generation of endocannabinoids (ECs). 
ECs exert their effect presynaptically by acting at CB1 
receptors (Lovinger et al., 1993; Centonze et al., 2001; 
Kreitzer and Malenka, 2005) (see Chapter 9). There is less 
agreement that activation of D2 receptors is necessary for 
LTD induction. Activation of D2 receptors is a very potent 
stimulus for EC production (Giuffrida et al., 1999) and the 
ability of D2 receptors to activate PLC (Hernandez-Lopez 
et al., 2000) certainly is consistent with a direct involve-
ment in EC production. However, attempts to test for the 
necessity of D2 receptor expression using bacterial artifi-
cial chromosome (BAC) mice have met with mixed results 
(Wang et al., 2006; Kreitzer and Malenka, 2007). Kreitzer 
and Malenka (2007) reported that LTD was inducible only 
in striatopallidal MSNs, using a minimal local striatal 
stimulation. However, our group and Lovinger’s found 
that HFS-LTD was inducible in both striatonigral and stri-
atopallidal MSNs when using macroelectrode stimulation 
of the cortex (Wang et al., 2006), consistent with the high 
probability of induction seen in previous work (Calabresi 
et al., 2007). We have reproduced the Kreitzer and 
Malenka finding using minimal local striatal stimulation,  
Box 6.2  MSN Dendrites are Active

Striatopallidal (D2) or striatonigral (D1) MSNs were visu-
ally identified using 2PLSM excitation of eGFP as previously 
described (Day et al., 2006). Somatic whole-cell current 
recordings were made with electrodes filled with Alexa 568 
(50 M) and Fluo-4 (200 M). The Alexa 568 enabled detailed 
visualization of distal dendrites and spines while the Ca2-
sensitive indicator Fluo-4 reported Ca2 transients induced in 
these regions by the somatically generated bAPs. After eGFP 
phenotyping and patching, the internal solution was allowed 
to equilibrate for 20 minutes. 2PLSM line scanning was then 
performed between 45 and 130 m from the soma. Estimates 
of the Ca2 transient were generated by eliciting six bAPs 
(equally spaced at 5-second intervals), and then averaging the 
responses. Spacing in this way allowed ample time for the Ca2 
to return to basal levels and remain there for several seconds 
prior to the onset on the next bAP in the series. The bAPs were 
evoked by injecting a 2 ms, 2 nA current pulse into the soma 
(Fig. 6.2A, right panel). To control for photodamage, dendritic 
processes were only illuminated during a 0.5 second window 
that bracketed the initiation of the bAP. Measurements were 
taken concurrently from a spine and the parent dendrite close 
to the base of the spine. In all cases, if a Ca2 transient was 
detected in the spine, it was also detected in the dendrite. The 
maximum amplitude of the bAP-evoked spine Ca2 transients 
was determined by calculating F/Fo for each transient (image 
panels), averaging the results (black traces), and then fitting the 
decay phase of data with a single exponential (grey lines). The 
key finding in these initial experiments was that in D1 MSNs, 
single bAPs frequently failed to evoke a detectable Ca2 tran-
sient at dendritic sites more than 60 m from the soma (Fig. 
6.2A), whereas in D2 MSNs, dendritic Ca2 transients were 
readily detected at this distance and beyond (Fig. 6.2B).

To more closely examine the disparity in the bAP-evoked 
Ca2 transients between the two populations of MSNs, bAP-
evoked Ca2 transients from each cell type were scanned at 
varying distances from the soma (Fig. 6.2C). Here, the ampli-
tudes of bAP-evoked Ca2 transients from each scan point in 
each cell type were normalized to the most proximal location 
scanned and then plotted as a function of distance from the
soma (n  6 each). These findings show differences in somato/
dendritic excitability between MSNs, with the D2 MSNs 
showing less attenuation of bAP-evoked Ca2 transients in 
distal spines and dendrites than D1 MSNs. To test the possibil-
ity that the loss in bAP response was attributable to declining 
dendritic Ca2 channel density, D1 MSNs were loaded with 
Cs (to improve voltage control of distal dendrites) and the 
somatic membrane briefly stepped to a depolarized potential. 
In this situation, there was no detectable attenuation of the 
Ca2 transient with distance from the soma (Fig. 6.2D), argu-
ing that the loss of the bAP-evoked Ca2 transient was not due 
to diminished Ca2 channel density. Further evidence that this 
phenomenon does not simply reflect diminished Ca2 channel 
density in distal dendrites is that strong depolarization (1 sec) 
and trains of APs (10  10 Hz) consistently evoked Ca2 tran-
sients in distal process of all MSNs tested.

Although single bAPs were not propagated efficiently into 
the distal dendrites of D1 MSNs, bursts of somatic action 
potentials were able to evoke Ca2 transients in more dis-
tant dendritic regions. Three spike bursts (50 Hz) delivered at 
a theta frequency reliably evoked shaft and spine Ca2 tran-
sients in both D1 and D2 MSN dendrites 100-120 µm from 
the soma (Fig. 6.2E). The Ca2 signals evoked by successive 
bursts summed in a sub-linear fashion (Fig. 6.2E,F). This sub-
linearity was more pronounced in D1 MSNs than in D2 MSNs 
(Fig. 6.2F). Moreover, consistent with the response to single 
bAPs, the relative elevation in Ca2 evoked by somatically 
generated theta bursts were smaller in amplitude and area in 
D1 MSNs (Fig. 6.2F).

In spite of the ability to see dendritic Ca2 transients with 
repetitive somatic spikes, the imaging studies to date make it 
look as though distal MSN dendrites are not efficiently acti-
vated this way. As mice mature, MSNs dendrites become even 
less excitable (unpublished observations). This raises the pos-
sibility that synaptically driven regenerative events in distal 
dendrites are the gating signal for the induction of synaptic 
plasticity, rather than somatic spikes. At this point in time, 
answering this question appears to require a combination of 
electrophysiology, 2PLSM and 2PLU of glutamate.
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Figure 6.2  BAP-evoked Ca2 transients are readily detected in the distal dendrites and spines of the D2 population of MSNs. (A, B) 2PLSM 
images of MSNs in 275 m thick corticostriatal slices from a (A) BAC D1 and (B) BAC D2 mouse. Neurons were visualized with Alexa Fluor 
568 (50 M) by filling through the patch pipette (patch pipettes are grayed-out for presentation). Maximum projection images of the somas and 
dendritic fields (left panels A & B) and high magnification projections of dendrite segments from the regions outlined by the boxes are shown 
(top right panels A & B). BAP-evoked Ca2 transients were detected by line scanning through the spine in the region indicated by the yellow line. 
Fluorescence traces were generated from the pseudocolor image (lower panels A & B) by calculating F/Fo (top black trace). The fluorescence 
image, F/Fo trace, action potential (middle trace) and current pulse (bottom trace) are shown in temporal registration. (C) Maximum projec-
tion image of a soma and dendritic branch from a D2 MSN. Line scans were acquired at 2 eccentricities, 120 and 60 m, as indicated by the red 
arrows. (D) Graph of the change in amplitude with distance from the soma calculated by normalizing scans taken at distal points to the most 
proximal scan point in each MSN. The magnitude of the Ca2 transients decrements more in the D1 MSNs (D1 MSNs  open blue circles; D2 
MSNs  open green circles). This decrementation is not seen in MSNs loaded with Cs based internals (open orange circles). The points were 
scaled to represent the number of cells scanned at each point (smallest points  1 cell; largest points  4 cells). The data, fit from the median 
distance of the most proximal point, shows that the magnitude of the Ca2 transients decrements more in the D1 MSNs (n  11, blue line) vs. the 
D2 MSNs (n  6, green line) [Kruskal–Wallis ANOVA, P  0.01]. (E) Maximum projection image of the soma and dendritic field of a D2 MSN. 
A high magnification image of the dendritic segment outlined in the yellow box is shown in the inset. Scale bars in B apply to both images. The 
pseudocolor image, F/Fo trace, action potential (middle trace) and current pulse (bottom trace) are shown in temporal registration. Arrows indi-
cate the timing of current pulses delivered to initiate APs. (F) Average peak F/Fo values after each of the five pulses constituting the theta burst 
bAP protocol. Values are from distal dendritic spines (100–120 m from the soma), and normalized to the maximum peak F/Fo value measured 
in a proximal spine (60–80 m) of the same dendrite in response to the first burst of the same theta burst protocol. The area under the F/Fo plot 
was calculated for each cell type in response to the entire theta burst protocol; in line with larger peak Ca2 transients, the box plots to the right 
demonstrate significantly larger Ca2 transient areas in the D2 vs. the D1 MSNs [Kruskal-Wallis ANOVA, P  0.05]. From Day et al., 2008. (see 
Color Plate Section to view the color version of this figure)
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suggesting that the method of induction is important. This 
result underscores the difficulties inherent in stimulation 
paradigms that do not activate just glutamatergic fibers, but 
also a heterogeneous population of dopaminergic, choliner-
gic and interneuronal fibers that might influence the induc-
tion of plasticity. An example of how we have attempted to 
sort this out is given below.

One strategy for gaining better control over which 
fibers are activated in studies of plasticity is to develop 
in vitro preparations that preserve connectivity between 
nuclei. Consider the glutamatergic synapses formed on 
MSNs. Most reviews have focused almost entirely on the 
cortical innervation of MSNs, leaving the thalamic input 
to a virtual footnote. Studies using nominal white mat-
ter or cortical stimulation of coronal brain slices typically 
assume that the glutamatergic fibers being stimulated are 
of cortical origin, but very few of these fibers are left uncut 
in this preparation (Kawaguchi et al., 1989). The thalamic 
innervation of MSNs is similar in magnitude to that of 
the cerebral cortex, perhaps constituting as much as 40% 
of the total glutamatergic input to MSNs, terminating on 
both shafts and spines (Wilson, 2004a) (see Chapter 22). 
Anatomical studies suggest that the intralaminar thalamic 
nuclei target primarily striatonigral neurons in primate 
striatum (however, this might not be the case in rodents; 
Bacci et al., 2004), whereas “motor” nuclei [(ventroante-
rior (VA) and ventrolateral (VL) nuclei] project primarily 
to striatopallidal neurons (Smith et al., 2004; Hoshi et al., 
2005). This apparent dichotomy between motor and “asso-
ciative” inputs is consistent with recent studies suggesting 
that cortical input to striatopallidal neurons comes largely 
from pyramidal neurons contributing to descending motor 
control circuits, whereas the input to striatonigral neu-
rons comes from cortical neurons whose axons are largely 
intra-telencephalic (Lei et al., 2004). Recently, several 
studies have shown that parahorizontal slices can preserve 
both cortical and thalamic connectivity, allowing each to 
be selectively stimulated (Smeal et al., 2007; Ding et al., 
2008). However, these preparations have not been used to 
date to study the rules governing the induction of plasticity 
at these two types of synapse.

Much less is known about the mechanisms control-
ling induction of long-term potentiation (LTP) than LTD. 
Studies in tissue slices have argued that LTP induced by 
HFS of corticostriatal glutamatergic inputs (HFS-LTP) 
depends upon co-activation of D1 and NMDA receptors 
(Kerr and Wickens, 2001; Centonze et al., 2003). As noted 
above, D1 receptor stimulation enhances NMDA receptor  
currents both directly and indirectly by enhancing L-type 
Ca2 channels located nearby (Surmeier et al., 1995; Liu 
et al., 2004), although “boosting” by L-type channels 
appears not to be necessary for LTP induction (Calabresi 
et al., 2000). There was some question about the physio-
logical relevance of LTP in MSNs, but this issue has been 
resolved by the demonstration that it is readily inducible 
in vivo (Mahon et al., 2004). The discrepancy presumably 
stemmed from the difficulty in depolarizing MSN dendrites 
enough to overcome Mg2 block of NMDA receptors 
with focal stimulation in a brain slice. How HFS-LTP is 
expressed has not been carefully examined. As with HFS-
LTD, the dependence of a nominally wide-spread form of 
synaptic plasticity upon a receptor with restricted distribu-
tion is puzzling. BAC transgenic mice in which D1 and D2 
receptor expressing MSNs are labeled should be helpful in 
sorting this issue out.

As it is apparent from the presentation thus far, there 
are several obstacles that have slowed progress toward 
a sound understanding of the DA modulation of synaptic 
plasticity in the striatum. Cellular heterogeneity has been 
one of the biggest of these in our view. The development 
of D1 and D2 receptor BAC transgenic mice has made 
this aspect of the problem tractable. Another issue is the 
induction protocol. Until very recently, plasticity studies 
have not attempted to engage the postsynaptic membrane 
and dendrites in a physiological way during the induction 
of synaptic plasticity (e.g., Cs loading cells and voltage 
clamping).

Why is this important? Most learning theories postu-
late that changes in synaptic strength reflect the precise 
temporal relationship between presynaptic and postsynap-
tic activity. Hebb’s classic postulate asserts that excitatory 
synaptic activity that consistently leads to postsynap-
tic spiking induces a strengthening or potentiation of the 
active synapses. An unstated corollary is that synaptic 
activity that follows postsynaptic activity (and hence can-
not be causally linked to spiking) should be weakened or 
depressed. Dendrites are an integral part of this learning 
equation, forming the conduit between the axon initial seg-
ment where spikes are initiated and synaptic sites where 
plasticity is induced. DA receptors richly invest dendrites 
of MSNs (Hersch et al., 1995), putting them in a position 
to modulate this linkage. The extended Hebbian postulate 
has been tested in several types of neurons by examining 
how the temporal relationship between presynaptic and 
postsynaptic spiking influences lasting changes in syn-
aptic strength (Dan and Poo, 2004; Kampa et al., 2007; 
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Sjostrom et al., 2008). Spike-timing-dependent plastic-
ity (STDP) of this sort depends upon back-propagating 
action potentials (bAPs) that serve to depolarize synaptic 
regions before, during, or after glutamate release. At most 
synapses, Hebb’s postulate appears to be correct. That is, 
when presynaptic activity precedes postsynaptic spiking, 
LTP is induced, whereas reversing the order induces LTD 
(Sjostrom and Nelson, 2002; Letzkus et al., 2006; Nevian 
and Sakmann, 2006; Pawlak and Kerr, 2008).

Using perforated-patch recordings (to preserve intracel-
lular signaling mechanisms) and minimal local electrical 
stimulation of glutamatergic afferent fibers in tissue slices 
from BAC transgenic mice, we have used STDP protocols 
to examine the rules governing the induction of plasticity at 
striatonigral and striatopallidal MSN synapses (Shen et al., 
2008). These studies have revealed a set of rules that are 
largely consistent with those inferred from studies using 
conventional induction protocols (see above), but pushed 
us beyond our current conceptual model by showing that 
DA controls the induction of Hebbian synaptic plasticity in 
a receptor and cell-type specific manner.

Specifically, D1 receptor signaling in striatonigral 
MSNs was necessary for the induction of Hebbian long-
term potentiation, whereas D2 receptor signaling in striato-
pallidal MSNs was necessary for the induction of Hebbian 
long-term depression. More importantly, our studies dem-
onstrate that DA, in concert with adenosine and glutamate, 
makes STDP at MSN glutamatergic synapses bidirectional 
and Hebbian (Shen et al., 2008). In striatopallidal MSNs 
(Fig. 6.3A), repeated pairing of a synaptic stimulation with 
a postsynaptic spike later (positive timing) resulted in LTP 
of the synaptic response (Fig. 6.3B). In contrast, preced-
ing synaptic stimulation with a short burst of postsynaptic 
spikes (negative timing) induced LTD (Fig. 6.3C). The tim-
ing-dependent LTP relies upon activation of NMDA and 
A2a receptors, as blocking them disrupts the potentiation 
of synaptic response in striatopallidal MSNs (Fig. 6.3D). 
As with conventional LTD, timing-dependent LTD is dis-
rupted by antagonizing mGluR5, CB1, or D2 receptors 
(Fig. 6.3D). The bidirectionality of STDP appeared to be 
controlled by a balanced interaction between “opponent” 
GPCR signaling cascades controlling the induction of LTP 
and LTD (Nevian and Sakmann, 2006; Seol et al., 2007; 
Tzounopoulos et al., 2007). D2 and A2a receptor signal-
ing cascades have long been known to oppose one another 
at several levels (Schwarzschild et al., 2006; Fuxe et al., 
2007). In the STDP paradigm, elevating D2 receptor stimu-
lation by bath application of quinpirole resulted in a robust 
LTD even when postsynaptic activity followed presynap-
tic activity, a protocol that would normally induce LTP. In 
contrast, elevating A2a receptor signaling by bath applica-
tion of CGS21680 restored LTP, even when presynaptic 
activity followed postsynaptic activity (Fig. 6.3D).

In striatonigral MSNs (Fig. 6.4A), pairing presyn-
aptic activity with a trailing postsynaptic spike induced 
robust LTP (Fig. 6.4B). As in striatopallidal MSNs, STDP 
LTP was dependent upon NMDA receptors (Fig. 6.4D). 
However, when presynaptic activity followed postsynap-
tic spiking, EPSP amplitude did not change. In light of the 
opponent signaling hypothesis, we reasoned that this fail-
ure could be due to the activation of the GPCR responsible 
for LTP induction. To test this hypothesis, D1 receptors 
were blocked by SCH23390. In the absence of D1 recep-
tor activity, pairing postsynaptic spiking with a presynaptic 
volley led to a robust LTD (Fig. 6.4C). Moreover, the CB1 
receptor antagonist AM251 blocked the LTD, establish-
ing a mechanistic parallel to LTD in striatopallidal MSNs. 
To determine whether attenuating D1 receptor signaling 
altered the timing dependence of plasticity, the effects of 
the positive timing protocol (presynaptic activity followed 
by postsynaptic activity) were re-examined. In control con-
ditions, this protocol induced a robust LTP (Fig. 6.4B). 
Blocking D1 receptors not only prevented LTP induction, 
it led to the induction of LTD (Fig. 6.4D).

The recognition that DA is not essential for all forms of 
synaptic plasticity in MSNs, resolves the apparent paradox 
posed by the segregation of DA receptors in the two MSN 
populations. The finding that STDP plasticity at MSN glu-
tamatergic synapses is Hebbian is consistent with a recent 
study (Pawlak and Kerr, 2008), but conflicts with another 
(Fino et al., 2005). The discrepancy could be attributable 
to the engagement of GABAergic interneurons in the stria-
tum, confounding modifications in the strength of gluta-
matergic synapses (Fino et al., 2008). Indirect, modulatory 
influences of other striatal interneurons also have been 
implicated in the induction of plasticity at glutamatergic 
synapses when large regions of the striatum are stimulated 
(Wang et al., 2006; Calabresi et al., 2007). Our reliance 
upon focal stimulation near synaptic sites minimized the 
involvement of these interneurons and helped to resolve 
how DA receptors expressed by postsynaptic MSNs shaped 
the induction process.

These studies suggest that while DA makes STDP in 
striatal MSNs bidirectional and Hebbian, it is not neces-
sary for the induction of synaptic plasticity. This stands 
in contrast to previous work asserting that DA is essential 



Handbook of Basal Ganglia Structure and Function122
Figure 6.3  Striatopallidal MSNs displayed bidirectional STDP dependent upon D2 and A2a receptors. A, Upper, single cell RT-PCR (scRT-PCR) 
amplicons from an individual BAC D2 eGFP-labeled neuron confirmed co-expression of enkephalin and D2 receptor mRNA. M, marker; SP, substance 
P; ENK, enkephalin. Bottom, two-photon laser scanning microscopic image of eGFP-labeled MSNs in a slice from a BAC D2 mouse. B, LTP induced 
in eGFP labeled striatopallidal MSN by a positive timing pairing. Plots show EPSP amplitude and input resistance as a function of time in a single cell. 
The dashed line shows the average EPSP amplitude before induction. The induction was performed at the vertical bar. Filled symbol shows the averages 
of 12 trials ( SEM). The averaged EPSP traces before and after induction are showed at the top. C, LTD induced by a negative timing pairing. Plots 
and EPSP traces as in B. D, Schematic illustration shows that activation of A2a and NMDA receptors leads to LTP and activation of D2 and mGluR5 
receptors and Cav1.3 channels leads to LTD. Moreover, A2a and D2 receptor activation oppose each other in inducing plasticity. Glu, glutamate; EC, 
endocannabinoid. From Shen et al., 2008.
for plasticity and that striatal DA depletion in Parkinson’s 
disease models eliminates both LTD and LTP (Calabresi 
et al., 2007; Kreitzer and Malenka, 2007). To test this 
hypothesis, BAC mice were rendered parkinsonian by uni-
lateral 6-OHDA lesions, sacrificed a week later and slices 
prepared from their brains. What we found was consistent 
with the work in unlesioned brains. That is, in striatopal-
lidal MSNs pairing pre- and postsynaptic activity induced 
LTP, regardless of the order of presentation; in contrast, in 
striatonigral MSNs, pairing pre- and postsynaptic activity  
induced LTD, again regardless of order. Thus, synap-
tic plasticity is not lost in PD models, but it ceases to be  
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Figure  6.4  Striatonigral MSNs displayed bidirectional STDP dependent upon D1 receptors. A, Upper, scRT-PCR amplicons from an individual 
eGFP-labeled neuron from a BAC D1 mouse confirmed co-expression of substance P and D1 receptor mRNA. M, marker; SP, substance P; ENK, 
enkephalin. Bottom, two-photon image of eGFP-labeled MSNs in a slice from a BAC D1 mouse. B, LTP induction in labeled striatonigral neuron by a 
positive timing pairing protocol (5 ms) coupled with postsynaptic depolarization to 70 mV. EPSP amplitude and input resistance of the recorded cell 
were plotted as a function of time. The dashed line shows the average of EPSP amplitude before induction. The induction was performed at the verti-
cal bar. Filled symbol shows the averages of 12 trials ( SEM). The averaged EPSP traces before and after induction are shown at the top. C, In the 
presence of SCH23390, a negative timing pairing revealed a robust LTD. Plots and EPSP traces are from a single cell as in B. D, Schematic drawing 
shows that activation of D1 and NMDA receptors evokes LTP and activation of mGluR5 receptor and Cav1.3 channels evokes LTD. Moreover, D1 and 
mGluR5 receptor activation oppose each other in inducing plasticity. Glu, glutamate; EC, endocannabinoid. From Shen et al., 2008.
bidirectional and dependent upon the timing of pre- and 
postsynaptic activity (Shen et al., 2008).

In addition to reconciling a discordant literature on the 
role of DA in the modulation of glutamatergic synaptic plas-
ticity, these studies establish a parallel between the short-
term and long-term effects of DA on MSNs. As reviewed 
above, the short-term effects of DA are receptor specific, 
tending to diminish the excitability of striatopallidal  
MSNs through D2 receptors and to increase the excitabil-
ity of striatonigral MSNs through D1 receptors. Now it is 
clear that the effects of DA on synaptic plasticity are also 
receptor and cell-type specific. That is, by promoting LTD, 
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D2 receptors diminish the excitatory synaptic input to stria-
topallidal MSNs, decreasing their activity; conversely, by 
promoting LTP, D1 receptors increase the excitatory syn-
aptic input to striatonigral MSNs, enhancing their activity.

VI. The indirect players – striatal 
interneurons

In thinking about how DA influences MSN activity, it is 
impossible to ignore the contribution of interneurons. Most, 
if not all, of the different types of striatal interneurons (see 
Chapter 8) express DA receptors (Tepper et al., 2004). 
Reviewing this literature is beyond our scope, but a few 
comments are called for particularly in the context of D2 
receptor signaling. The best characterized of the interneu-
rons is the giant, aspiny, acetylcholine (ACh)-releasing  
interneuron (see Chapter 7). In primates, cholinergic 
interneurons are important determinants of associative and 
motor learning (Graybiel et al., 1994), which are presum-
ably mediated by alterations in the strength of MSN gluta-
matergic synapses. D2 receptor signaling diminishes ACh 
release both by reducing autonomous interneuron spik-
ing and by inhibiting Ca2 entry necessary for exocytosis 
(Maurice et al., 2004; Salgado et al., 2005).

ACh has a plethora of intrastriatal targets, including DA 
terminals, glutamatergic terminals and MSNs (Dodt and 
Misgeld, 1986; Zhou et al., 2002; Perez-Rosello et al., 2005). 
There are five muscarinic receptors that have been identified. 
M1-like receptors (M1, M3 and M5) are coupled to Gq/11, 
mobilization of intracellular Ca2 stores and activation of 
phospholipase C (PLC) and protein kinase C (PKC) sig-
naling. M2-like receptors (M2 and M4) are coupled to Gi/o 
proteins that inhibit AC isoforms and reduce the opening of 
voltage-dependent Cav2 Ca2 channels. Within the striatum, 
M1 and M4 receptors are the major muscarinic receptors 
expressed in MSNs (Bernard et al., 1992; Yan et al., 2001). 
Nicotinic ACh receptors are expressed on glutamatergic and 
DA terminals but are absent in MSNs (Zhou et al., 2002).

M1 receptors are highly expressed in both direct and 
indirect pathway MSNs (Yan et al., 2001). Unlike D1 and 
D2 DA receptors, there is little evidence that M1 receptor 
activation modulates postsynaptic glutamatergic synapses. 
In contrast, M1 receptor activation elevates postsynaptic 
excitability by modulating voltage-dependent ion channels. 
M1 receptor activation reduces the opening of Kv4 chan-
nels (A-type potassium channels) throughout the somato-
dendritic membrane (Akins et al., 1990; Day et al., 2008). 
The reduction of Kv4 channel current might be mediated 
by PKC (Nakamura et al., 1997). In addition, M1 recep-
tor activation coupled to PLC and PKC leads to mem-
brane depletion of PIP2, decreasing the opening of KCNQ  
(M-channel) and Kir2 (inward-rectifying potassium chan-
nel) channels (Shen et al., 2005; Shen et al., 2007). M1 
receptor activation also modulates MSNs by modulating 
Cav channels (Howe and Surmeier, 1995). M1 receptor 
activation decreases the opening of somatic Cav1.3 and 
Cav2 Ca2 channels (Howe and Surmeier, 1995; Olson 
et al., 2005; Perez-Rosello et al., 2005). These effects on 
somatic Ca2 channels appear to work in concert with the 
suppression of KCNQ and Kir2 K channels by diminish-
ing the opening of Ca2-dependent K (SK) channels that 
regulate repetitive spiking. The coordinated modulation of 
K and Ca2 channels leads to increased excitability in 
both the dendritic and somatic regions, enhancing synaptic 
integration and the translation of that input to spiking.

M2-like receptors are located both presynaptically and 
postsynaptically. M2/3 receptors are expressed on pre-
synaptic glutamatergic terminals (Alcantara et al., 2001), 
whereas M4 receptors are expressed postsynaptically in 
MSNs and have higher expression levels in striatonigral 
neurons than in striatopallidal neurons (Yan et al., 2001). 
M4 receptor activation inhibits Cav2 Ca2 channels (as 
D2 receptors do) and therefore shapes the spiking and 
up-state transitions in MSNs (Howe and Surmeier, 1995; 
Perez-Rosello et al., 2005). Presynaptically, M2/3 recep-
tors reduce the release probability at glutamatergic syn-
apses, tuning them to repetitive cortical activity rather than 
a single isolated spike (Calabresi et al., 1998; Barral et al., 
1999; Alcantara et al., 2001; Pakhotin and Bracci, 2007).

How cholinergic interneurons and DA regulation of 
them factors into long-term synaptic plasticity has yet to 
be worked out. Our work is consistent with the proposi-
tion that M1 muscarinic receptors have a role in opposing 
the induction of LTD; conversely, work by Calabresi et al. 
(1999) and unpublished work from our group is consistent 
with the contention that M1 receptor stimulation is neces-
sary for LTP induction. Testing this proposition and sorting 
out how this signaling interacts with DA and adenosine in 
the control of plasticity is a challenge that awaits.

VII.  Dopaminergic modulation 
of glutamatergic signaling in 
parkinson’s disease

The relationship between DA and glutamate in Parkinson’s 
disease (PD) has long been the subject of speculation. Since 



125Chapter | 6  D1 and D2 Dopamine Receptor Modulation of Glutamatergic Signaling
the debut of the now “classical” model nearly 20 years ago, 
there have been few direct tests of its predictions and pre-
cious little hard data generated on how the physiology of 
MSNs adapts to DA depletion, largely because it has been 
difficult to distinguish striatonigral and striatopallidal neu-
rons. Furthermore, in animal with lesions of the DA sys-
tem, there are a variety of changes that are not encompassed 
by this model. For example, behavioral supersensitivity 
to DA receptor agonists develops quickly, not as a conse-
quence of significant alterations in DA receptor expres-
sion but rather as a result of altered functional coupling 
(Mileson et al., 1991). There is evidence of alterations in 
glutamate receptor expression (Dunah et al., 2000), per-
haps as a consequence of alterations in the rules govern-
ing synaptic plasticity (see below). There also are changes 
in short-term synaptic integration and dendritic morphol-
ogy, at least in some medium spiny neurons (Nisenbaum 
et al., 1986; Ingham et al., 1998; Dunah et al., 2000; Pang 
et al., 2001; Tseng et al., 2001; Gubellini et al., 2002; 
Picconi et al., 2003). Furthermore, there are alterations  
in cortical activity in the lesion models (Tseng et al., 2001; 
Mallet et al., 2006). This makes unraveling the global adap-
tations to the loss of DA in PD a much more difficult and 
complicated task than one would have guessed from the 
classical model.

In spite of the daunting nature of the problem, some 
headway has been made in characterizing striatal adapta-
tions in PD models using D1 and D2 receptor BAC trans-
genic mice. The first study of DA depletion using these 
animals revealed a stark asymmetry between striatopal-
lidal and striatonigral MSNs in their response to the loss 
of DA (Day et al., 2006). DA depletion led to the loss of 
glutamatergic synapses and spines in striatopallidal MSNs 
(Fig. 6.5). In contrast, DA depletion had no discernible 
morphological or physiological effect on synaptic function 
in neighboring striatonigral MSNs (but see below). In par-
allel with the elimination of glutamatergic synaptic con-
tacts, the dendritic trees of striatopallidal neurons shrank, 
suggesting that the overall loss in glutamatergic synaptic 
input was even more profound. Unlike other adaptations 
in PD models (Zigmond and Hastings, 1998), the extent 
of the loss did not appear to be significantly different one 
month following DA depletion, suggesting that the regu-
latory processes controlling synapse elimination are com-
plete within days and dependent upon the loss of DA, not 
the death of DA neurons. Although spine and glutamater-
gic synapse loss following DA depletion had been seen in 
animal models of Parkinson’s disease and in Parkinson’s 
disease patients (McNeill et al., 1988; Starr, 1995; Ingham 
et al., 1998; Dunah et al., 2000), the speed, selectivity and 
magnitude of the loss was not expected.

Some of the determinants of the synaptic pruning 
have been identified. Genetic deletion or pharmacological 
blockade of L-type Cav1.3 Ca2 channels prevents the loss 
of spines and synapses following DA depletion. As noted 
above, these channels are strategically positioned at spiny 
glutamatergic synapses (Olson et al., 2005). L-type chan-
nels contribute to the rise in intraspine Ca2 concentration 
particularly in response to back-propagating action poten-
tials (bAPs) (Carter and Sabatini, 2004). DA depletion, by 
eliminating the D2 receptor “brake” on somatodendritic 
excitability (Mallet et al., 2006), could enhance intraspine 
Ca2 entry. Falling DA levels also increase interneuron 
ACh release and M1 muscarinic receptor activity in stria-
topallidal MSNs, further elevating dendritic responsive-
ness to glutamatergic input (Shen et al., 2005; Shen et al., 
2007). Thus, by increasing dendritic excitability and Ca2 
entry associated with excitatory glutamatergic input, DA 
depletion appears to trigger a homeostatic mechanism 
aimed at normalizing activity (measured by Ca2 entry).

To directly pursue this question, BAC D2 mice were 
DA depleted for 5 days using reserpine and the bAP-
evoked Ca2 transient was mapped in the dendrites of D2 
MSNs (Day et al., 2008). As described above, the ampli-
tude of the fluorescence change (F/Fo) at distal dendritic 
sites was normalized by the proximal fluorescence signal. 
In D2 MSNs from DA-depleted mice, the relative ampli-
tude of bAP-evoked Ca2 transient in dendritic shafts and 
spines fell less steeply with distance from the soma than 
in untreated neurons (Fig. 6.6A). At distal dendritic loca-
tions (100 and 150 m from the soma), DA depletion sig-
nificantly increased the relative amplitude of the Ca2 
transient evoked by a single bAP (Fig. 6.6B). In fact, in all 
of the neurons examined following DA-depletion, bAP-
associated Ca2 transients were detectable as far out on the 
dendrites as we were capable of imaging (150 m from 
the soma). The simplest interpretation of these results is 
that the loss of spines and dendritic surface area follow-
ing DA depletion diminished the capacitative load of the 
dendrites, improving bAP invasion into distal regions. 
Although consistent with theoretical and experimental 
examination of other neurons (Wilson et al., 1992), this 
hypothesis was tested in an anatomically accurate model of 
an MSN; to the end, NEURON simulations were conducted 
in which the surface area of spiny dendrites was decreased 
and the effects on the bAP examined. These simulations  
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Figure 6.5  Dopamine depletion causes a reduction 
in spine density in the D2 receptor expressing – but not 
D1 receptor expressing – MSNs. (A) 2PLSM projec-
tion shows EGFP labeled MSNs in a slice from a BAC 
D1 EGFP mouse. Green signals (500–550 nm) were 
acquired from EGFP labeled D1 BAC neurons (Fig. 
6.3A right panel & Fig. 6.3D using 810 nm excita-
tion, while EGFP labeled D2 BAC neurons (Fig. 6.3B 
right panel & Fig. 6.3D) required 900 nm excitation. 
Amplicons from an individual EGFP labeled neuron 
(scRT-PCR, Fig. 6.3A&B left panels) show coexpres-
sion of SP (616 bp) and D1 receptor (234 bp) mRNAs. 
(B) 2PLSM projection shows EGFP labeled MSNs in 
a slice from a BAC D2 GFP mouse. Single cell reverse 
transcription-polymerase chain reaction (scRT-PCR) 
studies from these EGFP labeled neurons shows coex-
pression of ENK (477 bp) and D2 receptor (264 bp) 
mRNAs. (C) Following DA depletion (reserpine,  
5 days), EGFP labeled MSNs from BAC D1 mice 
appear normal (projections acquired as per Fig. 6.2). 
(D) EGFP labeled MSNs from BAC D2 mice show 
a reduction in the number of spines. (E) Traces taken 
from a control BAC D1 (top) and a DA depleted BAC 
D1 (bottom) show that mEPSCs are similar in fre-
quency and amplitude. (F) Cumulative probability 
plots illustrate the invariance in the inter-event interval 
of mEPSCs between the control BAC D1 and the DA 
depleted BAC D1. (G) Recordings taken from a control 
(top) and DA depleted BAC D2 (bottom) show a reduc-
tion in mEPSC frequency. (H) Cumulative probability 
plots of the DA depleted D2 BAC shows an increase 
in interevent interval compared to BAC D2 controls. 
(I, left panel) Box plots showing reserpine DA deple-
tion produces a decrease in spine density in the D2 
MSN population measured with 2PLSM (wild type 
median  9, n  11; BAC D2 control median  8.7, 
n  6; DA depleted D1 median  8, n  7; DA 
depleted D2 median  4.5, n  5; Kruskal–Wallis 
ANOVA/Mann–Whitney test P  0.01). (I, right 
panel) Box plots showing DA depletion produces a 
decrease in mEPSC frequency in the D2 MSN popu-
lation (BAC D1 control median  1.9, n  11; BAC 
D1 DA depleted median  1.8, n  12; BAC D2 
control median  2.0, n  11; BAC D2 DA depleted 
median  0.8, n  7; Kruskal–Wallis ANOVA/Mann–
Whitney test P  0.001). From Day et al., 2006.
corroborated the inference that spine loss enhances den-
dritic bAP invasion, showing enhanced bAP propagation, 
enhanced opening of voltage-dependent Ca2 channels 
and an elevation in bAP evoked change in intracellular 
Ca2 concentration at distal dendritic locations. A second 
explanation is that DA depletion facilitates an increase in 
ACh tone as has been long hypothesized to underlie some 
of the disorders seen in patients with PD. We tested this 
prospect and found that in BAC D2 MSNs, bath applica-
tion of the muscarinic antagonist scopolamine (20 µM) 
significantly suppressed the bAP-evoked Ca2 transient 
in the DA-depleted mice as compared to untreated con-
trols. This finding suggests that cholinergic tone is elevated 
in the DA-depleted mice leading to a down-regulation 
of Kv4 channels. The down-regulation of Kv4 channels 
could be sufficient to enhance dendritic excitability in the  
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Figure 6.6  DA depletion enhances excitability in distal dendrites in D2 MSNs. (A) Maximum projection image of a D2 MSN soma and dendrite 
from a DA-depleted BAC D2 mouse (left). The traces show the bAP-evoked Ca2 transient recorded at four different eccentricities along this den-
drite (45, 60, 100, 150 m, right). (B) Plot of the amplitude of the bAP-evoked Ca2 transient normalized to the most proximal recording in each cell 
(red diamonds, line). For comparison, the fit line from the D2 untreated MSNs (Fig. 6.1D, green line) is added to the plot. The box plot demonstrates 
the increase in the amplitude of the normalized bAP-evoked Ca2 in the distal regions of the DA-depleted D2 MSN dendrites compared to control 
(untreated D2  0.24, n  4; DA-depleted D2  0.6, n  4; Kruskal-Wallis ANOVA, P  0.05). From Day et al., 2008. To view a color version of this 
image please visit http://www.elsevierdirect.com/companion/9780123747679 
DA-depleted D2 MSNs or it could synergize with the 
decrease in spine density to render the dendrites even 
more excitable. We also considered the possibility that 
the decrease in the decrement of the bAP-evoked Ca2 
transients seen following reserpine treatment reflected 
a D2-mediated disinhibition Ca2 channels. To test this 
hypothesis, we compared the amplitude of bAP-evoked 
Ca2 transients in untreated BAC D2 MSNs recorded 
before and after bath application of the D2 antagonist  
sulpiride (10 µM). We did not detect any significant differ-
ences in the distal dendrites before and after D2 blockade 
indicating that tonic DA tone is an unlikely contributor 
to differences in dendritic excitability seen following DA 
depletion.

The loss of D2 receptor stimulation will also handi-
cap the induction of LTD that might serve to normalize 
global activity without eliminating synapses (Wang et al., 
2006; Calabresi et al., 2007; Kreitzer and Malenka, 2007). 
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Recent work by our group (Shen et al., 2008) has revealed 
that the loss of D2 receptor stimulation not only prevents 
the induction of LTD in D2 MSNs, but it also promotes 
LTP induction through adenosine A2a receptor signaling 
mechanisms. This interaction is mediated by an antago-
nism between the signaling mechanisms promoting LTD 
(D2 receptor dependent) and those promoting LTP (A2a 
receptor dependent). The loss of D2 receptor signaling 
disrupts the balance between these two processes, leading 
to strengthening of synaptic connections in inappropri-
ate situations. This maladaptive response to DA depletion, 
together with the elevation in dendritic excitability attrib-
utable to down-regulation of Kir2 and Kv4 K channels 
might provide an explanation for the anomalous increase 
in glutamatergic mEPSC frequency seen in several studies 
of MSNs in PD models (Galarraga et al., 1987; Gubellini 
et al., 2002; Picconi et al., 2004).

As mentioned above, while the majority of the glutama-
tergic synapses formed on dendritic spines are of cortical 
origin, many are not (Wilson, 2004b). Preliminary studies 
from our group suggest that it is corticostriatal, rather than 
thalamostriatal, synapses that are lost following DA deple-
tion. However, this hypothesis has yet to be rigorously 
tested.

VIII.  Functional implications for 
the pathophysiology in parkinson’s 
disease

Several lines of evidence point to the importance of stri-
atopallidal MSNs in the expression of Parkinson’s dis-
ease motor symptoms (Baik et al., 1995; Wichmann and 
DeLong, 2003). Perhaps the most compelling of these is 
the finding that the activity of neurons in structures con-
trolled by striatopallidal neurons is dramatically altered in 
people suffering from Parkinson’s disease and in animal 
models of the disease. Neurons in the globus pallidus and 
in the reciprocally connected subthalamic nucleus begin 
to discharge in anomalous rhythmic bursts that are often 
synchronized. Silencing this abnormal patterning with 
lesions or deep brain stimulation provides dramatic relief 
from motor symptoms (Gross et al., 1999; Hutchison et al., 
2004). Computer simulations grounded in experimental 
observation suggest that this rhythmic bursting is an intrin-
sic property of the pallidosubthalamic circuitry that is nor-
mally suppressed by striatopallidal GABAergic inhibition 
(Terman et al., 2002). Ineffectively timed or patterned stri-
atopallidal activity could “release” this circuitry, allowing 
it to display activity patterns like those seen in Parkinson’s 
disease. Because striatopallidal medium spiny neurons 
depend upon highly convergent glutamatergic synaptic 
inputs from cortical and thalamic motor command centers 
(Wilson and Kawaguchi, 1996), the loss of a substantial 
portion of this input should profoundly disrupt movement 
related, patterned activity and in so doing limit their abil-
ity to control the emergence of synchronous bursting in 
the pallidosubthalamic circuit. The failure to control the 
pallidosubthalamic circuit should lead to unwanted move-
ments and the cardinal symptom of Parkinson’s disease –  
the inability to translate thought into efficient movement.

IX.  Concluding remarks

Although we are still some way from a secure grasp of 
how DA shapes the activity of striatal circuits, some tenta-
tive conclusions can be drawn. Acting principally through 
D2 receptors, DA reduces glutamate release as well as the 
postsynaptic responsiveness of striatopallidal MSNs to 
released glutamate. This short-term modulation is com-
plemented by D2 receptor dependent promotion of long-
term depression of glutamatergic synaptic transmission. 
Our grasp of how DA modulates striatonigral MSNs is less 
secure. Acting principally at postsynaptic D1 receptors in 
striatonigral MSNs, DA appears to depress weak, asyn-
chronous synaptic signals but to augment the response to 
strong, coordinated glutamatergic input, promoting NMDA 
receptor opening and up-state transitions. In addition, D1 
receptor signaling facilitates long-term potentiation of 
glutamatergic signaling, enhancing network connections 
which are consistently active during important environ-
mental events that trigger phasic DA release.

What this means for striatal function is far from clear. 
Alterations in DA signaling can have profound effects on 
cognitive and motor function, being implicated in disor-
ders like schizophrenia, dystonia, Tourette’s syndrome, 
drug abuse and Parkinson’s disease. One possible role of 
striatally released DA is to promote cortically driven action 
selection. This conjecture is based upon the popular model 
asserting that activity in striatopallidal MSNs and the indi-
rect pathway serves to suppress action, whereas activity in 
striatonigral MSNs serves to promote action (Mink, 2003). 
Basal striatal DA levels produced by autonomous activity 
in SNc DA neurons should act primarily at high affinity D2 
receptors expressed by striatopallidal MSNs, preventing 
them from responding too readily to uncoordinated cortical 
activity. When SNc DA neurons transiently spike at high 
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frequency in response to environmental cues, low affinity 
D1 receptors should be activated, transiently enhancing the 
responsiveness of striatonigral MSNs to properly coordi-
nated cortical “action commands”; in parallel, this burst of 
DA cell activity will suppress tonic activity in cholinergic 
interneurons, potentially synergizing with postsynaptic D2 
receptors on striatopallidal MSNs to prevent cortical gluta-
matergic signals shared with striatonigral MSNs from gen-
erating a state-transition, spiking and inappropriate action 
suppression. In this way, DA might gate the responsiveness 
of striatal output pathways to shared cortical glutamatergic 
action commands, preventing co-activation of incompatible 
action programs.
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I.  Introduction

Cholinergic interneurons in the striatum were first identi-
fied as giant interneurons by Kölliker (1896). They are 
very rare, accounting for only about 1–2% of the neu-
rons in the mammalian striatum (Kemp and Powell, 1971; 
Bolam et al., 1984; Phelps et al., 1985), and this creates 
a strong sampling bias against them when attempting to 
record their activity intracellularly either in vivo or blindly 
in slice preparations. The first intracellular recording stud-
ies of these neurons were published from the laboratory of 
S.T. Kitai, and included a small number of cells recorded 
in vivo over many years (Bishop et al., 1982; Wilson et al. 
1990). Although rare, once impaled these cells proved to be 
very resilient in vivo and could be studied for over 2 hours. 
These initial studies demonstrated that these cells discharge 
tonically in vivo at a rate of 3–10 spikes/s, and continue to 
133

fire spontaneously in ipsilaterally-decorticate animals. In 
addition, they were shown to exhibit a broad action poten-
tial followed by a deep afterhyperpolarization. The cells 
were tentatively identified as cholinergic using intracellu-
lar staining methods which demonstrated that they have the 
same cytological features as well as synaptic distribution 
and morphology as the choline acetyltransferase (ChAT)-
containing cells of the striatum (Wilson et al., 1990). 
Subsequent studies identified them conclusively by double 
labeling (Kawaguchi, 1992). The neurons possess a large 
soma (often 50 m along its long axis); 2–4 large primary 
tapering aspiny dendrites that bifurcate repeatedly but infre-
quently and that can extend over a range of 1 mm; and an 
axon that arises from one of the primary dendrites and that 
branches densely and profusely over a large portion of the 
striatum (Chang and Kitai, 1982; DiFiglia and Carey, 1986; 
DiFiglia, 1987; Kawaguchi, 1992, 1993) (Fig. 7.1A).
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In an early recording study in slices only 11 cells from 
over 350 recorded were found to be cholinergic interneurons 
(Jiang and North, 1991). That study described a prominent 
sag in voltage in response to hyperpolarizing current injec-
tions that was shown to result from the hyperpolarization-
activated, cyclic nucleotide-gated cation (HCN) inward 
current. This study also reported that 40% of the cells were 
spontaneously active in vitro, when recorded using conven-
tional sharp electrodes.

The advent of visualized infra-red differential inter-
ference contrast (IR-DIC) patch clamp recordings cor-
rected and reversed the bias against isolating cholinergic 
interneurons in slices. Thanks to their large somata they 
are easily discernable against the background of the other 
smaller spiny neurons and they are easily “patched” (Fig. 
7.1A, inset). Numerous studies have since contributed to 
the systematic characterization of the physiology of these 
cells. The first of these studies, which also positively iden-
tified the cholinergic cells with ChAT-immunoreactivity, 
was published by Kawaguchi (1993) in which he described 
most of the salient features of these cells’ responses to 
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Figure 7.1  Morphological and physiological characteristics of the 
cholinergic interneurons. A. 2D projection of multiple focal length images 
of a cholinergic interneuron filled with biocytin and stained by the nickel 
enhanced ABC-DAB reaction. Several dendrites can be seen emanating 
from the soma and bifurcating into higher order processes. The axonal 
arborizations can be seen both in the vicinity of the cell body and at two 
additional patches distanced a few hundred micrometers from the soma. 
White arrowhead indicates the axonal tortuosity. Inset: IR-DIC image of 
a different cholinergic interneuron and neighboring striatal cells. Three 
primary dendrites are visible as well as the recording pipette approaching 
from the right side. B. Current clamp recording from a cholinergic inter-
neuron in whole cell configuration. A long depolarizing pulse leads to a 
speed up in the cell’s firing rate, accompanied by spike accommodation 
followed by spike frequency adaptation. When the pulse is over the cell 
exhibits a long-lasting afterhyperpolarization (sAHP). A long hyperpolar-
izing pulse leads to a hyperpolarizing rectification response followed by 
a prominent sag in the voltage. When the pulse is over there is a rebound 
speed up, followed by a relaxation back to rhythmic tonic discharge. Note 
that each action potential is followed by a prominent medium-sized after-
hyperpolarization (mAHP) and that these are briefer and shallower during 
the depolarizing pulse.
current injections, as depicted in Figure 7.1B. The cells 
respond to depolarizing pulses with increased firing that 
undergoes spike frequency adaptation (and spike threshold 
accommodation) during the pulse. The action potentials are 
very broad (see Fig. 7.2A) and are followed by an after-
hyperpolarization, called the mAHP that lasts 100–200 
milliseconds. At the end of a long depolarizing pulse the 
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Figure 7.2  Ionic currents underlying the various aspects of the spon-
taneous discharge of the cholinergic interneurons. A. several seconds 
of discharge depicting a transition from single-spiking (left) to bursting 
(right). B. During the broad action potential emitted by the choliner-
gic interneurons calcium entry by way of Q-type high voltage activated 
(HVA) calcium current activates the calcium- (and voltage-) activated BK 
current, which repolarizes the membrane potential. C. Cycle of rhythmic 
single spiking: The N-type HVA calcium current is activated during the 
action potential. This current selectively activates the SK current, which 
generates the mAHP. A-type potassium currents contribute to the mAHP 
and possibly to the slow ramp up to action potential threshold. The HCN 
current is responsible for depolarizing the cell into the voltage range in 
which persistent sodium (NaP) currents bring the cell to action potential 
threshold. D. During rhythmic bursting there is subthreshold calcium 
entry through L-type calcium channels, which activate the sAHP current 
(IsAHP), which leads to spike frequency adaptation during the burst and 
ultimately to the termination of the burst. E. The inward rectifying potas-
sium current (IRK) induces a rapid hyperpolarization of the membrane 
potential and in conjunction with the hyperpolarization-activated depo-
larizing HCN current can lead to subthreshold oscillations that are some-
times accompanied by action potentials.
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membrane potential undergoes a long-lasting AHP, called 
the sAHP, lasting several seconds long. When the cells 
are hyperpolarized with a current pulse they exhibit a 
rapid hyperpolarization followed by the above-mentioned 
sag due to HCN currents. After the hyperpolarizing pulse 
there is a rebound of increased firing, but then the cells 
relax back to spontaneous discharge (Fig. 7.1B). Other fir-
ing patterns and membrane dynamics exhibited regularly 
by these cells include rhythmic bursting and subthreshold 
oscillations (Fig. 7.2) as well as irregular firing (Bennett 
and Wilson, 1999; Wilson, 2005).

The focus of the present chapter will be to describe the 
membrane currents and calcium dynamics that underlie the 
various firing patterns of the cholinergic interneurons; how 
they are affected by various neurotransmitters; and how 
they exert their influence on the striatal network. We will 
discuss how the firing patterns observed in vitro are related 
to the discharge properties of the tonically active neurons 
(TANs) of the striatum in the awake-behaving primate. We 
will conclude with a hypothesis concerning the function of 
the cholinergic interneurons, with their unique firing pat-
terns, within the striatal network.

II.  Autonomous firing patterns in 
cholinergic interneurons

The spontaneous discharge of cholinergic interneurons is 
best studied using extracellular recordings or perforated 
patch recordings. It is usually short-lived in whole cell 
recordings, presumably because the contents of the cells 
are corrupted by the composition of the pipette. The argu-
ment that spontaneous activity is autonomous in nature is 
based on two kinds of evidence. The first is its insensitivity 
to blockade of a wide range of synaptic transmitter recep-
tors, including alpha-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionate (AMPA), N-methyl-D-aspartate (NMDA), 
-aminobutyric acid-A (GABAA) receptors, muscarinic 
and dopaminergic receptors that are present and in these 
cells (Bennett and Wilson, 1999). The second and more 
persuasive evidence for the autonomous nature of the fir-
ing comes from the elucidation of specific mechanisms 
underlying spontaneous activity (Bennett et al., 2000). The 
neurons display two types of rhythmical discharge – tonic 
single spiking and bursting – as well as irregular firing, all 
of which are autonomous in origin. Figure 7.2A depicts a 
trace in which a cholinergic interneuron switches patterns 
from single spiking to bursting.
A.  Biophysical Mechanism of Autonomous 
Firing

1.  Rhythmic Single-Spiking

Spontaneous single spiking is depicted in Figure 7.1B (after 
the hyperpolarizing pulse) and in the first part of the trace 
in Figure 7.2A. Close-ups of a single action potential and a 
single cycle of this rhythmic firing are depicted in Figures 
7.2B and 7.2C, respectively. The threshold for action poten-
tial generation is in the 45 to 50 mV range. Tetrodotoxin 
(TTX)-sensitive (fast-activating and fast-inactivating) 
sodium currents (Maurice et al., 2004) and delayed-rectifier 
potassium currents (Song et al., 1998) are present in these 
cells and are the action potential mechanism. The long 
duration action potential is accompanied by inward CaV2.1 
(primarily of the Q-type) and CaV2.2 (N-type) calcium cur-
rents. The action potential would be wider still were it not 
for the activation of the big-conductance calcium- and volt-
age-dependent (BK) potassium current, which is activated 
selectively by the CaV2.1 current, and repolarizes the action 
potential (Fig. 7.2B) (Bennett et al., 2000; Goldberg and 
Wilson, 2005).

The CaV2.2 calcium channels are functionally coupled 
to the small-conductance calcium-activated (SK) potas-
sium current (ISK) and give rise to the prominent mAHP 
that follows each action potential and hyperpolarize the 
voltage below 60 mV (Bennett et al., 2000; Goldberg and 
Wilson, 2005). A hyperpolarization-de-inactivated A-type 
potassium current that is mediated by Kv4.2 and Kv4.1 
channels becomes activated by the action potential, and 
presumably contributes to the shaping of the mAHP, but it 
may also contribute to a gradual recovery from the mAHP 
as it inactivates (Song et al., 1998; Hattori et al., 2003).

The main current responsible for depolarizing the cells 
from the depths of the mAHP is the HCN current that is 
activated by the mAHP. It depolarizes the cells into the 
voltage range of a subthreshold persistent-sodium cur-
rent (Bennett et al., 2000). The persistent-sodium current 
may be attributable to a high abundance of NaV1.6 chan-
nels expressed in these neurons (Maurice et al., 2004). 
Moreover, the voltage-dependence of fast sodium inacti-
vation in these neurons, as in other pace-making neurons 
of the basal ganglia (Surmeier et al., 2005), is quite depo-
larized (in comparison, for example, to cortical pyramidal 
neurons). This property also contributes to a larger sodium 
window-current in these neurons (Maurice et al., 2004). 
The persistent sodium current drives the membrane volt-
age to threshold and thus destabilizes the resting potential.  
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This destabilization is evident as a TTX-sensitive negative 
slope conductance that is evident in the steady-state I-V 
curve of the cells at 60 mV (Bennett et al., 2000). The 
negative slope in the steady-state I-V curve means that the 
oscillatory mechanism can generate rhythmic firing at arbi-
trarily low frequencies, and therefore accounts for the abil-
ity of these cells to maintain tonic slow firing.

The cycle of the rhythmic single spiking is gener-
ated as follows: (a) at threshold, a sodium action current 
depolarizes the cells, leading to an influx of calcium via 
CaV2 calcium channels; (b) the CaV2.1 current activates 
BK channels which participate (along with voltage sen-
sitive potassium currents) in repolarizing the cells, and 
the CaV2.2 current activates ISK that induces the ensuing 
mAHP; (c) HCN currents depolarize the cells to approxi-
mately 60 mV, after which the persistent sodium current 
slowly returns the membrane potential to the action poten-
tial threshold (Fig. 7.2C).

2.  Rhythmic Bursting and Subthreshold 
Oscillations

An example of bursting in cholinergic interneurons is 
depicted in Figure 7.2D. Unlike principal neurons of the 
thalamus, bursting in cholinergic interneurons cannot be 
triggered or abolished simply by changing the average 
membrane potential. The bursting mechanism in cholin-
ergic interneurons does not depend on inactivation of 
low threshold inward currents, and these cells express no 
appreciable low threshold CaV3 (T-type) currents (Bennett 
et al., 2000) that underlie bursting in the thalamus. Other 
calcium currents underlie bursting in cholinergic interneu-
rons. The first clue as to the mechanism of bursting comes 
from noting that the mAHPs following each action poten-
tial in a burst are smaller and briefer than when the same 
cell is in the single spiking mode (compare the mAHPs in 
the beginning and end of Fig. 7.2A), suggesting that per-
haps one way to induce bursting is to dramatically reduce 
the mAHPs. Application of apamin, which blocks ISK and 
thus reduces mAHPs, causes all cholinergic interneurons 
to burst (Bennett et al., 2000; Goldberg and Wilson, 2005) 
suggesting a shared mechanism for intrinsic and apamin-
induced bursting. However, there is an important differ-
ence between the two: while TTX-treatment abolishes 
apamin-induced bursting and establishes a resting poten-
tial, in intrinsically bursting cholinergic interneurons, TTX 
only abolished action potentials, while the cells continue to 
exhibit subthreshold oscillations (Wilson, 2005). A close 
look at the calcium dynamics of these cells clarifies this 
difference.

Direct measurement of the calcium concentration 
inside the cholinergic interneurons, using wide-field fluo-
rescent calcium imaging, demonstrates an important dif-
ference between rhythmic single spiking and rhythmic 
bursting. In the rhythmic single spiking mode there is no 
subthreshold entry of calcium into the cells. Instead, the 
calcium concentration rises only after each action poten-
tial and then relaxes back to baseline during the mAHP. 
In contrast, when the neurons burst there is considerable 
subthreshold calcium entry that accumulates in the cell 
body during the voltage ramp-up to the burst (Goldberg 
et al., 2009). This slow subthreshold build up of calcium 
is critical for intrinsic bursting, as it is required to activate 
the apamin-insensitive current that underlies the sAHP 
(IsAHP). IsAHP is necessary for terminating the burst, as a 
reduction in this current causes bursting cells to switch to 
single spiking (Goldberg and Wilson, 2005). The effect of 
IsAHP is observable also before the burst ends, in the elon-
gation of the final inter-spike interval (ISI) in the burst  
(Fig. 7.2D). IsAHP is sensitive to caffeine as well as other 
blockers of calcium release from intracellular stores, sug-
gesting that calcium influx via CaV1 (L-type) calcium 
channels, may engage calcium-induced calcium-release 
(CICR) to activate IsAHP (Goldberg and Wilson, 2005). 
The affinity of IsAHP to the calcium that activates it is so 
high, that very small increases in intracellular calcium are 
sufficient to activate it. As a result IsAHP is activated sub-
stantially even at voltages as low at 70 mV (Wilson and 
Goldberg, 2006), which is at the lower end of the activa-
tion curve of the L-type (particularly CaV1.3) currents 
(Lipscombe et al., 2004).

The effect of TTX on apamin-induced vs. intrinsic 
bursting can now be understood. During intrinsic burst-
ing the calcium entry is subthreshold and thus persists 
after TTX, continuing to activate IsAHP that is required for 
bursting. In contrast, by reducing the mAHPs and causing 
a rapid succession of action potentials, apamin-treatment 
can only admit calcium entry that is strictly action poten-
tial-triggered, and therefore because this entry is lost after 
TTX, there is no calcium to activate IsAHP and consequently 
no bursting.

An interesting question is what causes the mAHPs to 
get smaller during intrinsic bursting relative to the single-
spiking regime. This would require some endogenous 
down-regulation of ISK that underlies the mAHP, or of the 
CaV2.2 current that activates this current. One possibility 
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is that the slow buildup of calcium entering through CaV1 
channels induces calcium-dependent inactivation of the 
CaV2.2 current (Liang et al., 2003) thereby decreasing the 
mAHPs during the burst, but this has not been shown.

The slow hyperpolarization that follows the termination 
of the burst, which is induced by IsAHP, engages two oppos-
ing hyperpolarization-activated currents that are activated 
below 60 mV and above the potassium reversal poten-
tial: the outward inwardly-rectifying potassium (IRK) cur-
rent and the inward HCN current. In this voltage range the  
IRK current produces an outward current that increases 
with hyperpolarization (Hagiwara et al., 1978) and is 
present in cholinergic cells (Wilson, 2005). This property 
induces yet another more hyperpolarized negative con-
ductance region in the I–V curve of the cells that is TTX-
insensitive. But this negative conductance region is present 
only in the instantaneous I–V curve, not in the steady-state 
curve. This negative conductance region creates a voltage 
instability that gives rise to regenerative hyperpolarizations 
that follow the burst (Fig. 7.2D). This mechanism is also 
responsible for the hyperpolarizing rectification seen in 
response to hyperpolarizing current injections (Fig. 7.1A). 
Due to their all-or-none nature, the depth and time-course 
of these regenerative hyperpolarizations are not directly 
related to the size of IsAHP that evoked them. Thus, while 
these hyperpolarizations usually follow bursts of action 
potentials, in cells in which the IRK current is especially 
large, single action potentials are able to trigger them, giv-
ing rise to one form of irregular single spiking, as depicted 
in Figure 7.2E (Wilson, 2005). Moreover, as is evident 
from that figure, the subthreshold oscillations are sustain-
able even in the absence of action potentials altogether.

In summary, the cycle of intrinsic rhythmic bursting 
is as follows: (a) during and prior to the rapid succession 
of action potentials that make up the burst, there is a sub-
threshold build-up in the cells of calcium entering through 
CaV1 channels; (b) the CaV1 current presumably induces 
CICR from intracellular stores that activates the slowly-
activating IsAHP; (c) IsAHP terminates the burst and triggers 
an sAHP; (d) IRK currents amplify the sAHP into a rapid 
and prolonged hyperpolarization, during which calcium 
concentrations drop; (e) HCN currents, followed by per-
sistent sodium currents, depolarizes the cells so that they 
approach action potential threshold and so that calcium 
begins to build up in the cells.

Analysis of bursting in the cholinergic interneurons 
reveals two autonomous mechanisms for subthreshold 
oscillations that share the same inward HCN current, but 
that differ in their outward current. One requires sub-
threshold accumulation of calcium, which activates IsAHP, 
while the other does not and depends on the activation of 
the IRK current instead. For this reason, these two oscil-
latory mechanisms are, in principle, independent of each 
other. However, during rhythmic bursting it is likely that 
both outward currents participate in the cycle. This is vis-
ible in Figure 7.2D in which the initial hyperpolarization 
following the burst is gradual, due to IsAHP, and then there 
is an inflection point after which the voltage rapidly hyper-
polarizes, due to IRK current.

3.  Transitions Between Firing Patterns and the 
Mechanism of Selective Coupling Between 
Calcium and Potassium Currents

The two forms of endogenous rhythmic discharge – single 
spiking and bursting – are mutually exclusive: at any moment 
only one can be exhibited. Which firing pattern is expressed at 
any moment depends on which of the two calcium-activated 
potassium currents – ISK or IsAHP – is more dominant. IsAHP 
promotes bursting, through its ability to slowly accumulate 
during the burst up to the point when it shuts down the burst-
ing. ISK, on the other hand, promotes single spiking as the 
mAHP it induces repolarizes the cells long enough to prevent 
accumulation of IsAHP. The ability of the cells to endogenously 
switch between firing patterns implies that the balance 
between these currents is dynamic, and raises the question 
at to how it is achieved. One possibility is that this balance 
is under the control of neuromodulators which can alter the 
properties of the potassium channels directly or the calcium 
channels to which they are coupled.

As mentioned above, ISK and IsAHP are activated selec-
tively by calcium influx via CaV2.2 and CaV1 channels, 
respectively (Goldberg and Wilson, 2005). Hence, the 
cholinergic interneurons’ ability to maintain a specific fir-
ing pattern must depend on their ability to maintain this 
selective coupling between calcium sources and potassium 
currents. One mechanism for such calcium compartmen-
talization requires spatial segregation of either the various 
calcium channels or one of the two potassium channels. 
The segregation can be between various subcellular com-
partments (e.g., Sah and Bekkers, 1996), or can be at the 
microscopic level with calcium channels tethered to the 
potassium ones (e.g., Marrion and Tavalin, 1998). Goldberg 
and co-workers (Goldberg et al., 2009) recently tested this 
possibility with wide-field imaging of calcium transients 
throughout the somato-dendritic field of the cholinergic 
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interneurons. They found that all calcium entry is present 
throughout all subcellular compartments. Moreover, a phar-
macological block of specific calcium channels affects all 
regions equally. These findings rule out calcium compart-
mentalization by subcellular localization of calcium chan-
nels. Instead they found that individual compartments can 
express multiple time-scales of calcium decay, which is 
consistent with the presence of multiple buffering systems 
within all subcellular compartments. The model they pro-
pose to explain how the cells sustain multiple time scales is 
that of non-equilibrium calcium dynamics, wherein before 
steady-state is reached a cascade of calcium buffers binds 
sequentially to the calcium ions, each interaction giving rise 
to a different time scale of calcium decay (Markram et al., 
1998). They propose that the selective coupling of calcium 
to potassium channels should be reinterpreted as a selective 
activation of SK channels by fast calcium transients and as 
selective activation of sAHP currents by slow calcium tran-
sients. Hence, fast voltage transients, such as action poten-
tials, give rise to faster calcium transients, and therefore 
preferentially activate ISK whereas slow transients, such 
as the subthreshold activity, preferentially activate IsAHP. 
Because CaV1.3 channels have a more hyperpolarized half-
activation than CaV2.2 channels (Lipscombe et al., 2004), 
action potentials preferentially admit calcium via the latter, 
while subthreshold activity admits calcium via the former. 
Thus, the selectivity of ISK to CaV2.2 block is a by-product  
of its selectivity to fast calcium transients which tend to 
admit calcium via these channels. Similarly, the selectivity 
of IsAHP to CaV1 block is a by-product of its selectivity to 
slow calcium dynamics.

4.  Irregular Firing

In addition to the rhythmic discharge patterns addressed 
above the cholinergic interneurons also exhibit irregular 
firing. There can be various mechanisms for irregular fir-
ing. The first two are implicit in Figure 7.2. The transitions 
(especially if they are frequent) between rhythmic single 
spiking and rhythmic bursting, give rise to one form of irreg-
ular firing. Subthreshold oscillations in which the number 
of action potentials emitted in each cycle is stochastic is 
another (Fig. 7.2E). Another form of irregularity is tonic 
firing in which the distribution of ISIs is wider than in the 
case of rhythmic single spiking (see Fig. 7.4B) (Bennett and 
Wilson, 1999). There are at least two mechanisms that can 
account for this irregularity: the first is sodium-dependent 
and the second is calcium-dependent. In most cholinergic 
interneurons the TTX-sensitive negative conductance region 
in the steady-state I-V curve passes a few picoamperes nega-
tive to the zero current line, guaranteeing the presence of a 
robust inward current that brings the cells to action potential 
threshold, as discussed above. However, if this region hap-
pens to be closer (particularly if it is tangential) to the zero 
line, it can give rise to an effect of lingering, in which the 
time spent by the voltage to reach action potential threshold 
is very sensitive to noise, and the ISIs can vary significantly. 
The calcium-dependent mechanism is related to the fact that 
all cholinergic interneurons support subthreshold calcium 
entry (e.g., in response to depolarizing current injections). 
During tonic firing the irregular single-spiking cells can be 
distinguished from the regular ones in that the former exhibit 
slow subthreshold calcium modulation (in addition to the 
action potential triggered calcium entry) while the latter do 
not (Goldberg et al., 2009). The subthreshold calcium fluc-
tuations introduce variability in the ISI distribution.

B.  Influence of Neurotransmitters on 
Autonomous Firing

The physiological effects of various neurotransmitters on 
cholinergic interneurons have been reviewed by Pisani and 
colleagues (2003a, 2007). In the following section we will 
focus on how these neurotransmitters and their receptors 
might affect the firing patterns exhibited by these cells.

1.  Ionotropic vs. Metabotropic Receptors

Cholinergic interneurons receive glutamatergic input from 
both the cortex and the intralaminar nuclei of the thalamus 
(centre-median and parafascicular in primates and the para-
fascicular proper in the rat). The cortical inputs are confined 
to the distal dendrites whereas thalamic synapses are also 
present at the soma and proximal dendrites (Wilson et al., 
1990; Lapper and Bolam, 1992; Kawaguchi, 1993; Bennett 
and Wilson, 1998; Thomas et al., 2000). Thus, thalamic 
glutamatergic inputs are presumably more influential on 
cholinergic activity than cortical ones (Sidibè and Smith, 
1999). Cholinergic interneurons also receive GABAergic 
input mediated by GABAA receptors (Chang and Kitai, 
1982; DiFiglia and Carey, 1986; DiFiglia, 1987; Bolam, 
1989; Bennett and Wilson, 1998) from the GABAergic 
striatal interneurons (Sullivan et al., 2008) and possibly 
from axon collaterals of spiny neurons as well. Because the 
cholinergic interneurons are pacemakers the effect of such a 
fast and weak ionotropic synaptic input (Kawaguchi 1993) 
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is confined to either advancing or delaying the next action 
potential: a glutamatergic excitatory postsynaptic poten-
tial advances, while a GABAergic inhibitory postsynaptic 
potential (IPSP) delays it (Bennett and Wilson, 1998).

Stronger or sustained fast synaptic input or activation 
of metabotropic receptors may give rise to more dramatic 
effects such as silencing the cells, or perhaps inducing 
transitions between firing patterns. For example, musca-
rinic IPSPs can be elicited in cholinergic interneurons by 
focal stimulation of striatal slices, and application of mus-
carine or its agonists to these cells can silence them – both 
effects are mediated by M2 class receptors (Calabresi et al., 
1998c; Bonsi et al., 2008), that inhibit adenylate cyclase. 
These results suggest that cholinergic interneurons may be 
mutually inhibitory in addition to their mutual polysynap-
tic inhibition via GABAergic interneurons (Sullivan et al., 
2008). Virtually all cholinergic interneurons express M2 
class receptors whose activation has been shown to reduce 
Cav2 currents in the soma and proximal dendrites (Yan and 
Surmeier, 1996; Thomas et al., 2000). Due to the dense 
cholinergic innervation (Bolam et al., 1984; Phelps et al., 
1985) and the presumed volume transmission of acetylcho-
line (ACh) (Contant et al., 1996; Descarries et al., 1997; 
Descarries and Mechawar, 2000; Jones et al., 2001; Koós 
and Tepper, 2002) in the striatum, activation of these recep-
tors could be expected to affect action potential width and 
reduce the mAHPs, through the above-mentioned coupling 
of these calcium currents to the various potassium currents. 
Indeed, activation of muscarinic receptors has been shown 
to reduce mAHPs and induce irregular firing in cholinergic 
interneurons (Ding et al., 2006).

Activation of group I metabotropic glutamate receptor, 
which are present in virtually all cholinergic interneurons 
(Tallaksen-Greene et al., 1998; Bell et al., 2002), depolar-
izes the cholinergic interneurons by suppressing potassium 
currents and inducing an effective inward current (Takeshita 
et al., 1996). Group II metabotropic glutamate receptors can 
affect the excitability of the cholinergic interneurons indi-
rectly by reducing the synaptic potentials elicited in them. In 
particular, activation of these receptors reduced the cholin-
ergic IPSP, as well as the release of ACh from these cells by 
suppression of Cav2.1 currents (Pisani et al., 2002, 2003a).

Finally, 5-hydroxytryptamine (5-HT, serotonin), which 
is released in the striatum by fibers arising from somata in 
the raphe nucleus (Steinbusch, 1981), induces an inward 
current, that is caused by closure of potassium channels, and 
that depolarizes the cells and causes a three-fold increase 
in the spontaneous firing rate of cholinergic interneurons. 
In addition, the mAHP and sAHP exhibited by these cells 
are both significantly reduced by serotonin. These effects 
are mediated by the 5-HT2,6,7 (metabotropic) receptors. It 
remains to be determined how activation of this receptor 
closes the potassium channels and modulates the potassium 
currents that underlie the AHPs, or perhaps the calcium cur-
rents that activate them (Blomeley and Bracci, 2005; Bonsi 
et al., 2007).

2.  Catecholamines and Other 
Neuromodulators

The striatum has the highest expression of dopamine  
receptors in the brain. The D1-type includes D1 and D5 
receptors, that activate adenylyl cyclase and the D2-type 
includes the D2, D3, and D4 receptors that inhibit it. The 
cholinergic interneurons mostly express the D2 receptor 
and the D5 receptor (Yan et al., 1997). Activation of D1-like  
receptors has been shown, on the one hand, to evoke a 
transient slow depolarization (and increased spiking) in 
the cholinergic interneurons by evoking an inward current 
(Aosaki et al., 1998). This depolarization may be partially 
dependent on activation of HCN currents (Pisani et al., 
2003b; but see Deng et al., 2007). On the other hand, acti-
vation of these receptors has been shown to increase the 
mAHP, which would presumably slow down the cells once 
they fire (Bennett and Wilson, 1998). Dopamine acting by 
way of D2 receptors down-regulates the persistent sodium 
(Maurice et al., 2004) and HCN (Deng et al., 2007) currents 
thereby lowering the autonomous firing rate of these neu-
rons in the single spiking mode. As mentioned above, mus-
carinic receptors down-regulate CaV2 channels. Similarly, 
activation of D2 receptors reduces CaV2.2 currents in 
cholinergic interneurons (Yan et al., 1997), as does activa-
tion of adenosine A1 receptors (Song et al., 2000). In addi-
tion to the importance of these channels to vesicular release 
of ACh, reduction of the CaV2.2 current in cholinergic 
interneurons reduces the mAHP (due to its coupling to SK 
currents) and causes them to burst (Goldberg and Wilson, 
2005). Thus, it is possible that activation of any of these 
receptors could induce a transition to bursting. Indeed, after 
strong electrical stimulation of the SNc in anesthetized rats, 
cholinergic interneurons transition into a state of persistent 
bursting that lasts several minutes (Reynolds et al., 2004). 
It is possible that this stimulation releases large amounts 
of dopamine in the striatum, which presumably activates 
D2 receptors, thereby inducing a transition to bursting by 
down-regulating CaV2.2 channels. Finally, activation of 
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presynaptic D2 receptors reduces GABA and ACh release 
onto cholinergic interneurons via down-regulation of 
CaV2.2 channels (Pisani et al., 2000; Momiyama and Koga, 
2001), giving rise to an additional second-order mechanism 
by which dopamine can affect the precise timing or disin-
hibit the firing of cholinergic interneurons.

Because activation of D2 receptors decreases the 
excitability of cholinergic interneurons – through its down-
regulation of the persistent sodium, HCN and CaV2.2 cur-
rents (the latter is also required for vesicular release of  
ACh) – loss of dopamine, as in parkinsonism, would be 
expected to lead to an effective increase in the firing of cho-
linergic interneurons, and to an increased release of ACh. 
Indeed, the drop in dopamine in parkinsonism disrupts the 
so-called dopamine-acetylcholine balance leading to an 
increased release of ACh, which exacerbates the symptoms 
of the disease (McGeer et al., 1961; Barbeau, 1962; Lehmann 
and Langer, 1983; DeBoer et al., 1996). Thus, the common 
view is that the reduction in D2 receptor activation is respon-
sible for the increase in ACh release. However, Surmeier and 
co-workers have presented compelling evidence for an alter-
native mechanism, which is related to loss of self-regulation 
of ACh release in cholinergic interneurons. Under normal  
physiological conditions, activation of M4 muscarinic  
autoreceptors down-regulates Cav2.2 channels, thereby self-
limiting vesicular release of ACh. A drop in dopamine, leads 
to an attenuation of the coupling between the muscarinic 
autoreceptors and the calcium channels, leading to an effec-
tive increase in striatal ACh levels (Ding et al., 2006).

Activation of 1-adrenoreceptors, which are prevalent in 
the striatum (Pazos et al., 1985; Aoki et al., 1987) and pres-
ent in particular in cholinergic interneurons, depolarizes their 
(average) membrane potential and increases their firing rate. 
This effective depolarization was caused in a large portion of 
the neurons tested due to closure of potassium currents, but 
in some cells seemed to involve activation of the HCN cur-
rent (Pisani et al., 2003b). The prevalence of these adrenergic 
receptors is puzzling in light of the fact that the catecholamine 
innervation of the striatum is primarily dopaminergic rather 
then adrenergic (Lindvall and Björkland, 1974). This discrep-
ancy has been suggested to be resolved by the finding that the 
affinity of dopamine to noradrenergic receptors may be higher 
than their affinity to norepinephrine (Zhang et al., 1999; 
Pisani et al., 2003b). Finally, histamine by way of H1-receptor 
activation depolarizes and speeds up cholinergic interneurons, 
again due to a mix of ionic currents (Bell et al., 2000).

Because cholinergic interneurons are autonomous pace-
makers they will inevitably fire action potentials. Hence 
the role of the synaptic input is not to bring the neurons 
to action potential threshold as in striatal spiny neurons 
(see Chapter 5), but rather to influence the timing of action 
potentials for weak inputs, or to affect the pattern of the 
discharge for strong ones. Thus, the influence of iono-
tropic synaptic inputs is restricted to the precise timing of 
the action potentials. Activation of metabotropic receptors 
(Fig. 7.3A), on the other hand, can have a more persistent 
effect on their discharge. The effect can be on the rate of 
the discharge as in the case of metabotropic glutamate or 
serotonin receptors that down-regulate potassium currents, 
thereby depolarizing the cells and speeding up their dis-
charge. Similarly, D2 receptors down-regulate the persis-
tent sodium current thereby slowing them down. The most 
important effects of transmitters may be to alter the fir-
ing pattern itself, as in the case of M2 class receptors that 
down-regulate CaV2.2 channels leading to irregular firing 
or D2 receptors that down-regulate the same channels, and 
lead, under certain circumstances, to reduced mAHPs and 
burst firing.

III.  Influence of the cholinergic 
interneurons on the striatal 
network

The striatum contains one of the highest levels of ACh 
in the brain, and it is all provided endogenously by the 
cholinergic interneurons (Mesulam et al., 1992; Contant  
et al., 1996). Through their dense local innervation they influ-
ence striatal circuitry (see Chapter 1) in a variety of ways:  
ranging from postsynaptic effects on neuronal excitability 
of striatal neurons; through presynaptic effects on synaptic 
transmission; and synaptic plasticity. Nicotinic receptors 
exist on axons of dopaminergic neurons and act directly 
on fast-spiking GABAergic interneurons (see Chapter 8). 
However, most of the known effects of ACh in the striatum 
are mediated by muscarinic receptors (Koós and Tepper, 
2002; Zhou et al., 2002; Wilson, 2004).

A.  Neuronal Excitability

Nearly all spiny neurons express M1 receptors (Bernard et 
al., 1992; Hersch et al., 1994; Yan et al., 2001), and these 
are known to induce an effective inward current by suppres-
sion of several potassium currents including: the inactivat-
ing A-type current, the IRK current, and the Kv7/KCNQ/M 
current (Akins et al., 1990; Kitai and Surmeier, 1993; Hsu 
et al., 1996; Gabel and Nisenbaum, 1999; Galarraga et al.,  
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1999; Shen et al., 2005, 2007) (see Chapters 5 and 6). 
These receptors also down-regulate CaV1 and CaV2 cur-
rents in spiny neurons (Howe and Surmeier, 1995), which 
due to their coupling to calcium-activated potassium cur-
rents (Vilchis et al., 2000) also increase the excitability of 
these cells, by reducing their AHPs and increasing their 
evoked firing rate (Perez-Rosello et al., 2005).

ACh, acting via nicotinic receptors, can depolarize the 
normally quiescent fast-spiking GABAergic interneurons 
and cause them to fire (Koós and Tepper, 2002) (see also 
Chapter 8). Because these interneurons can strongly inhibit 
spiny neurons (Koós and Tepper, 1999), this provides a 
mechanism for cholinergic interneurons to inhibit spiny 
cells. However, these interneurons possess an additional 
mechanism by which ACh can temper this effect: ACh 
weakens the GABAergic inhibition of the spiny neurons 
by activating presynaptic muscarinic receptors (Koós and 
Tepper, 2002; Perez-Rosello et al., 2005). The GABAergic 
interneurons also provide a mechanism of lateral inhibition 
among cholinergic interneurons: action potentials in one 
cholinergic interneuron create polysynaptic inhibitory post-
synaptic currents (IPSCs) in itself and in other cholinergic 
interneurons, and transiently suppress ongoing discharge 
in these neurons. The IPSCs are polysynaptic and are nic-
tonic-receptor-dependent because they are mediated by the 
GABAergic interneurons (Sullivan et al., 2008).

B.  Synaptic Transmission

Just as ACh can weaken GABAergic transmission, it has 
been found to regulate other forms of synaptic transmis-
sion in the striatum. ACh, acting through M1 class receptor, 
facilitates inward currents in spiny neurons via NMDA, but 
not AMPA receptors. This facilitation is TTX-insensitive 
indicating a postsynaptic site of action (Pisani et al., 1997; 
Calabresi et al., 1998a). Presynaptic inhibition involv-
ing muscarinic receptors is known to affect glutamatergic 
transmission, as well (Akaike et al., 1988; Barral et al., 
1999). In general, to first approximation, postsynaptic 
muscarinic effects on spiny neurons are mediated by M1 
class receptors, whereas pre-synaptic effects are medi-
ated by M2 class receptors, the latter usually attenuat-
ing transmission (Calabresi et al., 1998b; Calabresi et al., 
2000). Pakhotin and Bracci (2007) have shown the direct 
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presynaptic effect of a single action potential emitted by a 
cholinergic interneuron on glutamatergic transmission to 
neighboring spiny neurons and cholinergic interneurons, 
within a radius of 100 m. Each action potential reduced 
by up to 30% the size of glutamatergic excitatory postsy-
naptic currents induced by stimulation of afferent cortical 
fibers. This reduction was shown to be mediated by mus-
carinic receptors.

Acetylcholine also has important effects on dopamine 
release. Activation of nicotinic receptor on terminals of 
dopaminergic neurons (Jones et al., 2001), promotes the 
release of dopamine – a mechanism that has been pro-
posed to underlie the hedonic nature of smoking, espe-
cially among schizophrenics. However, nicotine at levels 
achieved by smokers seems to desensitize the receptors 
leading to a decrease in dopamine release (Di Chiara and 
Imperato, 1988; Zhou et al., 2001, 2002). The nictonic 
effect either facilitates or suppresses dopamine release 
depending on the firing pattern of the dopaminergic neu-
rons. When the firing rate is slow and tonic the desensitiza-
tion tends to occur, but when dopaminergic neurons burst, 
the nicotinic effect leads to an enhanced dopamine release 
(Rice and Cragg, 2004; Zhang and Sulzer, 2004; Exley and 
Cragg, 2008). Because the level of ACh in the striatum is 
determined by the firing rate of the cholinergic interneu-
rons, the nicotinic effect on dopamine release will also 
depend on their firing pattern, and it has been suggested 
that tonic firing in the 3–10 spikes/s range, which is typical 
for these neurons in vivo (Wilson et al., 1990), is optimal 
for minimizing the desensitization of the nicotinic recep-
tors (Zhou et al., 2002).

C.  Synaptic Plasticity

The most studied synapses in the striatum are the glutamater-
gic synapses on spiny cells (for reviews of the main issues, 
see Calabresi et al., 2000; Pisani et al., 2007; Kreitzer and 
Malenka, 2008) (see also Chapter 12). ACh affects synap-
tic plasticity in the striatum in various ways. Initially, it was 
found that muscarinic receptors were required only for long-
term potentiation (LTP). Through their down-regulation of 
postsynaptic potassium currents, discussed above, M1 class 
receptors promote postsynaptic depolarization which in con-
junction with the high-frequency stimulation protocol for 
synaptic plasticity leads to LTP. Blockade of M2 class recep-
tors also promotes LTP (Calabresi et al., 1998b, 1999; Pisani 
et al., 2007). More recently, however, M1 receptors have 
been also implicated in long-term depression (LTD) of the 
glutamatergic synapses. LTD has been known to depend on  
activation of D2 dopamine receptors (Calabresi et al., 1997). 
This activation increases postsynaptic endocannabinoid release, 
which activates its presynaptic CB1 receptors (Giuffrida et al., 
1999; Gerdeman et al., 2002; Ronesi et al., 2004; Kreitzer and 
Malenka, 2005, 2008; Wang et al., 2006) which in turn lead to 
a reduction in the probability of glutamate release (Choi and 
Lovinger, 1997). Wang and co-workers have proposed that 
the mechanism by which D2 receptor activation leads to endo-
cannabinoid release involves several intermediate steps. First, 
as discussed above, activation of D2 receptors on cholinergic 
interneurons reduces ACh release. Secondly, reduction in ACh 
leads to a compromised activation of M1 class receptors, which 
are normally potent down-regulators of CaV1.3 channels. Thus, 
finally, this disinhibition of CaV1.3 channels, increases the cal-
cium entry which induces calcium-dependent release of endo-
cannabinoids (Wang et al., 2006).

Therefore, to first approximation, M1 class receptors 
are the primary players in conveying the influence of cho-
linergic interneurons on synaptic plasticity in glutamatergic 
striatal synapses: enhancement of M1 class receptor activa-
tion favors LTP, and inhibition of these receptors favors 
LTD (Centonze et al., 1999; Pisani et al., 2007). However, 
M2 class receptors also have an indirect influence on LTD. 
In their capacity as autoreceptors on cholinergic interneu-
rons, they lead to self-inhibition of ACh release (Calabresi 
et al., 1998c), which leads presumably to a reduced activ-
ity of M1 class receptors and hence to LTD (Bonsi et al., 
2008). Finally, nicotinic receptors affect synaptic plasticity  
in glutamatergic synapses, through their above-mentioned 
enhancement of dopamine release which via D2 receptor 
activation leads to LTD (Partridge et al., 2002).

The release of ACh from cholinergic interneurons influ-
ences neuronal excitability, synaptic transmission and 
synaptic plasticity at its neighboring cells in the striatal net-
work in multiple ways (Fig. 7.3B). The ability of the cell 
to exhibit variegated firing patterns suggests that its influ-
ence at any given moment could depend on the current 
firing pattern it exhibits. The ongoing nature of these neu-
rons’ discharge maintains an ambient level of ACh in the 
striatum. It is likely that ACh release from a burst of rapid 
action potentials is more efficient at silencing neighbor-
ing cells; at weakening glutamatergic input; or at inducing  
plasticity than the slower rate during tonic firing. On the 
other hand, bursts are also intermittent by nature. Perhaps 
the importance of burst firing lies in its parsing time into 
periods of high vs. low ACh output which could represent 
different modes of striatal processing. An important question  
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in this respect relates to the population discharge of cho-
linergic interneurons: do they fire largely independently or 
is their discharge coordinated? Similarly, how is their dis-
charge related to the timing of other inputs to the striatal 
network, notably the dopaminergic input. Finally, how is the 
cooperativity at a given moment among cholinergic inter-
neurons and between them and other elements of the striatal 
network dependent on the firing pattern of these interneu-
rons? These questions open important avenues for further 
research. Answering some of these questions requires work 
in intact animals. The next section outlines the identification 
of cholinergic interneurons in awake behaving primates and 
the firing patterns that they exhibit.

IV. The cholinergic interneurons 
are the tonically active neurons of 
the striatum

Extracellular recording in the striatum of awake behav-
ing primates reveals the presence of tonically active 
neurons (TANs) that possess particularly broad action 
potentials (Anderson, 1977; Kimura et al., 1984; Aosaki 
et al., 1994b). TANs were shown to be spatially distributed 
within the striatum in a fashion that most closely resem-
bles the distribution of ChAT-immunoreactive neurons 
in these animals (Aosaki et al., 1995), indicating that the  
TANs recorded in these animals are none other than the 
cholinergic interneurons of the striatum.

A. The Pause Response

TANs recorded in awake behaving monkeys were initially 
shown not to be responsive to movement per se (Crutcher 
and DeLong, 1984). Instead, when the animal is presented 
with a primary reward (e.g., a drop of liquid) TANs respond 
with a pause in their tonic firing that lasts a few hundred 
milliseconds (Kimura et al., 1984; Apicella et al., 1997). A 
subsequent study showed that that these neurons acquire this 
pause in response to sensory stimuli that become associated 
with the reward, and subsequently lose it when this associa-
tion is extinguished (Aosaki et al., 1994b). In this sense, the 
pause response is a neural correlate of classical condition-
ing. It is now widely accepted that the pause response of the 
TANs is related to the detection of the motivational signifi-
cance of an external stimulus, both rewarding and aversive 
(Ravel et al., 1999; Apicella, 2002; Morris et al., 2004). The 
pause response is sometimes flanked by a preceding and/or 
a subsequent excitation. The temporal structure of the pause 
response observed in primates is reminiscent of the sAHP 
observed in response to a depolarizing pulse in rat choliner-
gic interneurons recorded in vivo (Reynolds et al., 2004): the  
depolarizing pulse is sufficient to trigger the sAHP, regard-
less of whether it elicits action potentials, and then the cells 
often fire a rebound of action potentials after the sAHP (Fig. 
7.4A). Because it outlives the typical duration of IPSPs gen-
erated in these neurons (Bennett and Wilson, 1998), and due 
to its stereotypic time-course, the pause is likely to be fash-
ioned by the IRK currents that drive the regenerative hyper-
polarization in these neurons (Wilson, 2005). It is absent in 
dopamine-depleted animals (Aosaki et al., 1994a) or when 
thalamic input is interrupted (Matsumoto et al., 2001). The 
pause in the cholinergic interneurons is time locked to an 
increase in firing of the dopaminergic neurons of the SNc. 
Responses of both of these neurons are related to the prob-
ability of reward: the dopaminergic neurons respond to 
reward mismatch, while the pause, reports the timing of 
the expected reward (or its omission) (Fiorillo et al., 2003; 
Morris et al., 2004).

The uniformity and temporal alignment of the pause 
response among TANs that are distributed widely within 
the striatum led Graybiel and colleagues to suggest that 
these neurons form synchronous cell assemblies, presum-
ably to modulate the GABAergic output of the striatum in a 
spatially uniform fashion (Graybiel et al., 1994). Bergman  
and co-workers tested this idea by recording extracellularly 
in awake behaving primates the simultaneous discharge of sev-
eral TANs that were a few millimeters apart (see Chapter 38).  
They found that the cross-correlograms of pairs of TANs that 
paused in response to reward presentation had significant  
zero-lag peaks, indicating that TANs do function as a distributed  
synchronous network (Raz et al., 1996).

B.  Spontaneous Firing Patterns and 
Synchronization of TANs

Aosaki and colleagues described the statistics of the TANs’ 
spontaneous firing patterns in primates (Aosaki et al., 
1994b). Their analysis of the TANs’ ISI histograms dem-
onstrated the existence of multiple firing patterns in their 
spontaneous discharge. The first discharge pattern is char-
acterized by a skewed unimodal ISI histogram. The second 
pattern is characterized by a bimodal ISI distribution in 
which the first modal peaks at an interval that is smaller 
than the modal of the unimodal distribution, while the sec-
ond mode occurs at a larger interval. Rhythmically burst-
ing neurons in which bursts are separated by relatively long 
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pauses and whose intraburst firing is rapid can give rise to 
such bimodal ISI distributions. It has been suggested that 
these two firing patterns represent two different classes of 
TANs (Apicella, 2002), however, this is unlikely as some 
TANs alternate between these two firing patterns (Aosaki 
et al., 1994b). These two firing patterns correspond to the 
single-spiking/irregular and the bursting firing patterns 
seen in cholinergic interneurons recorded from rat slices 
(Bennett and Wilson, 1999) as can be seen in the similarity 
in their ISI histograms (Fig. 7.4B).

Primates treated with 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) exhibit most of the cardinal symptoms 
of parkinsonism: including akinesia, bradykinesia, cogwheel 
rigidity and in some species tremor (Burns et al., 1983). 
Extracellular recording of the spontaneous firing of TANs 
in MPTP-treated primates demonstrate that the cells remain 
synchronized but their firing rates become oscillatory in the 
10–20 Hz range (Raz et al., 1996; Goldberg et al., 2004).

V.  Summary and conclusions

Cholinergic interneurons exhibit multiple discharge pat-
terns including two forms of rhythmic discharge – sin-
gle spiking and bursting – as well as irregular firing. The 
mechanism that prevents the existence of a stable resting 
potential in these cells, and thus guarantees that they will 
always discharge, relies on the presence of a robust persist-
ent sodium current that repeatedly brings the cells to action 
potential threshold. Thus, even in the absence of synaptic 
input the cholinergic interneurons fire autonomously. A 
host of high-voltage activated calcium currents, expressed 
by the cells, which are selectively coupled to specific cal-
cium-activated potassium currents participates in select-
ing among the various firing patterns. The CaV2.2 current, 
which activates ISK, gives rise to mAHPs that promote 
regular single spiking. CaV1 currents that enter the cells 
even in the subthreshold voltage range tend to disrupt the 
regularity of this firing. During burst firing the CaV1 cur-
rents are responsible for activating IsAHP that terminates the 
burst and triggers the ensuing prominent hyperpolarization, 
which is often amplified by the action of the IRK current 
(Bennett and Wilson, 1999; Bennett et al., 2000; Maurice 
et al., 2004; Goldberg and Wilson, 2005; Wilson, 2005; 
Wilson and Goldberg, 2006; Goldberg et al., 2009).

While the basic mechanisms of discharge are intrin-
sic to the cholinergic interneurons, synaptic input can exert 
an important influence on the discharge of these neurons. 
Weak ionotropic inputs, resulting from glutamatergic inputs 
from the intralaminar nuclei or from the cortex, or from 
GABAergic inputs from striatal neurons, can nudge the 
timing of individual action potentials. Persistent activation 
of synaptic inputs or activation of metabotropic inputs can 
influence the firing rate, induce transitions among the fir-
ing patterns or even silence these cells. The most dramatic 
example of this is the pause response exhibited by the pri-
mate tonically active cholinergic interneurons in response to 
primary reward or stimuli associated with reward (Aosaki 
et al., 1994b). This response requires intact input from 
the SNc and the intralaminar nuclei (Aosaki et al., 1994a; 
Matsumoto et al., 2001). It is currently unclear what is the 
precise mechanism of the pause. While it may result from 
feed-forward inhibition by way of striatal GABAergic inter-
neurons, its temporal structure is most certainly sculpted by 
the regenerative nature of the IRK-induced hyperpolariza-
tion exhibited in cholinergic interneurons.

The extended and dense axonal arborization of the net-
work of cholinergic interneurons, combined with their shared 
pause responses in primates, led to the proposal that these 
neurons act in concert to modulate activity of the whole stria-
tal network (Graybiel et al., 1994). TANs have been shown to 
discharge and pause synchronously (Raz et al., 1996). Future 
work needs to determine to what extent this synchrony is con-
trolled by the firing pattern of the cholinergic interneurons. 
Bursting may correspond to a higher degree of synchrony 
than during single-spiking. This is observed in MPTP-treated 
primates wherein the firing is more synchronized, more burst-
like and oscillatory relative to healthy animals.

Synchronized bursting could also form a useful sub-
strate for directing learning and synaptic plasticity in the 
striatum. Bursting effectively divides time into periods of 
firing, which are accompanied by high levels of ACh in the 
striatum and periods (several seconds) of quiescence, in 
which ACh levels presumably drop due to the fast action 
of ACh esterase. LTP, that requires ACh release and acti-
vation of M1 class receptors, would be favored during 
burst firing, whereas the period between bursts when ACh  
levels and M1 class receptor activation drop would favor 
LTD (Centonze et al., 1999; Pisani et al., 2007; Bonsi  
et al., 2008). Moreover, the reduction in ACh levels would 
reduce activation of nicotinic receptors on dopamine 
releasing axons, which has been shown to accentuate the 
frequency-dependence of dopamine release in the striatum 
(Rice and Cragg, 2004; Zhang and Sulzer, 2004; Cragg, 
2006; Exley and Cragg, 2008). Thus, during the quiescent 
phase of the burst, where ACh levels drop, dopaminergic 
input would have a freer hand in inducing LTD by activating  
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D2 receptors, according to the precise temporal firing  
pattern of the dopaminergic neurons. In this context, the 
pause response, which is concurrent with increased firing 
of dopaminergic neurons of the SNc in primates (Morris 
et al., 2004) may represent a period of enhanced LTD and 
reduced or blocked learning by the striatum. This makes 
sense, because the intensity of the pause increases as the 
association learned by classical conditioning is strengthened 
(Aosaki et al., 2004b). Thus in their pause the cholinergic 
interneurons may be signaling that the current association 
is already well-known and therefore the striatal network 
should refrain from any form of LTP, but should rather pro-
mote LTD throughout the striatum (Wilson, 2004).
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I.  Introduction

One of the areas in which our understanding of the struc-
ture and function of the striatum is undergoing the most 
rapid expansion and change is in the identification and 
characterization of striatal interneurons, their synaptic con-
nectivity and the role that they play in the organization and 
control of striatal output. First shown by strong uptake of 
radiolabeled GABA (Bolam et al., 1983), and subsequently 
by immunoreactivity for GABA and/or GAD (Bolam  
et al., 1985; Cowan et al., 1990; Kita, 1993), a population 
of striatal GABAergic interneurons comprising only a few 
percent of all the striatal neurons was identified. These 
interneurons have become the focus of a large number of 
anatomical and, more recently, electrophysiological stud-
ies. Results from these experiments, most of them per-
formed over the past 10 years, have led to the current view 
that although few in number, striatal GABAergic interneu-
rons play a predominant role in regulating spike timing 
151

in the spiny output neurons through feedforward inhibi-
tion (for reviews, see Tepper et al., 2004, 2008). Although 
Golgi studies have suggested that there are as many as 9 
morphologically distinct neuron types in the rodent stria-
tum (e.g., Chang et al., 1982), the current consensus view 
is that in addition to the spiny projection neurons that com-
prise up to 97.7% of striatal neurons in rodents (Rymar 
et al., 2004), the striatum is composed of one type of 
cholinergic interneuron (see Chapter 7), and three types of  
neurochemically and electrophysiologically distinct 
GABAergic interneurons (Kawaguchi, 1993; Kawaguchi 
et al., 1995; Tepper and Bolam, 2004; Tepper et al., 2008). 
However, recent physiological studies in striatum, and by 
analogy with findings from the cortex and hippocampus 
over the past 15 years, this view is almost certain to under-
estimate the true diversity of striatal GABAergic interneu-
rons. This review will focus on the anatomy and physiology 
of the three well-known GABAergic interneuronal cell types 
of the rodent striatum, as well as recent advances in striatal 
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neuroanatomy and neurophysiology which suggest that a 
re-evaluation of the number of distinct striatal GABAergic 
interneuron subtypes is overdue.

II.  Parvalbumin-Immunoreactive 
Interneurons

A.  Neurocytology

Parvalbumin-immunoreactive (PV) striatal interneurons 
are medium to large sized, averaging 16–18 m in diam-
eter. These were the striatal GABAergic neurons originally 
identified by their high affinity uptake of GABA (Bolam 
et al., 1983) and subsequently by the strongest immuno-
reactivity for GAD67 and GABA of any striatal neuron 
(Bolam et al., 1985; Cowan et al., 1990; Kita, 1993; Kubota  
et al., 1993). PV neurons do not express any of the other 
markers that identify the other types of striatal GABA 
interneurons, i.e., calretinin, nitric oxide synthase (NOS), 
somatostatin (SOM) or neuropeptide Y (NPY). Striatal 
PV interneurons issue 5–8 aspiny, often varicose, den-
drites that taper rapidly and branch relatively sparsely to 
form a restricted dendritic arborization only 200–300 m in 
diameter. The axon issues from the soma or proximal den-
drite and branches repeatedly forming an extremely dense, 
highly varicose arborization that overlaps and extends well 
beyond the limits of the dendritic field of the cell of ori-
gin. The axonal arborization is the densest of all the stri-
atal neurons (cf Fig. 8.1B). A subset of PV interneurons 
exhibits a more extended dendritic arborization and somata 
well in excess of 20 m in diameter (Kawaguchi, 1993; 
Koós and Tepper, 1999; Tepper and Bolam, 2004). The 
proportion of striatal neurons that are PV interneurons is 
0.7% based on unbiased stereological cell counting (Rymar 
et al., 2004) and PV interneurons exhibit a dorsal to ven-
tral and medial to lateral gradient of expression (Luk and 
Sadikot, 2001).

B.  Afferents and Efferents

PV interneurons receive a substantial monosynaptic 
input from the cortex but in contrast to the spiny cells, 
which receive only one or two synapses from each cortical 
afferent (Kincaid et al., 1998), single cortical axons make 
multiple contacts with PV interneurons (Ramanathan 
et al., 2002). This may account, in part, for the greater 
responsivity of PV interneurons to cortical stimulation 
(Parthasarathy and Graybiel, 1997) compared to spiny  
neurons (Mallet et al., 2005). In contrast to this powerful 
cortical input, PV interneurons appear to receive few 
synaptic inputs from thalamus (Kita, 1993).

Striatal PV interneurons also receive GABAergic 
input from PV globus pallidus neurons that specifically 
target interneurons in the striatum (Bevan et al., 1998). In 
addition, there is a cholinergic input from striatal cholin-
ergic interneurons (Chang and Kita, 1992), and a dopami-
nergic input, presumably from substantia nigra (Kubota  
et al., 1987).

By far the predominant target of the PV interneuron is 
the spiny projection neuron with about 50% of striatal PV 
boutons synapsing pericellularly, on the soma or proxi-
mal dendrites of spiny neurons (Kita, 1993; Bennett and 
Bolam, 1994a). Other PV boutons (some of which likely 
originated in globus pallidus) were observed making syn-
apses with spiny dendrites as well as with varicose dendrites 
(Kita, 1993) belonging to PV and nitric oxide synthase  
(NOS)-immunoreactive interneurons (Bevan et al., 1998).

C.  Basic Membrane Properties

The earliest descriptions of the electrophysiological 
properties of the PV interneuron were provided by 
Kawaguchi (1993) who used visually guided whole cell 
recordings in slices from young (16–20 days) rats and tar-
geted somata larger than those of spiny cells to attempt to 
record from interneurons. The first class of interneuron he 
described had the shortest duration action potentials of all 
striatal neurons (0.29  0.04 ms) at half amplitude), a rapid 
(1.3  0.27 ms) time to peak and brief spike afterhyperpo-
larization and the lowest input resistance of all GABAergic 
interneurons (86  38 ms). These interneurons were, like 
spiny neurons, hyperpolarized (resting membrane potential 
 –80 mV) and displayed no spontaneous activity at rest. 
Of 11 neurons with these electrophysiological characteris-
tics tested, 10 were immunopositive for PV (Kawaguchi, 
1993).

Subsequent experiments in acute slices from older rats 
revealed a class of fast-spiking (FS) interneurons with 
identical properties including a nearly linear IV response, 
low input resistance, hyperpolarized resting membrane 
potential and narrow action potentials with a rapid, large 
amplitude and brief duration spike afterhyperpolarization 
(Koós and Tepper, 1999, 2002; Bracci et al., 2002, 2003; 
Taverna et al., 2007; cf Fig. 8.1C).

PV interneurons in striatum have been shown to 
exhibit gap junctions at the electron microscopic level  
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Figure 8.1  Striatal PV fast-spiking interneurons. A. Typical morphology of an immunocytochemically striatal GABAergic PV interneuron 
stained with an antibody against parvalbumin from adult rat striatum. B. Drawing tube reconstruction of a biocytin labeled rat striatal FS interneuron 
that was presynaptic to a spiny neuron (not shown). Note the extremely dense axonal arborization (red) that extends beyond the simple, aspiny and 
compact dendritic arbor (black). C. 1. Typical response of mouse striatal FS interneuron to intracellular injection of de- and hyperpolarizing current 
pulses. Note the low input resistance, the linear IV relation and the characteristic non-linear current-spiking relation where the minimum suprathreshold 
stimulus elicits a short burst of three spikes (black trace), the next greater current injection elicits a 120 ms burst of non-accommodating spikes followed 
by a silent period followed by intermittent spiking (green trace) and a slightly larger current injection evokes longer periods of intermittent spiking. 
Sufficiently greater current injection elicits sustained firing in excess of 200 spikes/sec (not shown). C2. Note extremely narrow action potential and 
deep and rapid onset spike AHP. D. Striatal FS interneurons are silent at rest (3). As they are depolarized small subthreshold membrane oscillations 
occur (2) that eventually give rise to intermittent spiking (red arrows in 1). E. Left two panels show a pair of FS interneurons that are electrotonically 
coupled. Intracellular current pulses injected into FS # 1 (right lower panel) induces much smaller, electrotonic responses in FS #2 (upper right, black 
traces) distorted by the membrane capacitance of the intervening dendrites. F. Spiking induced by intracellular depolarization in a pair of electrotoni-
cally coupled FS interneurons is nearly synchronous due to the effects of the coupling. All recordings were obtained from neurons in acute brain slices 
in vitro. Sources: B: Modified from Tepper and Bolam, 2004; D: Modified from Koós and Tepper, 2002; E: Modified from Koós and Tepper, 1999. (see 
Color Plate Section to view the color version of this figure)
(Kita et al., 1990, Kita, 1993). In the first report of paired 
recordings between striatal FS interneurons, clear evidence 
of electrotonic coupling was found (Koós and Tepper, 1999; 
cf Fig. 8.1E). The coupling ratio ranged between 3 and 
20%, and although the coupling was not strong enough to 
induce spiking per se, it was sufficient to synchronize depo-
larization-induced spiking in electrically coupled neurons 
such that the variability between spikes in the two neurons  
in response to current injection, when they did occur, was 
extremely small (cf Fig. 8.1F). This suggests that groups of 
FS interneurons may form an inhibitory syncytium capa-
ble of exerting powerful and synchronous inhibitory con-
trol over spike timing in a large number of spiny neurons, 
thereby influencing the temporal relationship of their spike 
trains leading to the formation of behaviorally relevant 
functional pools of cells (Koós and Tepper, 1999).
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Electrotonic coupling with similar properties has been 
observed between pairs of PV fast spiking interneurons 
in cortex and hippocampus (Freund and Buzsáki, 1996; 
Galaretta and Hestrin, 1999, 2001, 2002), although the 
highest coupling ratios in the cortical interneurons appear 
larger than in striatum, but this could be an artifact of the 
relatively small striatal sample size.

D.  Firing Characteristics

One of the most characteristic and consistently reported 
properties of striatal PV FS interneurons cells is a  
non-linear spiking response to intracellular depolariza-
tion. Lower amplitude stimuli of increasing strength pro-
duce only passive depolarizing responses but at a certain 
level, a tiny increase in current results in the appearance of 
short bursts of spikes interrupted by periods of no spiking 
(Kawaguchi, 1993; Koós and Tepper, 1999, 2002; Kubota 
and Kawaguchi, 2000; Narushima et al., 2006). Stronger 
depolarizing pulses in striatal FS interneurons elicit high, 
sustained firing rates (200 spikes/sec) with little spike 
frequency adaptation (Koós and Tepper, 1999, 2002; 
Plotkin et al., 2005; cf Fig. 8.1C).

During the non-spiking periods intercalated between 
episodic firing, prominent subthreshold membrane 
oscillations can be observed (Koós and Tepper, 1999, 
2002; Bracci et al., 2002, 2003; Taverna et al., 2007; cf  
Fig. 8.1C1, D1). The oscillations are clearly voltage depen-
dent and are not present when the neuron is hyperpolar-
ized or at rest. They are 2–3 mV in amplitude and exhibit 
a peak in power near 40 Hz (Bracci et al., 2003). The oscil-
lations are able to induce episodes of firing and appear to 
be responsible for the stuttering, intermittent firing pattern 
of striatal FS interneurons. The oscillations and the inter-
mittent firing pattern were resistant to blockade of Ca2 
channels, SK channels or intracellular Ca2 chelation. The 
oscillations were, however, completely eliminated by TTX, 
and it has been suggested that they are due to an interac-
tion between a persistent Na conductance and voltage 
gated K conductances (Bracci et al., 2003).

Whole cell recordings from striatal FS interneurons in 
slices from mice reveal that they express virtually identi-
cal properties to those described for rat FS interneurons 
(Centonze et al., 2003; Narushima et al., 2006; Tecuapetla 
et al., 2009b). These electrophysiological characteristics are 
very similar to those of parvalbumin-expressing fast spik-
ing interneurons of adult mouse cortex (Galaretta et al., 
1999, 2001, 2002) and hippocampal basket cells (Freund 
and Buzsáki, 1996). The short duration action potential, lack 
of spike frequency adaptation and large spike afterhyperpo-
larizations are likely related to the expression of Kv 3.1, a 
slowly inactivating delayed rectifier channel that exhibits 
rapid activation and deactivation kinetics, and that is selec-
tively expressed in striatum in PV FS interneurons (Lenz 
et al., 1994).

Interestingly, in another study in which PV FS inter-
neurons were identified in striatal slices of young (12–18 
day old) BAC transgenic mice engineered to express 
enhanced green fluorescent protein (EGFP) controlled by 
the PV promoter (Freiman et al., 2006), although fluo-
rescent (PV) fast spiking interneurons were in several 
ways qualitatively similar to FS interneurons previously 
described, they did not exhibit the intermittent firing or 
subthreshold oscillations seen in juvenile and adult rats 
or in adult mice, and also exhibited a more depolarized 
resting membrane potential (63 mV) and wider action 
potential duration (0.70 ms at half amplitude) than reported 
by others (Freiman et al., 2006). As these neurons were 
unquestionably PV FS interneurons, these differences 
may be attributable to the younger age of the mice, lower 
(room) temperature recording, and/or other aspects of the 
recording conditions. There is also the intriguing possibil-
ity that there are actually several subtypes of striatal PV 
interneurons that each have distinct physiological proper-
ties, as is known to be the case, for example, in the amyg-
dala (e.g., Woodruff and Sah, 2007).

E.  Synaptic Connectivity

Synaptic responses in spiny neurons resulting from spik-
ing of FS interneurons were first reported by Plenz and 
Kitai (1998) in one out of four paired recordings of an FS 
interneuron and a spiny cell in an organotypic co-culture 
of cortex, striatum and substantia nigra. This recording 
showed that a single spike in the presynaptic FS interneu-
ron elicited an IPSP several mV in amplitude. Soon after, 
paired whole cell recordings of FS interneurons and spiny 
neurons were obtained from acute slices of striatum from 
adult rats. These revealed unusually strong unitary IPSPs in 
the spiny cells from single spikes in FS interneurons. IPSPs 
were blocked completely by bath application of bicuculline 
indicating that the FS-spiny neuron synaptic response is 
mediated predominantly or exclusively by GABAA recep-
tors. The synaptic connections were always unidirectional, 
from the interneuron to the spiny cell but never in the other 
direction, and were observed in approximately 25% of the 
paired recordings when the two cells were within 250 m 
of each other. The synaptic connection was remarkably 
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reliable and for most pairs exhibited a failure rate of less 
than 1% (Koós and Tepper, 1999, 2002).

Early estimates of the convergence values of FS inter-
neurons and spiny cells were based on the measured vol-
ume of the axonal arborization of four biocytin-filled  
FS interneurons (6.65  1.19  103 mm) assuming 3-
dimensional isotropic density, a cell density in striatum 
of 84,900 cells/mm3 (Oorschot, 1996) that corresponds 
to 541  101 spiny cells within the volume of the axonal 
arbor of a FS interneuron. Assuming that all spiny cells 
within the arborization are innervated and if FS inter-
neurons make up 5% of the cells in striatum, the upper 
limit of convergence is 27 FS interneurons per spiny cell 
(0.05  541). The lower limit was estimated by assuming 
that only 25% of the spiny cells are innervated (the proba-
bility of finding a synaptically connected pair) and only 3% 
of the striatal cells are FS interneurons and was calculated 
to be four interneurons per spiny cell (541  0.25  0.03; 
(Koós and Tepper, 1999). However, in subsequent reports 
from other labs and more recent paired recordings from 
our lab where the pre- and postsynaptic neurons were in 
closer proximity to one another, the incidence of connec-
tivity was significantly higher, with a lower limit around 
50% (Taverna et al., 2007). In terms of convergence, the 
increase in the lower limit of synaptic connectivity is off-
set by more accurate estimates of the number of PV neu-
rons from stereological cell counts that suggest that the 
proportion of PV neurons in the rat striatum is actually 
only 0.7% (Rymar et al., 2004). This would give a lower 
limit of convergence of 2 FS interneurons per spiny cell 
(541  0.5  0.007) and an upper limit of 4 FS interneu-
rons per spiny cell. Note that this assumes that all FS inter-
neurons are PV , an assumption that may prove incorrect 
(see below).

Average unitary FS-Spiny IPSPs recorded in hyperpo-
larized spiny neurons were over 0.4 mV in amplitude, and 
when measured when the spiny cell was just subthreshold, 
averaged greater than 1 mV in amplitude. Temporal sum-
mation in response to bursts of 2–5 spikes in the FS inter-
neuron within 10–50 ms led to compound IPSPs that could 
be up to 7 mV in amplitude. The effectiveness of these 
IPSPs was evident by the ability of unitary IPSPs to signif-
icantly delay the timing of depolarization-evoked spikes in 
spiny neurons and, in the case of short bursts of presynap-
tic spikes, to completely block spiking in the spiny neuron 
(Koós and Tepper 1999).

When compared to IPSPs arising from the local axon 
collaterals of spiny neurons (Czubayko and Plenz, 2002; 
Tunstall et al., 2002; Tepper et al., 2004; Tecuapetla et al., 
2009) (see Chapter 5), the feedforward interneuronal IPSP 
appeared significantly larger and had a significantly lower 
failure rate than the collateral IPSP under a number of dif-
ferent experimental conditions (Guzman et al., 2003; Koós 
et al., 2004; Tecuapetla et al., 2005, 2009; Gustafson et al., 
2006). Quantal analysis revealed that whereas individual 
FS-Spiny and Spiny-Spiny synapses were in fact biophysi-
cally similar, the differences in average IPSP/C amplitude 
and failure rate could be attributable to a more proximal 
location and larger number of synapses formed by FS 
inputs to spiny neurons than from collateral inputs from 
other spiny neurons (Koós et al., 2004).

F.  In Vivo Recordings

Each of the striatal interneurons make up such a small pro-
portion of the cells in the striatum that in vivo recordings 
from unambiguously identified GABAergic interneurons 
are relatively rare. Intracellular recordings from a neuron 
identified post-hoc by horseradish peroxidase staining 
as a likely PV FS interneuron based on the large soma 
size and varicose dendritic arborization exhibited EPSPs 
in response to cortical stimulation. The EPSPs gave rise 
to short bursts of high frequency spikes (Kita, 1993), as 
would be predicted from the in vitro responses of striatal 
PV FS interneurons.

More recently, extracellular single unit recording studies 
in vivo in anesthetized rats putatively identified FS interneu-
rons on the basis of their short duration action potentials and 
a short, high frequency (300 Hz) burst of 3–5 spikes, very 
similar to that reported by Kita (1993), in response to cortical 
stimulation (Mallet et al., 2005, 2006). These neurons exhib-
ited spontaneous firing rates of around 0.5 spikes/second dur-
ing slow wave sleep and 3.5 spikes/second at other times. 
When neurons with these characteristics were juxtacellularly 
stained with biocytin and then tested for parvalbumin immu-
noreactivity, all neurons tested were immunopositive for par-
valbumin, thus unequivocally identifying them as PVFS 
interneurons (Mallet et al., 2005, 2006). Comparison of the 
responses of spiny neurons to those of FS interneurons fol-
lowing cortical stimulation showed the FS interneurons to be 
more responsive during periods of cortical desynchronization 
than during slow wave sleep whereas the opposite was true 
for spiny neurons (Mallet et al., 2005). On average FS inter-
neurons were more responsive to cortical stimulation than 
spiny neurons (Mallet et al., 2006), consistent with results 
from previous immediate early gene expression experiments 
(Parthasarathy and Graybiel, 1997). Local application of pic-
rotoxin increased the spiking of spiny neurons in response to 
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cortical stimulation, particularly under conditions favoring the 
activity of FS interneuronal activity strongly suggesting that 
strong feedforward inhibition of spiny neurons by FS inter-
neurons normally occurs in vivo as well as in vitro (Koós and 
Tepper, 1999, 2002; Koos et al., 2004; Mallet et al., 2005).

Presumed FS interneurons have also been identified in 
vivo in unanesthetized behaving rats. Tetrode recordings 
revealed a population of neurons that were tonically active 
with average firing rates of 5–30 Hz spikes/sec during wak-
ing that displayed narrow duration waveforms and high fre-
quency bursts during slow wave sleep, and an anatomical 
distribution very similar to that reported for PV FS inter-
neurons (Berke et al., 2004; Berke, 2008). The presumed FS 
interneurons were more active when the animals were awake 
than during slow wave sleep, consistent with the results 
from the anesthetized animals. These neurons were found to 
be entrained by high voltage spindle activity that occurred 
principally while rats were immobile but interestingly, even 
nearby FS interneurons failed to exhibit correlated firing 
while rats were performing a radial maze task (Berke, 2008), 
suggesting that feedforward inhibition of individual spiny 
neurons may be comprised of inputs from neurons with very 
different firing rates and/or behavioral correlates.

G.  Pharmacology

Striatal FS interneurons are innervated by striatal cholin-
ergic interneurons (Chang and Kita, 1992), and express 
both nicotinic and muscarinic receptors. The two types of 
cholinergic receptors have opposing effects on the feedfor-
ward inhibition mediated by FS interneurons.

Local or bath application of nicotinic cholinergic ago-
nists in vitro depolarizes striatal FS interneurons by up 
to 40 mV, evoking episodes of irregular bursty firing in 
the normally silent neurons, thereby increasing feed-
forward inhibition of spiny neurons (Koós and Tepper, 
2002; Fig. 8.2). The cholinergic excitation persists dur-
ing bath application of carbachol and is insensitive to high 
concentrations of the Type 1 nicotinic receptor antago-
nist, methyllycaconitine (MLA), but can be completely 
blocked by mecamylamine. This profile strongly suggests 
that the receptor responsible is one of the heteromeric,  
non-desensitizing nicotinic receptor subtypes (Alkondon 
and Albuquerque, 1993). It has been suggested that disfa-
cilitation of FS interneurons as their nicotinic excitation 
is transiently reduced during the brief and stereotyped 
pause in striatal cholinergic interneurons that accompanies 
behaviorally relevant stimuli (Aosaki et al., 1994) may 
play a role in relaying the pause to the spiny neurons with 
high temporal fidelity (Koós and Tepper, 2002).

Acetylcholine also acts through pirenzapine-sensitive 
muscarinic receptors located on axon terminals of striatal 
FS interneuron to presynaptically inhibit GABA release 
and reduce the feedforward inhibition of spiny cells by 
FS interneurons as illustrated in Figure 8.2E,F. (Koós and 
Tepper, 2002). The balance of this dual cholinergic regu-
lation of FS interneurons may depend on behavioral state 
and the level of interneuronal activity with the direct excit-
atory nicotinic effects predominating when FS neurons are 
relatively inactive during periods of cortical synchrony and 
the presynaptic inhibitory effects predominating during 
cortical desynchronization when the FS interneurons are 
highly active.

FS interneurons are also excited by dopamine (Bracci 
et al., 2002). The excitation is accompanied by a decrease 
in membrane conductance and, like nicotinic stimulation, is 
sufficient to generate spiking. These effects were blocked 
by SCH-23390 but not by quinpirole, suggesting that they 
were mediated by a D1-like dopamine receptor. Subsequent 
experiments revealed that SCH-23390-sensitive dopamine-
induced excitation persisted in D1 knockout mice, indicating 
that it is mediated by dopamine D5 receptors that have been 
shown to be co-expressed with parvalbumin in striatal FS 
interneurons (Centonze et al., 2003). Interestingly, unlike 
D1 expressing direct pathway spiny neurons that express 
presynaptic D1 receptors on their axon terminals that facili-
tate GABA release (Misgeld et al., 2007), or striatopallidal 
neurons that express presynaptic D2 receptors that inhibit 
GABA release (Tecuapetla et al., 2009), the evidence for 
presynaptic modulation of the FS to spiny neuron synapse 
by dopamine, particularly by the D5 receptor known to be 
expressed by these neurons, is considerably weaker and 
more equivocal (Bracci et al., 2002; Guzman et al., 2003; 
Tecuapetla et al., 2007).

III.  Somatostatin/NOS/Neuropeptide 
Y Interneurons

A.  Neurocytology

The discovery of somatostatin (SOM)-immunoreactive 
interneurons in striatum was followed by demonstrations 
that SOM, NPY and NADPH-diaphorase/nitric oxide syn-
thase (NOS) were all co-expressed in the same neuronal 
population (Vincent and Johansson, 1983; Chesselet and 
Graybiel, 1986) and that these neurons were distinct from 
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Figure 8.2  A. Synaptic connections between FS interneurons and spiny neurons in rat exhibit large and variable amplitude and extremely low failure 
rates. B. Single IPSPs in FS interneurons elicit IPSPs in spiny cells and delay the occurrence of spikes in spiny neurons evoked by intracellular current 
pulses (black trace). Presynaptic spike doublets evoked IPSPs that summate effectively and cause even greater delay in elicited spiny cell spikes (green 
trace). C1. FS interneurons are potentially depolarized by pressure application of ACh, which is completely blocked by mecamylamine (MEC). C2. In 
contrast, ACh-induced depolarization is not blocked by the Type 1 nicotinic antagonist, methyllycaconitine (MLA) indicating that the receptor is one 
of the non-desensitizing heteromeric subtypes. D. Bath application of carbachol depolarizes a FS interneuron and evokes intermittent spiking, effects 
that were sustained for the duration of the bath application. E. Synaptic transmission between FS interneurons and spiny cells is subject to powerful 
muscarinic inhibition. F. Correlation between the mean amplitude depression and the CV of the depression shows that the effect is mediated presynapti-
cally. Sources: B. Modified from Koós and Tepper, 1999; C–F. Modified from Koós and Tepper, 2002. To view a color version of this image please visit 
http://www.elsevierdirect.com/companion/9780123747679
those that expressed parvalbumin or calretinin (Kubota 
et al., 1993). At first these interneurons did not appear to be 
GABAergic because unlike the other striatal GABAergic 
interneurons, somatostatin-immunoreactive neurons did not 
appear to express GAD mRNA (Chesselet and Robbins, 
1989) or immunoreactivity for GABA or GAD67 (Kubota 
et al., 1993). However, subsequent immunocytochemi-
cal labeling following colchicine treatment revealed that 
all NOS-reactive cells were strongly immunopositive for 
GAD67 (Kubota et al., 1993) and intracellular labeling fol-
lowed by electron microscopic post-embedding immuno-
gold labeling for GABA or GAD showed that their synaptic 
boutons were strongly GABA immunopositive (Kubota and 
Kawaguchi, 2000).
SOM/NPY interneurons have medium-large somata, 
15–25 m in diameter, and are the second largest cell in 
the striatum after the cholinergic interneuron. The neurons 
emit 2–5 thick, rapidly tapering aspiny primary dendrites 
that branch within 50 m of the cell body, become varicose, 
and give rise to a relatively simple and unbranched den-
dritic arborization up to 600 m in diameter (Difiglia and 
Aronin, 1982; Vincent and Johannson, 1983; Vincent et al., 
1983; Kawaguchi, 1993; Aoki and Pickel, 1988; see Fig. 
8.3). The axonal arborization of SOM/NPY interneurons is 
the sparsest of any striatal neuron and is also the longest, 
tending to course in straight lines for up to 1 mm. Some 
of these neurons appeared to give rise to two main axons  
(Kawaguchi, 1993).
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Unbiased stereological counts of striatal neurons 
immunostained for SOM (21,300) and NPY (14,355) dif-
fer (Rymar et al., 2004), consistent with the results of a 
double and triple labeling study that showed that only 
about 80% of SOM neurons also expressed NPY and that 
only 73% of neurons immunoreactive for SOM, NOS, 
NADPH-diaphorase or NPY expressed all four peptides 
(Figueredo-Cardenas et al., 1996). Therefore the propor-
tion of striatal neurons comprised of PLTS cells would 
be somewhere between 0.55 and 0.8%. It is unclear if the 
different combinations of co-expression of SOM, NOS, 
NADPH-diaphorase and NPY are associated with different 
electrophysiological and/or morphological phenotypes.

B.  Afferents and Efferents

Striatal PLTS neurons receive a monosynaptic excita-
tory input from the cortex (Kawaguchi, 1993) as well as 
a dopaminergic innervation, presumably from substantia 
nigra (Kubota et al., 1988; Li et al., 2002). They are also 
the target, along with PV FS interneurons, of PV affer-
ents from globus pallidus (Bevan et al., 1998) and cholin-
ergic inputs from striatal cholinergic interneurons.

C.  Basic Membrane Properties

SOM/NPY interneurons were first described by Kawaguchi 
in whole cell recordings from young rats (Kawaguchi, 
1993). These cells were initially distinguished from spiny 
neurons and from the other GABAergic interneurons by the 
presence of a low threshold Ca2 spike (LTS) that could be 
elicited by intracellular depolarization or synaptic stimula-
tion delivered at the resting membrane potential, and by the 
expression of long-lasting depolarizing plateau potentials 
(P) that occurred following depolarizing current injections, 
sufficiently strong excitatory synaptic stimulation or as a 
rebound upon cessation of a hyperpolarizing current injec-
tion and were termed PLTS neurons (Kawaguchi, 1993; cf 
Fig. 8.3D,E). PLTS cells were further characterized by a 
very high input resistance, more than seven times greater 
than that of the FS interneurons (638  245 M), a resting 
membrane potential more than 20 mV more depolarized 
than that of the FS interneurons (56.4  15.7 mV), and 
long duration action potential (1.0  0.41 ms at half ampli-
tude; Kawaguchi, 1993; Kubota and Kawaguchi, 2000; 
Centonze et al., 2002).

Although Kawaguchi (1993) originally termed these 
cells PLTS interneurons, more recently most authors, 
including Kawaguchi and colleagues, have dropped the P 
from the electrophysiological acronym for the striatal NPY-
NOS immunoreactive neurons that display an LTS and pla-
teau potentials, and refer to them simply as LTS neurons 
(e.g., Kawaguchi et al., 1995; Kubota and Kawaguchi, 
2000; Centonze et al., 2002).

D.  Synaptic Connectivity

The only available data on the connectivity of PLTS neu-
rons comes from a few recordings of synaptically con-
nected PLTS interneurons and spiny neurons. These 
recordings show that intracellular stimulation of the PLTS 
neuron that evokes a single spike elicits an IPSC in the 
spiny cell that shows very little amplitude variability, per-
haps suggesting that each PLTS neuron makes only one or 
a very limited number of synapses with target spiny neu-
rons (Koós, 2000; Tepper and Bolam, 2004; Tepper et al., 
2008; Fig. 8.3G), a suggestion that is consistent with the 
sparse and longitudinal morphology of the PLTS axonal 
arborization (Fig. 8.3F).

A recent in vitro study showed that stimulation of stria-
tal cholinergic interneurons, or a single cholinergic neuron 
leads to activation of a recurrent network that results in 
IPSCs in the stimulated cholinergic neuron (Sullivan et al., 
2008). Pharmacological studies showed that the IPSCs were 
GABAA IPSCs. Furthermore, the IPSCs were eliminated 
by repetitive stimulation and/or by antagonists of nicotinic 
receptor 2 subunits, suggesting that the cholinergic inter-
neuron activated a striatal GABAergic neuron via a 2-sub-
unit containing nicotinic receptor that then synapsed back 
onto the cholinergic interneuron and inhibited it. FS inter-
neurons, but not spiny neurons are known to express nico-
tinic receptors; however these are non-desensitizing unlike 
the receptor mediating the recurrent feedback to the cho-
linergic interneuron. Thus, the GABAergic intermediary is 
some type of striatal GABAergic interneuron other than the 
FS interneuron. Although this interneuron is still unidenti-
fied, there are cholinergic inputs to the PLTS interneuron 
(Vuillet et al., 1992), whose other properties make it an 
excellent candidate for the GABAergic interneuron respon-
sible for the recurrent inhibition in the cholinergic interneu-
ron (Sullivan et al., 2008).

E.  Spontaneous Activity

There are scant data on the spontaneous activity of PLTS 
interneurons. Despite their depolarized resting membrane 
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Figure 8.3  Striatal SOM/NOS/NPY GAB
Aergic PLTS interneurons. A,B,C. Fluorescent 
immunocytochemistry of mouse striatum with 
an antibody against NOS. D. Typical PLTS neu-
ron recorded in slice from an adult mouse dis-
plays the very high input resistance, depolarized 
resting membrane potential, sag in response to 
hyperpolarizing current injections and the LTS 
and sustained plateau depolarizations (arrow) 
following relaxation of hyperpolarizing current 
injections that are characteristic of PLTS neu-
rons. E. The same neuron, held hyperpolarized 
at -80 mV, responds to a depolarizing current 
injection with a plateau depolarization (arrow). 
F. Drawing tube reconstruction of PLTS neu-
rons from rat striatum filled with biocytin after 
recording shows that sparsely branching, mostly 
linear axonal arborization previously described 
for these neurons. Soma and dendrites are in 
black and the axonal arborization is in red. G. 
Paired recording of the cell reconstructed in 
F with a spiny neuron showing a monosynap-
tic connection with low failure rate and little 
amplitude variability. H. Typical PLTS neuron 
recorded in slices from adult rat striatum exhib-
its same characteristics illustrated in the mouse 
PLTS neuron shown in D. Compare with the 
LTS neuron illustrated in I. The LTS neuron 
recorded from a slice of adult rat striatum has 
approximately one fourth the input resistance 
of the PLTS neuron, lacks the prolonged plateau 
potentials, and has a narrower duration spike 
with a biphasic AHP. J. Short burst of 3 spikes 
in a presynaptic LTS interneuron delays or com-
pletely aborts depolarization-evoked spiking in a 
postsynaptic spiny neuron. Sources: F. Modified 
from Tepper et al., 2008; G, I: Modified from 
Tepper and Bolam, 2004; J. Modified from Koós 
and Tepper, 1999. To view a color version of 
this image please visit http://www.elsevierdirect 
.com/companion/9780123747679
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potential, they are not spontaneously active in vitro, and 
there is no way to identify them from extracellular record-
ings in vivo.

F.  Pharmacology

PLTS interneurons are depolarized by bath application of 
dopamine, an effect that is blocked by the D1-like antago-
nist, SCH-23390. The depolarization is sufficient to trig-
ger spiking and is associated with a decrease in membrane 
conductance (Centonze et al., 2002). More than 75% of 
striatal SOM neurons are also immunoreactive for the D5 
dopamine receptor (Rivera et al., 2002) whereas most show 
no D1 mRNA expression and those that do express only low 
levels of the message (Le Moine et al., 1991). Thus, like the 
PV interneurons, the excitatory effects of dopamine on 
PLTS interneurons are mediated by D5 receptors.

IV.  LTS Neurons

Another striatal interneuron that expresses low threshold 
Ca2 spikes has also been described, and termed an LTS 
interneuron (Koós and Tepper, 1999). The principal differ-
ences between the PLTS and LTS neurons were the absence 
of the persistent plateau depolarizations in the LTS neu-
ron, either upon depolarization or following the cessation 
of a hyperpolarizing current injection, and a significantly 
lower input resistance (600 M for PLTS [Kawaguchi, 
1993] vs. 200 M for LTS). In addition, these authors 
also occasionally observed PLTS neurons with the same 
characteristics described by Kawaguchi (1993) in the same 
slices as those in which LTS neurons were recorded. Only 
a few examples of this cell type were recorded, and none 
was recovered so their morphology and peptide expression 
remain unknown. Although it is possible that the LTS neu-
rons and the PLTS neurons represent the extremes of a dis-
tribution of properties of a single neuronal type as pointed 
out by Koós and Tepper (1999), the differences were sig-
nificant enough to classify the LTS as a different cell type, 
as can readily be seen by comparing panels H and I in 
Figure 8.3.

A.  Synaptic Connectivity

Like the PV FS interneurons, paired recordings between 
LTS interneurons and spiny neurons revealed that LTS 
interneurons exerted a particularly strong inhibitory effect 
on spiny neurons. Small depolarizing pulses to LTS neurons 
evoked brief, high frequency (200 Hz) bursts of spikes 
riding on an LTS. These bursts were capable of delaying 
or aborting depolarization-induced spiking in postsynaptic 
spiny neurons (Koós and Tepper, 1999; Fig. 8.3J). These 
characteristics suggest that along with PV FS interneu-
rons, LTS cells play a significant role in mediating power-
ful feedforward inhibition of spiny neurons.

V.  Calretinin Interneurons

Calretinin (CR)-expressing interneurons are medium sized 
(12–20 m in diameter). They issue a small number of 
smooth, aspiny dendrites that branch sparingly and taper 
into very thin processes (Bennett and Bolam, 1993). All 
the anatomical information we have is from immuno-
cytochemical studies as there have been no recordings 
or biocytin labeling, so little is known about the detailed 
neurocytology of rat CR neurons. Examples are shown 
in Figure 8.4. CR interneurons make up a similar pro-
portion of neurons in the rodent striatum as the PV, FS 
and SOM/NPY GABAergic interneurons, about 0.8% 
(Rymar et al., 2004). However, in primates including 
humans, the proportion of CR neurons is much greater 
and outnumbers that of PV and SOM/NPY interneu-
rons by 3 or 4 to 1 (Wu and Parent, 2000). Furthermore, 
in the human striatum, there are four morphologically 
distinct types of neurons that express CR (Prensa et al., 
1998). Neonatal hypoxia results in the neurogenesis of 
CR striatal interneurons in rats that persists for at least 
5 months after induction. Interestingly the neurogenesis 
appears limited to the CR interneurons since there is no  
neurogenesis of striatal neurons that express markers for 
any of the other striatal interneurons or projection neurons 
(Yang et al., 2008).

Almost nothing is known about the neurophysiology of 
the calretinin interneurons. There have been no recordings 
of these cells in vitro to date, and no way to identify them 
from in vivo recordings.

VI.  Other GABAergic Interneurons: 
Tyrosine Hydroxylase-
Immunoreactive Neurons

In addition to the classically recognized striatal interneu-
rons described above, there appears to be (at least one) 
additional population of neurons in the striatum. Originally 
identified in the striatum of adult monkeys by tyrosine 
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Figure 8.4  Striatal calretinin intereurons. A. 2-dimensional projection of 40 deconvolved 1 m optical sections through mouse striatum immunos-
tained for CR shows a single medium sized, aspiny CR interneuron. B. Medium sized mouse striatal CR interneuron. Arrows point to large axo-
nal varicosities, presumably synaptic boutons. C. Single 60 m section through mouse striatum immunostained for CR shows a medium sized aspiny 
CR interneuron with two primary dendrites visible. D. Single section through primate striatum shows a medium sized aspiny interneuron immuno-
reactive for CR. Note the varicose dendrites and invaginated nuclear envelope (arrow). Panel C courtesy of Paul Bolam, modified from Bennett and  
Bolam, 1994b.
hydroxylase (TH) immunocytochemistry (Dubach et al., 
1987), striatal TH-immunoreactive (TH) neurons have 
subsequently been reported in a number of other spe-
cies including rat (Tashiro et al., 1989a,b; Meredith et al., 
1999), mouse (Mao et al., 2001; Petroske et al., 2001), 
monkeys (Betarbet et al., 1997; Mazloom and Smith, 2006) 
and man (Cossette et al., 2005; Huot and Parent, 2007).

In addition to TH, others have reported the existence of 
striatal neurons immunoreactive for l-aromatic acid decar-
boxylase (AADC) in normal rats (Tashiro et al., 1989a; 
Mura et al., 1995, 2000; Meredith et al., 1999), as well as 
neurons immunoreactive for dopamine itself. Investigators 
who have examined two or more of these markers gener-
ally agree that there are more TH neurons than AADC 
or DA neurons in the striatum of rodents (Mura et al., 
1995, 2000; Meredith et al., 1999), suggesting that not all 
striatal TH neurons are dopaminergic, and further, that 
there are at least two distinct populations of striatal TH 
neurons.

It is difficult to summarize the literature on the morphol-
ogy and incidence of the striatal TH neurons because the 
description of both are surprisingly variable, ranging from 
“in the tens of thousands” (Dubach et al., 1987) to a low of 
about of about 1 TH neuron per section in humans (Huot  
et al., 2007). Other estimates range from to several 10s of neu-
rons per 30–60 m section in rat (e.g., DA neurons in Mura  
et al., 2000) or monkey (TH  /DAT neurons in Tandé  
et al., 2006) to very large numbers in some studies (450,000 
TH neurons/striatum in primate; Palfi et al., 2002).

Reports concerning the somatic size and neurocytology 
of striatal TH neurons are equally disparate with cells 
being reported as small as 6–12 m in diameter (Meredith 
et al., 1999; Jollivet et al., 2004), 8–12 m (Dubach et al., 
1987; Mazloom and Smith, 2006) or up to 20 m in diam-
eter (Tashiro et al., 1989b). There is further disagreement 
about the nuclear envelope, which is often used to iden-
tify neurons as projection neurons or interneurons since 
the spiny projection neurons always have smooth, non-
invaginated nuclei whereas the PV, CR, and NOS/NPY 
GABAergic interneurons described above consistently 
show invaginated nuclei (Bolam et al., 1983). Some investi-
gators claim that striatal TH neurons have the invaginated 
nuclei of interneurons (e.g., Dubach et al., 1987; Mazloom 
and Smith, 2006) while others claim that they possess the 
smooth nuclear envelopes of spiny projection neurons 
(Meredith et al, 1999). While most of the papers cited 
above report that striatal TH neurons exhibit smooth, 
sometimes varicose aspiny dendrites characteristic of other 
striatal interneurons, one claims that striatal TH neurons 
are spiny, express substance P or enkephalin, and are there-
fore spiny projection neurons (e.g., Darmopil et al., 2008).

In addition, striatal TH neurons are often described 
as immunoreactive for the dopamine transporter (DAT) as 
well as GABA or GAD67, suggesting that they are both 
dopaminergic and GABAergic (e.g., Betarbet et al., 1997; 
Cossette et al., 2005; Mazloom and Smith, 2006; Tandé 
et al., 2006; Huot and Parent, 2007). In primates, 8% of 
the striatal TH neurons colocalized CR (Mazloom and 
Smith, 2006).

Some investigators argue that TH neurons are not 
present in the striatum of control animals at all, but only 
appear after 6-OHDA or MPTP lesions of the nigrostria-
tal system in rat (Meredith et al., 1997; Lopez-Real et al., 
2003; Darmopil et al., 2008) or monkey (Mazloom and 
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Figure 8.5  Striatal EGFP-TH interneurons. A. Low magnification fluorescence photomicrograph of a section through the striatum of a BAC trans-
genic mouse that expresses EGFP under the control of the TH promoter. Arrows point to some of the EGFP-TH neurons visible. B, C. Higher magni-
fication photomicrographs of striatal EGFP-TH neurons. D. Drawing tube reconstruction of a striatal Type II EGFP-TH neuron filled with biocytin 
after recording in vitro. Note the varicose dendrites (black) and axonal arborization (red). E. Responses to current injections in a Type I EGFP-TH 
neuron. The extreme spike frequency adaptation leading to complete spike failure, the sag in response to hyperpolarizing current pulses and the high 
input resistance (upper inset) and wide duration action potential (lower inset) are all characteristic of this, the most common of the striatal EGFP-TH 
neurons. F. Some Type I neurons exhibit spontaneous activity in vitro. G. Local electrical stimulation (arrow) elicits GABAA IPSPs sufficient to block 
spiking (left panel, red traces) as well as glutamatergic EPSPs sufficient to elicit spiking (middle panel, red trace) in Type I neurons. To view a color 
version of this image please visit http://www.elsevierdirect.com/companion/9780123747679
Smith, 2006), while still others argue that they are not pres-
ent at all in control or lesioned rat or mouse striatum, but 
only in primates (Dubach et al., 1987; Betarbet et al., 1997; 
Yang et al., 2008).

It is obviously difficult to know what to make of these 
disparate findings. Some of the discrepancies can almost 
certainly be attributed to species differences, while oth-
ers may be the result of different technical artifacts asso-
ciated with fixation, preservation and the vagaries of 
immunocytochemistry. It is clearly difficult to pick out  
TH-immunostained somata in the striatal neuropil from the 
background of dense staining of TH nigrostriatal dopami-
nergic axons and terminals, and this undoubtedly contrib-
utes to the discrepant results. There is, however, a general 
consensus, at least based on the most recent primate data, 
that striatal TH neurons do exist, and represent a novel 
class or classes of striatal interneuron that also express 
the dopamine transporter (DAT) as well as GAD, and are 
therefore likely both dopaminergic and GABAergic. These 
neurons appear to be distinct from the other, previously 
defined striatal PV, CR or NOS/NPY GABAergic 
interneurons (Betarbet et al., 1997; Cossette et al., 2005; 
Huot and Parent, 2007).
A.  Striatal EGFP-TH Interneurons

Until recently, there has been no way to identify striatal 
TH neurons in brain slices in order to obtain recordings 
from them that would allow description of their electro-
physiological properties, afferent or efferent connectivity, 
or detailed morphology of the dendritic or axonal arbori-
zation. With the advent of strains of mice genetically 
engineered to express enhanced green fluorescent protein 
(EGFP) under the control of cell-type specific promoters 
such as TH, ChAT or PV (Gong et al., 2007), one can iden-
tify almost any cell type desired in a brain slice and then 
use IR-DIC optics to patch that neuron cell and record.

Using this approach in mice engineered to express 
EGFP in neurons that express TH, we have identified a 
population of EGFP-TH neurons in normal mouse stria-
tum (Ibanez-Sandoval et al., 2007, 2008). These neurons 
have been classified into four electrophysiologically dif-
ferent cell types that are clearly distinct from striatal spiny 
neurons, the cholinergic interneuron, or the PV or NOS/
NPY GABAergic interneurons. Injection of fluorescent-
labeled beads into substantia nigra and GP do not result 
in retrograde labeling of the EGFP-TH neurons, demon-
strating that they are striatal interneurons.
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Two of these cell types, Types II and III are a type of FS 
interneuron, whereas Type I neurons are characterized by a 
very strong spike frequency adaptation that leads to com-
plete spike failure after 100 ms or so in response to strong 
depolarizing current injections. Type IV neurons fire low 
threshold spikes, but do not display the prolonged plateau 
depolarizations that characterize the NOS/NPY PLTS neu-
ron described by Kawaguchi and others (Kawaguchi, 1993, 
Kawaguchi et al., 1995). This cell type is very similar to 
the LTS neuron described by Koós and Tepper (1999).

All the EGFP-TH interneurons are well integrated into 
the functional architecture of the striatum. Local stimulation 
elicits EPSPs and IPSPs and paired recordings show that the 
most common efferent target is the spiny projection neurons. 
Evoked spiking in striatal EGFP-TH neurons produces 
potent IPSP/Cs in spiny neurons sufficient to delay spikes 
evoked by intracellular depolarization. The IPSP/Cs are 
blocked by picrotoxin or bicuculline demonstrating that the 
EGFP-TH neurons are also GABAergic (Ibanez-Sandoval 
et al., 2008). Their dopaminergic nature has yet to be con-
clusively verified.

VII.  Summary and Conclusions

Striatal GABAergic interneurons participate in a power-
ful feedforward inhibitory circuit that is likely the primary 
mechanism by which the spike timing of the striatal out-
put neurons is controlled. Of the three types of striatal 
GABAergic interneurons that have been recognized for 
some time, we have the most information about the PV 
FS interneurons and the NOS/NPY PLTS interneurons, 
since they have been identified, recorded and intracel-
lularly labeled in vitro. Although we tend to consider the 
PV fast spiking interneuron as the striatal fast spiking 
interneuron, there are clues from various studies in stria-
tum of rodents and primates, both older and more recent, 
that there may well be more than a single type of striatal 
FS interneuron, and perhaps even more than one type of 
PV striatal fast spiking interneuron.

Similarly, it is unclear if the neuron originally described 
by Kawaguchi (1993) as the PLTS interneuron is the stria-
tal GABAergic interneuron that fires low threshold Ca2 
spikes and whether or not all such neurons express the 
same neurochemical makeup. Recent data from several 
sources suggest otherwise.

We know very little about the physiological role and 
detailed neurocytology of the CR interneuron, since as 
of this writing, no one has yet succeeded in recording from 
these cells and filling them. This will undoubtedly change 
in the very near future as soon as a BAC transgenic mouse 
that expresses EGFP selectively in CR neurons is cre-
ated. Nevertheless, the finding that there are 4 morpho-
logically distinct types of CR neurons in human striatum 
indicates the possibility that there is more than one func-
tional subtype of striatal CR GABAergic interneuron.

A BAC transgenic mouse that expresses EGFP selectively 
in neurons with the TH promoter has recently allowed the 
description of four electrophysiologically distinct subtypes 
of striatal EGFP-TH interneurons, three of which display 
electrophysiological characteristics that are completely unlike 
those of any previously described striatal neuron.

It is becoming clear that the striatum enjoys a much 
richer diversity of GABAergic interneurons than was once 
thought. We are only now beginning to discover the func-
tional differences between the varieties of these interneu-
rons. As new molecular, anatomical and physiological 
techniques continue to become available, particularly more 
strains of transgenic mice that selectively label neurons that 
express calretinin and other peptides, receptors and neuro-
active agents expressed by striatal neurons with fluorescent 
markers such as EGFP, it is almost certain that the number 
of functionally different striatal GABAergic interneurons, 
currently numbering at least 8, will continue to grow.
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I.  Introduction: the 
endocannabinoid system

Endocannabinoid juxtacrine and paracrine signaling is 
widespread throughout the brain and body, representing 
one of the most prevalent lipid/fatty acid-based intercel-
lular communication systems in mammals (Pacher et al., 
2006). The cannabinoid part of the name is derived from 
the cannabis sativa plant and the drugs, marijuana and 
hashish among others, made from this plant. The receptors 
for these drugs are the major targets of a group of lipid-
derived signaling molecules known as the eCBs. Two 
arachidonoyl-containing fatty acids, arachidonoylethanola-
mide (AEA or anandamide) and 2-arachydonoyl glycerol 
(2-AG) are thought to produce the majority of eCB signal-
ing. These two compounds are synthesized from arachido-
nate-containing membrane lipids via separate pathways 
consisting of several enzyme-catalyzed steps (Devane  
et al., 1992; Mechoulam et al., 1995; Sugiura et al., 1995). 
Once AEA and 2-AG are produced they can escape the 
plasma membrane, and are released from cells to act on 
neighboring cells. Because of their highly hydrophobic 
nature these compounds are not likely stored inside of ves-
icles, and there is no evidence for vesicular involvement in 
167

eCB release (Wilson and Nicoll, 2001). The simplest model 
of eCB production and release is that the compounds are 
made “on-demand” following calcium influx into cells and/
or activation of metabotropic receptors (particularly recep-
tors that couple to Gq-type G-proteins). Release is thought 
to occur automatically following synthesis. However, there 
is some evidence for pools of pre-synthesized eCB and 
regulated release, particularly in neurons of the central 
nervous system (Ronesi et al., 2004; Edwards et al., 2006; 
Adermark and Lovinger, 2007b). The mechanisms control-
ling eCB release are not yet fully understood, and it is still 
not clear how the hydrophobic eCBs cross what is thought 
to be a hydrophilic extracellular environment to produce 
actions on nearby cells.

The intercellular signaling functions of eCBs are medi-
ated by CB receptors that were originally identified as 
targets for ∆-9-THC, the psychoactive ingredient of can-
nabis-derived drugs (Matsuda et al., 1990; Herkenham  
et al., 1991). The CB1 receptor is the main mediator of 
eCB actions in the brain, and is responsible for the majority  
of the intoxicating effects of natural and synthetic canna-
binoid drugs (Pacher et al., 2006). Endocannabinoids can 
also activate the CB2 receptor, that is mainly found in the 
periphery but is apparently also present in the CNS (Munro 
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et al., 1993, Van Sickle et al., 2005; Gong et al., 2006). In 
addition, AEA acts as a weak partial agonist at the TRPV1 
vannilloid receptor-channel, and also has lower affinity 
interactions with other receptors and signaling molecules in 
the body and brain (Van Der Stelt and Di Marzo, 2004; Oz, 
2006). The CB1 and CB2 receptors are class I G-protein- 
coupled receptors that activate Gi/o-type G-proteins. 
Activation of these G-protein subtypes normally produces 
inhibition of adenylyl cyclase, inhibition of voltage-gated 
calcium channels, and activation of certain potassium 
channels. Other intracellular signaling pathways, such as 
increased phosphorylation/activation of the multifunctional 
ERK kinase cascade can also result from CB1 activation 
(Wartmann et al., 1995; Davis et al., 2003).

Within the nervous system, the major function of eCBs 
appears to be mediation of “retrograde” signaling. Unlike 
traditional synaptic transmission, in which neurotrans-
mitter release from the presynaptic axon terminal leads 
to postsynaptic receptor activation, retrograde signaling 
involves postsynaptic release of a compound that then acts 
on presynaptic receptors. In the case of eCB CNS actions, 
localization of synthetic enzymes for 2-AG suggests a post-
synaptic locus of synthesis, while CB1 receptors are local-
ized almost exclusively on presynaptic neuronal elements 
(Katona et al., 2001; Kofalvi et al., 2005; Katona et al.,  
2006; Uchigashima et al., 2007). There is also abundant 
physiological evidence for a retrograde signaling function 
of eCBs. The two major neurophysiological actions involv-
ing eCBs are short-term and long-term synaptic depression 
(reviewed in Chevaleyre and Castillo, 2003; Lovinger, 
2008). Short-term depression (STD) can be produced by 
activation of postsynaptic metabotropic glutamate or ace-
tylcholine receptors, and by depolarization of postsynaptic 
membrane potential. This latter, depolarization-induced 
synaptic depression is termed depolarization-induced sup-
pression of excitation (DSE) or inhibition (DSI) depend-
ing on whether the net effect is to decrease glutamatergic 
excitatory or GABAergic inhibitory synaptic transmission. 
Long-term depression (LTD) is produced by repetitive 
synaptic activation that leads to a CB1-dependent, long-
lasting decrease in neurotransmitter release (Chevaleyre 
et al., 2006; Lovinger, 2008). Postsynaptic manipulations 
that alter eCB production can produce or inhibit STD and 
LTD (see Chevaleyre et al., 2006) for review). Maintained 
expression of STD and LTD involves activation of pre-
synaptic CB1 receptors leading to a transient (STD) or 
long-lasting (LTD) decrease in the probability of neu-
rotransmitter release (reviewed in Chevaleyre et al., 2006; 
Lovinger, 2008). Thus, the predominant model of eCB sig-
naling is that the compounds are synthesized and released 
from postsynaptic elements, traverse the synapses in a ret-
rograde direction, and act on presynaptic CB1 receptors to 
decrease transmission. In the case of STD, including DSE 
and DSI, the depression appears to persist only as long as 
the eCBs are present in the synapse and CB1 receptors are 
activated. Inhibition of presynaptic voltage-gated calcium 
channels probably accounts for the presynaptic depression 
in STD. In LTD, the synaptic depression appears to outlast 
CB1 activation, and thus the receptor is thought to give rise 
to signaling within the presynaptic terminal that leads to a 
persistent decrease in neurotransmitter release probability 
(Chevaleyre et al., 2006; Lovinger, 2008).

Once released from postsynaptic cells, eCBs can per-
sist at levels high enough to activate receptors for 10s of 
sec to several min (Robbe et al., 2001; Chevaleyre and 
Castillo, 2003; Kim and Alger, 2004; Ronesi et al., 2004; 
Makara et al., 2005; Szabo et al., 2006; Sheinin et al., 
2008). Termination of the eCB synaptic signal is thought 
to involve enzymes that degrade AEA and 2-AG (Kim and 
Alger, 2004; Makara, 2005; Szabo et al., 2006) as well as 
cellular reuptake of the molecules (although the presence 
and identity of any transporter molecule that mediates this 
reuptake is controversial; see Lovinger, 2007, for discus-
sion of this issue). At present the identification of molecu-
lar tools to examine transport and degradation are still at 
an early stage, and thus not much is known about which 
processes predominate at different synapses. In addition, 
identification of which eCB mediates the different forms 
of STD and LTD at different synapses is not nearly com-
plete, although there is strong evidence for 2-AG media-
tion of DSI, STD and LTD at some synapses (Chevaleyre 
and Castillo, 2003; Kim and Alger, 2004; Makara et al., 
2005; Uchigashima et al., 2007; Sheinin et al., 2008).

II.  Endocannabinoids and 
cannabinoid receptors in the 
striatum

A. The CB1 Receptor

CB1 is one of the most abundant GPCRs in the CNS and is 
expressed at high levels throughout the extended striatum 
but within discrete neuronal populations. This expression 
pattern is retained phylogenetically with similar expres-
sion patterns in rodents, canines and primates (Herkenham 
et al., 1001; Glass and Felder, 1997). The first studies of 
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CB1 expression used receptor binding to grossly map the 
distribution of CB1 in the brain (Herkenham et al., 1900; 
Herkenham et al., 1991; Jansen et al., 1992; Mailleux and 
Vanderhaeghen, 1992; Thomas et al., 1997). Cortical pro-
jections showed low CP55,940 binding; corpus callosum 
binding was lower than binding to the anterior commissure, 
while projections from the striatum to globus pallidus/
external pallidum (GP/GPe), substantia nigra pars reticu-
lata (SNr) and entopeduncular nucleus/internal pallidum 
(GPi) displayed the highest binding (Herkenham et al.,  
1991) (see Chapter 1 for an overview of basal ganglia anat-
omy, and Chapter 5 for a description of striatal projection 
neurons). Quantitative receptor binding also revealed a dor-
solateral to ventromedial gradient in striatal CB1 receptor 
density, with low binding in the nucleus accumbens (NAc), 
and other parts of the “extended striatum” such as cen-
tral amygdala and bed nucleus of stria terminalis (BNST) 
(Herkenham et al., 1990; Herkenham et al., 1991; Jansen 
et al., 1992). CB1 receptor binding was dense in the SNr 
but less so in the ventral tegmental area (VTA). Ibotenate 
lesions of the striatum abolished receptor binding in the 
SNr while 6-hydroxy-dopamine lesions of substantia nigra 
did not alter binding, indicating that the source of CB1 was 
striatal (Herkenham et al., 1991).

Following the cloning of the CB1 receptor, in situ 
hybridization histochemistry (ISHH) was used to detect 
receptor-coding mRNA which produced results similar to 
radioligand binding, with mRNA absent from striatal projec-
tion areas, as expected. CB1 mRNA is expressed throughout 
the basal ganglia, with the notable exceptions of the dopa-
minergic neurons (Herkenham et al., 1991; Matsuda et al., 
1993) and the GP. mRNA is frequently detected at different 
levels in distinct subsets of neurons within each region but 
in situ hybridization studies revealed moderate but uniform 
levels within the striatum with a dorsolateral to ventrome-
dial gradient of expression. CB1 mRNA is low or nearly 
undetectable in many other subregions of the extended stri-
atum (Mailleux and Vanderhaeghen, 1992; Matsuda et al., 
1993; Marsicano and Lutz, 1999).

Double labeling ISHH techniques have been employed 
to identify CB1-expressing neuronal subtypes. Parvalbumin 
(PV) and GAD67 interneurons in the striatum express 
CB1 mRNA, but there is less evidence for expression in cho-
linergic, calretinin-containing and somatostatin-containing  
interneurons (Marsicano and Lutz, 1999; Hohmann and 
Herkenham, 2000; Martin et al., 2008) (see also Chapters 
7 and 8, for striatal interneurons). CB1 cells co-express 
GAD65 and 75% of these cells also express calbindin 28.
Immunolocalization studies have recapitulated recep-
tor binding for the most part (Fig. 9.1). Initial studies using 
commercially available antisera agreed with receptor bind-
ing but poor fidelity between lots has been noted for com-
mercial sources (Grimsey et al., 2008). The most reliable 
antibodies have been generated by Dr. Kenneth Mackie’s 
laboratory against C-terminus epitopes, although these dif-
fer as well in their ability to recognize a presumed oligo-
meric form (recognized by AbL73) or surface receptor 
clusters (AbL15), suggesting that the epitope may be par-
tially blocked in situ by the signaling complex (Grimsey  
et al., 2008).

Messenger RNA and protein studies provided insight 
into the function of CB1 since the mRNA is often found 
far from the protein itself. Protein expression is similar to 
mRNA with notable exceptions. mRNA is not detected in 

Figure 9.1  CB1 immunoreactivity in the rostromedial (A, Bregma  
1.10) and caudal (C, Bregma 0.82) striatum detected by immunoflu-
orescence using the L15 C-terminus antibody. A gradient of decreasing 
immunoreactivity is observed from the dorsolateral (DLS) to ventrome-
dial (VMS) striatal subregions with a parallel pattern and topology in 
the globus pallidus (GP). DAPI stained nuclei from the same sections 
are shown in B and D for orientation. Higher magnification image show-
ing striosome-like immunoreactivity is shown in panel E, with the cor-
responding image of DAPI staining in panel F indicating that the cells 
are evenly distributed. Immunoreactivity appears to be mostly in fibers 
and puncta with no apparent somata. Note the network of brightly-stained 
axons coursing through the less immunoreactive adjacent regions (E). 
Scale bar in A, 200 m, applies to images A–D. Scale bar in E, 50 m.
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the GP while CB1 fibers are rich in this region, showing  
a topographical organization that parallels DLS receptor 
binding, with projections to the dorsolateral GP having 
high levels of CB1 immunoreactivity and receptor bind-
ing (Fig. 9.1A,C; Tsou et al., 1998; Julian et al., 2003). 
This gradient shows higher CB1 levels in the dorsolateral 
striatum (DLS), with gradually declining levels in a dor-
solateral to ventromedial gradient with projections radiat-
ing through the GP at Bregma 0.82 (Fig. 9.1C). Levels 
of expression are low in the limbic striatum and virtually 
undetectable in CeA (Katona et al., 2001). Both striatopal-
lidal and striatonigral medium spiny neurons express CB1 
(Tsou et al., 1998; Hohmann and Herkenham, 2000; Julian 
et al., 2003; Martin et al., 2008), although CB1 is estimated 
to be higher in striatonigral (i.e., D1 dopamine receptor-
expressing, D1) neurons (Martin et al., 2008). CB1 is 
also detected on glutamatergic afferents into the extended 
striatum (Uchigashima et al., 2007; Massi et al., 2008).

Ultrastructural localization studies in the striatum are 
not in complete agreement, however. Rodriguez and col-
leagues (2001) and Pickel and colleagues (2004) found 
CB1 is partially co-expressed with mu-opioid receptors 
and D2 receptors and on somata and dendrites in rats 
(Rodriguez et al., 2001; Pickel et al., 2004). Similar local-
ization was reported in NAc, where CB1 was also associ-
ated with glutamatergic synapses (Pickel et al., 2004). 
Immunofluorescence reveals a striosome-like distribu-
tion in the DLS of mice that tapers in a lateral to medial 
gradient (Fig. 9.1A,C) (Julian et al., 2003; Villares, 2007; 
Martin et al., 2008). Immunofluorescence in mice using the 
L15 antiserum did not reveal any somatic CB1 in striatum 
(Fig. 9.1), but a study by Matyas and colleagues (2006) 
found low level somatodendritic staining in the medial 
striatum at the EM level (Matyas et al., 2006). Some stud-
ies have attributed somatic immunoreactivity to CB1 being 
translated while EM studies show it associated with the 
membrane in cell bodies and dendrites (Rodriguez et al., 
2001; Pickel et al., 2004). Anatomical studies clearly sup-
port presynaptic CB1 in regulating neurotransmitter release 
but the role of somatodentritic CB1 is uncertain.

High levels of CB1 immunoreactivity are found in the 
substantia nigra pars reticulata (SNr) and, as discussed above, 
CB1 appears to be primarily on striatal efferents (Herkenham 
et al., 1991). Striatal topology and functional grouping is 
maintained at the level of projections to the rodent SNr, 
with dense CB1 fibers terminating in the lateral SNr in 
an inverted teardrop pattern (Julian et al., 2003). The medial 
SNr receives projections from the NAc (Deniau et al., 1996), 
while the lateral SNr projections are sensory-motor (Deniau 
et al., 1994). Similarly, CB1 mRNA is not detected in VTA 
DA neurons but protein is present on both excitatory and 
inhibitory afferent projections and in local interneurons 
where is regulates feed forward inhibition (Melis et al., 
2004a; Melis et al., 2004b; Riegel and Lupica, 2004).

Figure 9.2 illustrates current knowledge about the loca-
tion of CB1 receptors on synaptic terminals at synapses 
onto postsynaptic elements of striatal medium spiny neu-
rons (MSNs) (Fig. 9.2A), and the axon terminals of the 
MSNs themselves (Fig. 9.2B).

B. The CB2 Receptor

CB2 has traditionally been considered a cannabinoid 
receptor of the immune system, with brain expression lim-
ited to microglia (Cabral et al., 2008), however, CB2 was 
recently identified on neurons in the CNS using both PCR 
and immunodetection with multiple sources of antibody 
(Van Sickle et al., 2005; Gong et al., 2006). CB2 expres-
sion was localized to postsynaptic sites, dendritic struc-
tures and cell bodies within the cortex, amygdala, striatum 
and SNr. Expression of CB2 is estimated to be some  
30-fold lower in brain than in spleen (Gong et al., 2006).

C. TRPV1

The transient receptor potential vannilloid 1 (TRPV1) is a 
temperature sensitive receptor-channel that is activated by 
capsaicin, the hydrophobic, pungent compound found in 
peppers and other “hot” foods (Caterina et al., 1997). This 
receptor-channel can also be activated by AEA, although 
it is a relatively weak partial agonist at TRPV1 (reviewed 
in Van Der Stelt and Di Marzo, 2004). Mezey et al. (2000) 
showed tyrosine hydroxylase (TH) and VR1 colabeling in 
SNc by in situ hybridization and immunochemistry (Mezey 
et al., 2000). These authors also mentioned observing 
TRPV1 immunoreactivity in the striatum and CeA and these 
observations in striatum were subsequently corroborated by 
immunodetection (Maccarrone et al., 2008). In situ autora-
diography for TRPV1 also provided evidence for expression 
of these receptors in striatum (Tzavara et al., 2006).

D.  Endocannabinoids in Striatum

Both AEA and 2-AG are present in striatum at levels com-
parable to or exceeding that of other brain regions. Tissue 
eCBs have been measured using fresh or frozen striatal 
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Figure 9.2  CB1 Receptors on axon 
terminals of afferents innervating striatal 
MSNs and terminals of MSNs themselves.  
(A) Schematic diagram of a striatal MSN 
including soma, dendrites and dendritic 
spines. Predominant sites of innerva-
tion are shown for cortical glutamatergic, 
MSN-MSN GABAergic, fast-spiking inter-
neuron (FSN)-MSN GABAergic, and low- 
threshold spiking interneuron (LTSN)-MSN 
GABAergic synapses, with presence or 
absence of CB1 receptors on axon terminals 
indicated. (B) Schematic diagram of stria-
tonigral synapses onto neurons in SN pars 
reticulata (direct pathway), indicating CB1 
receptor presence on GABAergic terminals 
at these synapses. (C) Schematic diagram of 
striatopallidal synapses onto neurons in GP 
(indirect pathway), indicating CB1 receptor 
presence on GABAergic terminals at these 
synapses.
extracts, striatal brain slices, and organotypic slice cul-
tures of striatum, mainly taken from rat brain (Stella et al., 
1997; Giuffrida et al., 1999; Marsicano et al., 2002; Jung 
et al., 2005; Ade and Lovinger, 2007; Rademacher et al., 
2008). Chromatographic separation of the eCBs followed 
by mass spectroscopy to identify individual compounds 
is the method of choice, since eCBs are generally present 
at low concentrations in tissue. Measurements in striatum 
from different preparations have produced general agree-
ment that tissue concentrations of 2-AG (nmol/mg tis-
sue) are several orders of magnitude higher than those of 
AEA (pmol/mg tissue). Indeed, AEA levels are usually 
just above detectability in a single striatal slice. However, 
this difference in concentration may not accurately reflect 
the eCB pools involved in intercellular communication, 
as there is likely to be a metabolic pool of 2-AG, but not 
AEA. Measurements of whole tissue eCB content are use-
ful, but we are most interested in examining eCB release 
from cells, as that process will determine the paracrine and 
juxtacrine actions of these neuromodulators.

E.  Biosynthetic Enzymes

Compared to our current knowledge of CB1 expression 
and distribution, relatively little is known about the expres-
sion of the biosynthetic enzymes for eCBs. Frequently the 
expression parallels CB1 but the pre/postsynaptic distribu-
tion of the biosynthetic enzymes may provide insight into 
the differential roles of 2-AG and anandamide in different 
neural pathways.

1.  2-AG: DAGL a/b

Uchigashima and colleagues (2007) performed an exten-
sive anatomical and physiological study of DAGLa in the 
striatum (Uchigashima et al., 2007). DAGLa distribution 
was compared with VGLUT, CB1, mGluR5, D1 and D2 
immunoreactivity. DAGLa immunoreactivity was speckled 
with membrane and vesicle localization. Expression was 
highest in the DLS and located in post-synaptic structures in  
a gradient with the highest levels in extrasynaptic spines, 
decreasing to the soma. This expression pattern was also 
observed for mGluR5 in the striatum while only low lev-
els of mGluR1 were detected. DAGLa was detected at both 
symmetric and asymmetric synapses at the EM level but 
slightly higher in D1- than D2-expressing neurons. There 
was no overlap between VGlut and DAGLa, indicating that 
2AG is not synthesized in excitatory terminals.

Matyas et al. (2008) used ISHH to localize DAGLa in 
midbrain and found high levels of expression in the SNc 
and VTA, with lower levels in other midbrain regions, 
including SNr (Matyas et al., 2006). Immunostaining 
revealed a punctate pattern in the neuropil associated with 
three putative synaptic populations by EM. The first is pre-
sumably glutamatergic while the second and third popu-
lations likely represent MSNs and striatal interneurons. 
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This pattern of immunoreactivity was complementary to 
CB1 staining, which was found at both glutamatergic and 
GABAergic axon terminals in the VTA.

2.  Anandamide: NAPE-PLD and Other Enzymes

Anandamide is believed to be produced primarily from 
n-acetylphosphatidyl ethanolamine (NAPE). Many  
n-acyltransferase enzymes have been proposed to medi-
ate production of the NAPE but the suggested rate-limiting 
enzyme, NAPE-phospholipase D (PLD), remains a contro-
versial subject. A NAPE-PLD enzyme has been cloned that 
can catalyze AEA formation when heterologously expressed 
in cells (Okamoto et al., 2004). This enzyme shows limited 
distribution in brain, with the highest levels of expression in 
the thalamus and hippocampus, and enzyme activity as well 
as NAPE-PLD mRNA expression was detected in basal 
ganglia, but there is no specific information on expression 
in the striatum (Morishita et al., 2005). Morishita and col-
leagues (2005) measured NAPE-PLD expression and activ-
ity in homogenates from various brain regions and noted 
moderate levels in the basal ganglia but the techniques 
employed did not allow for cellular resolution. After careful 
characterization of the antisera, immunohistochemical anal-
ysis Egertová et al. (2008) showed low immunoreactivity in 
the caudal striatum with slightly higher, but still low, levels 
in the amygdala complex (Egertova et al., 2003).

Unfortunately, it is not clear that this form of NAPE-
PLD is required for AEA synthesis in vivo since NAPE-
PLD/ mice show no difference in AEA levels, but 
NAPE-PLD is required for Ca dependent synthesis of 
longer chain NAEs (Leung et al., 2006). ABHD4 or PLC 
coupled to a tyrosine or an inositol phosphatase can also 
catalyze AEA production (Liu et al., 2006; Simon and 
Cravatt, 2006; Simon and Cravatt, 2008), and sequential 
PLA2 and lysoPLD activities have also been suggested 
to participate in AEA synthesis (Sun et al., 2004). These 
enzymes are certainly present in many brain regions, 
including striatum, and thus the AEA involved in retro-
grade signaling in this region may proceed through path-
ways other than those mediated by NAPE-PLD.

F.  Degrading Enzymes

1.  Fatty Acid Amido-Hydrolase (FAAH)

The FAAH enzyme catalyzes breakdown of AEA and 
other ethanolamides to arachidonic acid and ethanolamine. 
FAAH activity and mRNA expression are roughly parallel 
with high levels in neocortical structures (cortex, hippoc-
ampus) and cerebellum, with moderate levels in striatum 
(Thomas et al., 1997, Hillard, 2000). There is a devel-
opmental peak in whole brain mRNA at 10 days of age 
(Thomas et al., 1997). FAAH is expressed homogeneously 
in striatum, likely MSNs, with weaker hybridization in the 
GP, but is also found in non-neuronal cells (Thomas et al., 
1997). There is prominent FAAH mRNA in lateral, basola-
teral, and basomedial amygdala but FAAH mRNA is low 
or absent in the CeA (Gulyas et al., 2004).

FAAH immunoreactivity is similar to mRNA expres-
sion in the basal ganglia. FAAH is detected in perivas-
cular regions, in glia and in white matter (Thomas et al., 
1997; Egertova et al., 2003) with diffuse somatodendritic 
localization in the striatum but fibers were apparent in GP 
(Romero et al., 2002; Egertova et al., 2003). Interestingly, 
Egertova et al. (2003) show that white matter immunoreac-
tivity in GP is associated with oligodendroglia (Egertova 
et al., 2003). Romero and colleagues (2002) detected 
intense FAAH immunoreactivity in SNr and SNc using a 
previously characterized antibody (Tsou et al., 1998), how-
ever, a subsequent study using a different antibody failed 
to detect FAAH in the SN (Egertova et al., 2003). This is 
surprising since there is considerable agreement between 
these two studies in other brain regions. FAAH is primarily 
localized to postsynaptic smooth ER (50%) but can also be 
detected in mitochondrial membranes (Gulyas et al., 2004). 
FAAH is notably absent in the CeA, paralleling the distri-
bution of CB1 receptors.

2.  Monoacylglycerol Lipase (MGL)

Lipases have been extensively characterized in the periph-
ery where they regulate fatty acid levels, catalyzing the 
breakdown of monoacylglycerides to free fatty acids and 
glycerol. MGL activity was recognized as early as 1976, 
when it was initially purified (Tornqvist and Belfrage, 
1976). The gene encoding MGL was originally cloned 
from a mouse adipocyte library and, not surprisingly, 
Northern blots detected a high level of this enzyme in brain 
(Karlsson et al., 1997). Subsequently, Dinh et al. (2002) 
cloned MGL from brain , and demonstrated that it can cat-
alyze the breakdown of 2-AG (Dinh et al., 2002). The dis-
tribution in different brain regions has been examined, and 
mRNA is high in deep layers of cortex and low in striatum, 
with moderate expression in the NAc shell.
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III.  CB1 receptor function in the 
striatum

Physiological and neurochemical studies have gener-
ally confirmed the predominant presynaptic role of CB1 
receptors in striatum and other CNS regions (Chevaleyre 
et al., 2006; Lovinger, 2008). In brain slice electrophysi-
ological experiments, application of CB1 agonists inhib-
its GABAergic (Szabo et al., 1998; Hoffman and Lupica, 
2001; Centonze et al., 2004; Adermark and Lovinger, 
2007a; Adermark and Lovinger, 2007b; Uchigashima et al., 
2007) and glutamatergic (Gerdeman and Lovinger, 2001; 
Hoffman and Lupica, 2001; Huang et al., 2001; Robbe  
et al., 2001) synaptic transmission onto striatal medium 
spiny neurons (Fig. 9.2). Similar results have been 
observed in ventral striatum/nucleus accumbens and the 
BNST (Hoffman and Lupica, 2001; Robbe et al., 2001; 
Grueter et al., 2006). The CB1-mediated depression of syn-
aptic transmission is accompanied by changes in evoked 
and spontaneous synaptic responses that are indicative 
of presynaptic inhibition. The ratio of responses to pairs 
of evoked glutamateric EPSCs or GABAergic IPSCs is 
altered in the presence of CB1 agonist, indicating that inhi-
bition most likely involves decreased probability of gluta-
mate and GABA release (Gerdeman and Lovinger, 2001; 
Hoffman and Lupica, 2001; Huang et al., 2001; Robbe 
et al., 2001). Measurement of spontaneous and miniature 
EPSCs and IPSCs, as well as asynchronous Sr2-enhanced 
PSCs, also supports a presynaptic site of CB1-mediated 
synaptic inhibition (Gerdeman and Lovinger, 2001; Huang 
et al., 2001; Robbe et al., 2001). The frequency of sPSCs 
and mPSCs is reduced by agonist treatment, in the absence 
of changes in the amplitude or other properties of these 
synaptic currents, consistent with a decrease in neuro-
transmitter release with no change in postsynaptic respon-
siveness. These effects are blocked by CB1 antagonists, 
demonstrating the specificity of the agonist effects.

There is little physiological evidence that CB1 recep-
tor activation has postsynaptic effects on striatal neurons. 
Huang and coworkers (2001) reported that application 
of WIN produced hyperpolarization of MSNs in stria-
tal slices, and this could be a response to activation of a 
G protein-activated inwardly rectifying potassium (GIRK) 
current. However, GIRK expression is quite low in stria-
tum (Karschin et al., 1996), and there is little evidence in 
the literature that Gi/o-linked GPCRs activate GIRK chan-
nels in striatal MSNs. Thus, the mechanism underlying 
this hyperpolarization is unclear, and it is also not clear if 
this effect was mediated by CB1 receptors or an off-target 
effect of the agonist (see Oz, 2006 for discussion of non-
specific cannabinoid effects). No such hyperpolarization 
were observed when CB1 agonists were applied to MSNs 
in the NAc, and the agonists did not produce any change 
in the resting membrane properties of these neurons 
(Hoffman and Lupica, 2001). Szabo et al. (1998) did not 
observe any effect of CB1 activation on postsynaptic volt-
age-gated calcium channels in MSNs.

Neurochemical studies also indicate that CB1 acti-
vation inhibits neurotransmitter release in striatal slices. 
Examination of stimulus-induced efflux of radiola-
beled GABA and glutamate indicates that CB1 activation 
decreases release of these neurotransmitters (Kofalvi et al., 
2005). Mixed effects on striatal dopamine release have been 
reported (Cadogan et al., 1997; Kathmann et al., 1999; Szabo 
et al., 1999; Sidlo et al., 2008). Most of these experiments 
were performed using striatal slices, and thus it is not clear 
that the effects are due to direct actions of CB1 receptors on 
presynaptic terminals.

The mechanisms coupling presynaptic CB1 receptors to 
inhibition of neurotransmitter release have not been worked 
out in great detail at striatal synapses. However, we can 
infer something about the mechanisms of CB1-mediated  
presynaptic inhibition from studies of other synapses. 
Inhibition of voltage-gated calcium channels, and thus cal-
cium entry into terminals, is the major contributor to presyn-
aptic depression at synapses in the auditory brainstem and 
cerebellum (Kreitzer and Regehr, 2001; Kushmerick et al., 
2004). This is a common mechanism of presynaptic depres-
sion by GPCRs that is likely to contribute to CB1 actions 
in striatum. Additional evidence for inhibitory actions 
of CB1 on vesicle release itself has been obtained, and  
these mechanisms may also play at role at striatal syn-
apses. For example, at glutamatergic striatal synapses CB1 
activation reduces the frequency of mEPSCs independent 
of afferent stimulation (Gerdeman and Lovinger, 2001; 
Huang et al., 2001; Robbe et al., 2001), suggesting that 
there may be inhibition downstream of voltage-gated cal-
cium channels. Similar results have recently been obtained 
for mIPSCs recorded in dorsal striatum (Adermark et al., 
2009b). Hoffman and Lupica (2001) reported that effects 
of CB1 activation on mIPSCs were variable, with most 
cells showing no change (Hoffman and Lupica, 2001).

Application of CB1 antagonists generally does not 
have any effect on synaptic transmission evoked by low 
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frequency stimulation of glutamatergic afferents onto stria-
tal MSNs (Gerdeman and Lovinger, 2001). Thus, “rest-
ing” synaptic eCB levels do not appear to be sufficient to 
activate CB1 and produce an inhibitory “tone”. Some or 
all of the CB1 antagonists have been touted as inverse ago-
nists, mainly based on data from heterologous expression 
systems (c.f. Pan et al., 1998). However, it is not clear that 
they act in this manner when expressed at normal levels 
within the CNS, and they certainly do not seem to do so 
at synapses within the striatum. In cases where the CB1 
antagonists have been shown to increase synaptic transmis-
sion these effects are prevented by postsynaptic chelation 
of calcium (Zhu and Lovinger, 2005; Foldy et al., 2006). 
This finding is most consistent with the idea that tonic CB1 
receptor activation is due to ongoing eCB synthesis.

Recent studies have revealed that TRPV1 is present 
in striatum (discussed above). Work from Centonze and 
Maccarrone suggests a unique interaction between anan-
damide signaling and 2-AG production involving TRPV1 
in striatum. Their findings support a scenario in which 
AEA acts on presumed intracellular TRPV1 receptors to 
inhibit DAG lipase activity and thus suppress 2-AG syn-
thesis. One physiological consequence of this action 
appears to be a reduction in 2-AG/CB1-mediated inhibi-
tion of GABAergic transmission (Maccarrone et al., 2008). 
These investigators have also shown that TRPV1 activation 
potentiates glutamatergic synaptic transmission at synapses 
onto MSNs, and that this potentiation exhibits rapid desen-
sitization (Musella et al., 2009).

IV.  Endocannabinoid-mediated 
synaptic plasticity in the striatum

A.  Short-Term Depression

The previous discussion indicates that cannabinoid drugs 
and agonists modulate synaptic transmission at synapses 
within the striatum. In addition different types of eCB-
mediated synaptic plasticity have been observed in differ-
ent striatal subregions. Several laboratories have examined 
DSE, DSI and short-term synaptic depression in slices 
from striatum and nucleus accumbens. In general it has 
proven difficult to elicit robust DSE or DSI in synapses 
onto striatal MSNs. Narushima et al. (2006) has observed 
that postsynaptic depolarization produces eCB-mediated  
DSI (lasting 20–30 sec) of GABAergic transmission at 
synapses between dorsal striatal fast-spiking interneu-
rons and MSNs (Narushima et al., 2007). DSI at striatal 
synapses is constitutively enhanced by tonic cholinergic 
transmission involving M1 mAChRs on striatal MSNs 
(Narushima et al., 2007; Uchigashima et al., 2007), while 
activation of group I mGluRs enhances both DSI and DSE 
(Uchigashima et al., 2007). These investigators observed 
only very weak DSE of glutamatergic transmission in the 
same neurons in the absence of receptor activation, while 
Kreitzer and Malenka (2005) reported that they could not 
elicit DSE in dorsal striatal MSNs (Kreitzer and Malenka, 
2005). Endocannabinoid-mediated synaptic depression 
produced by postsynaptic depolarization alone has not 
been reported in other striatal regions.

Activation of GPCRs has been shown to elicit eCB-
mediated short term synaptic depression in striatum. 
D2 dopamine receptor activation inhibits glutamater-
gic synaptic transmission in striatum, but this inhibitory 
action seems to be prominent only when synapses are 
very active (e.g. in the presence of elevated extracellu-
lar potassium concentrations or when afferents are acti-
vated by pairs or short trains of stimulation) (Cepeda  
et al., 1993; Flores-Hernandez et al., 1997; Bamford, 2004; 
Yin and Lovinger, 2006). While this effect may be mediated 
in part by presynaptic D2 receptors, involvement of CB1 
receptors has also been demonstrated using receptor antag-
onists (Yin and Lovinger, 2006). The D2/eCB-mediated  
synaptic depression is relatively short lasting, only  
persisting for 5–10 min after D2 agonist is removed from 
the preparation (Yin and Lovinger, 2006). D2 receptor 
activation has also been reported to stimulate eCB produc-
tion and increase eCB levels in striatum (Giuffrida et al., 
1999), and to produce short-term inhibition of GABAergic 
transmission onto medium spiny neurons (Centonze et al., 
2004). Neurotensin, acting through NTR1 receptors also 
produces eCB-mediated short-term synaptic depression 
(Yin et al., 2008a). This effect also requires activation of 
group I mGluRs and D2 dopamine receptors, and the role 
of the NT receptor is most likely stimulation of postsynap-
tic eCB production. This may be a direct effect or second-
ary to increased dopamine or glutamate release (Okuma  
et al., 1983; Chapman et al., 1992; Diaz-Cabiale et al., 
2002; Matsuyama et al., 2003).

Activation of group I mGluRs also produces eCB-
mediated short-term depression in striatal brain regions. 
In dorsal striatum, Kreitzer and Malenka (2005) found that 
the group I mGluR agonist DHPG produces short-term 
depression if applied when the MSN membrane potential 
was held at 70 mV, but longer lasting depression when 
the membrane potential was 50 mV.



175Chapter | 9  Striatal Endocannabinoids
B.  Long-Term Depression

Perhaps the best characterized form of eCB-mediated syn-
aptic plasticity in striatum is LTD. Indeed, the striatum was 
the first brain region in which it was recognized that eCBs 
are necessary for LTD (Gerdeman et al., 2002; Robbe  
et al., 2002). A form of LTD elicited by high frequency 
afferent stimulation had been known since the early 1990s 
to occur at glutamatergic corticostriatal synapses (Calabresi 
et al., 1992a; Calabresi et al., 1992b; Lovinger et al., 1993; 
Walsh, 1993) (see also Chapter 12) (Fig. 9.3A), and it was 
later realized that expression of this LTD involves a pre-
synaptic decrease in neurotransmitter release probability 
(Choi and Lovinger, 1997a; Choi and Lovinger, 1997b). 
The need for postsynaptic induction mechanisms in striatal 
LTD suggested the involvement of a retrograde signal link-
ing these mechanisms to presynaptic expression. The iden-
tification of eCBs as the likely retrograde messenger in this 
HFS-induced LTD (Gerdeman et al., 2002), as well as LTD 
induced by more moderate stimulus frequencies in ventral 
striatum/nucleus accumbens (Robbe et al., 2002), spurred 
investigation of eCB-dependent LTD in a number of brain 
regions. It is now appreciated that eCB-dependent LTD 
occurs throughout the brain (see Chevaleyre et al., 2006; 
Lovinger, 2008 for review).

Evidence for eCB-LTD at GABAergic synapses in the 
dorsolateral striatum is beginning to emerge (Adermark 
and Lovinger, 2009a,b). Recent studies indicate that LTD 
is easier to elicit at GABAergic synapses on dorsal stria-
tal MSNs than at glutamatergic synapses onto the same 
neurons (Fig. 9.3B). Afferent stimulation at low frequen-
cies (e.g. 1 Hz for 1 min) elicits eCB-LTD at GABAergic 
striatal synapses (Fig. 9.3B), while moderate-to-high fre-
quency stimulation is needed to induce eCB-LTD at gluta-
matergic synapses (Choi and Lovinger, 1997b, Gerdeman, 
2002 et al.; Ronesi et al., 2004; Kreitzer and Malenka, 
2005; Ronesi and Lovinger, 2005; Wang et al., 2006) 
(Fig. 9.3A). The relative ease of induction of eCB-LTD at 
GABAergic striatal synapses may be due in part or in full 
to the higher expression of CB1 receptors on GABAergic, 
as opposed to glutamatergic, axon terminals in striatum 
(Uchigashima et al., 2007). The long-lasting decrease in 
inhibitory GABAergic transmission within striatum can 
initiate a long-lasting disinhibition (or DLL) of excitatory 
synaptic input to striatal medium spiny neurons (Adermark 
and Lovinger, 2009a) (Fig. 9.3C). Thus, long-term changes 
in the net output of striatal projection neurons can be 
shaped by DLL that produces a net increase in output and  
eCB-LTD at glutamatergic synapses that produces a net 
decrease in output, as well as long-term potentiation of glu-
tamatergic synapses that produces a net increase in MSN 
activation (Fig. 9.3C). Together, these forms of long-lasting  
synaptic plasticity sculpt net striatal output in a manner 
that depends on the frequency of afferent input (Adermark 
and Lovinger, 2009a).

Several cellular and molecular mechanisms have been 
implicated in eCB-LTD at striatal glutamatergic synapses. 
The glutamatergic drive produced by afferent activation 
depolarizes MSNs through AMPA receptor activation, and 
also activates postsynaptic group I mGluRs (Calabresi et al., 
1992b; Choi and Lovinger, 1997b; Gubellini et al., 2001; 
Sung et al., 2001). Depolarization of the MSNs activates 
CaV1.3-type voltage-gated calcium channels, a subtype of 
dihydropyridine-sensitive “L-type” calcium channels that 
have a relatively low voltage threshold for activation (Wang 
et al., 2006). The influx of calcium through these channels, 
perhaps in combination with release of calcium from post-
synaptic intracellular stores, appears to contribute to eCB 
synthesis. Activation of the group I mGluRs probably also 
contributes to eCB synthesis (Jung et al., 2005).

Induction of eCB-LTD at glutamatergic synapses by 
high frequency afferent activation also requires release of 
the neurotransmitter dopamine, and activation of the D2 
dopamine receptors (Calabresi et al., 1992a; Tang et al., 
2001; Jung et al., 2005; Kreitzer and Malenka, 2005). The 
D2 receptor role appears to be modulatory, increasing the 
probability of LTD induction (Kreitzer and Malenka, 2005; 
Pawlak and Kerr, 2008). Activation of group I mGluRs 
or L-type calcium channels induces LTD independently 
of D2 receptors activation (Kreitzer and Malenka, 2005; 
Adermark and Lovinger, 2007a).

However, the cellular location of the D2 receptors 
that participate in LTD induction, as well as the signaling 
pathways influenced by these receptors that bias synapses 
toward LTD, have not yet been fully resolved. The most 
straightforward hypothesis is that postsynaptic D2 recep-
tors on MSNs contribute to eCB production. As mentioned 
above, D2 receptor activation can increase extracellular 
levels of eCBs in striatum in vivo (Giuffrida et al., 1999), 
and can also induce eCB-dependent short-term depression 
(Yin and Lovinger, 2006). However, D2 receptors are only 
abundantly expressed in a subset of MSNs, those that proj-
ect to the globus pallidus internal segment via the “indirect 
pathway” (Gerfen et al., 1990). Thus, if postsynaptic D2 
receptors on MSNs are needed for HFS-induced eCB-LTD, 
then LTD might not be observed in the MSNs with many 
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Figure 9.3  Endocannabinoid-mediated long-term synaptic depression (LTD) of GABAergic and glutamatergic transmission produces frequency-
dependent inversion of net striatal output. (A) LTD at glutamatergic synapses is produced by high frequency afferent stimulation (HFS) (4  100 Hz, 
1 sec duration trains, delivered 1 10/  sec). Top: representative excitatory postsynaptic currents (EPSCs) recorded before and after HFS showing 
depressed EPSC amplitude and increased paired-pulse facilitation. Bottom: Graph shows normalized EPSC amplitude before and after HFS. (B) LTD 
at GABAergic synapse produced by sustained low-frequency stimulation (LFS) (1 Hz, 1 min duration). Graph shows normalized IPSC amplitude before 
and after LFS in slices treated with the CB1 antagonist AM251 after LFS (black symbols, black line), and in slices treated with AM251 throughout the 
experiments (gray symbols, dashed line). Note the prolonged decrease in IPSC amplitude (LTD) in the post-LFS treatment group, and the prevention 
of LTD when AM251 is present continuously. (C) Long-term changes in net striatal output vary with stimulus frequency. Ca, Field potential recording 
data showing population spike (PS) amplitude over time course of an experiment in which the GABAA receptor antagonist picrotoxin was applied to the 
slice. Note the increase in PS amplitude indicating a net inhibitory action of GABAA receptors. Cb, Representative traces showing field potentials dur-
ing the baseline recording period, after 1 min 1 Hz stimulation, and after high frequency (100 Hz) stimulation. Taken from the experiments shown in the 
graph in Cc. Cc, Changes in PS amplitude in response to LFS (1 Hz) and HFS stimulation when NMDA receptors are blocked with 50 M AP-5. Note 
the persistent increase in net striatal output after LFS, and the decrease after HFS. Cd, Blockade of CB1 receptors with AM251 (3 M) prevents both 
the LFS-induced PS increase and the HFS-induced decrease, indicating involvement of eCB-LTD in both types of plasticity. Ce, Application of picro-
toxin (50 M) prevents LFS-induced PS increase, but not the HFS-induced decrease, indicating that LFS has a net disinhibitory action. Cf, Stimulation 
at different frequencies and durations produces either long-lasting disinhibition (increased PS), no change, or a slight LTD (decreased PS). Overall, net 
striatal output is inverted by long-lasting disinhibition or LTD due to endocannabinoid actions at GABAergic or glutamatergic synapses, respectively 
(reprinted from Adermark and Lovinger, 2009a).
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fewer D2 receptors (i.e., the striatonigral “direct pathway” 
MSNs that express mainly D1 receptors) (Gerfen et al.,  
1990). However, experiments in rat brain slices have gen-
erally shown that LTD is observed in a large majority of 
neurons when induced using the high frequency stimu-
lation protocol (Calabresi et al., 1992a; Calabresi et al., 
1992b; Partridge et al., 2000). Furthermore, HFS-induced 
LTD can be observed at glutamatergic synapses on both 
striatopallidal and striatonigral neurons (Wang et al., 2006; 
Adermark and Lovinger, 2007a), and D2 antagonists pre-
vent LTD in both neuronal subtypes (Wang et al., 2006). 
More recent studies indicate that LTD is preferentially 
induced in striatopallidal neurons under some conditions 
(Kreitzer and Malenka, 2007), including induction with a 
protocol using timing of postsynaptic EPSPs and presyn-
aptic action potentials (so-called spike-timing dependent  
plasticity, Shen et al., 2008). Thus, the presence of post-
synaptic D2 receptors may enhance the likelihood of LTD 
induction. Nonetheless, the finding that D2-dependent LTD 
is observed in striatonigral neurons indicates that dopamine 
activation of these receptors likely participates in LTD via 
another mechanism. One such mechanism involves D2 
receptor-mediated suppression of the activity of tonically-
active cholinergic striatal interneurons (Wang et al., 2006). 
The acetylcholine released from these interneurons inhibits 
the CaV1.3 calcium channel via activation of type1 mACh 
receptors (Howe and Surmeier, 1995). Suppression of inter-
neuron activity by D2 receptors would relieve this inhibi-
tion and free CaV1.3 channels to participate more strongly 
in eCB production and LTD induction. Indeed, blockade 
of LTD induction by D2 antagonists can be reversed by an 
M1R antagonist (Wang et al., 2006), and mAChR antago-
nists enhance the magnitude of LTD even in the absence of 
D2 blockade (Calabresi et al., 1992b; Bonsi et al., 2008). 
Thus, ACh–DA interactions appear to regulate eCB pro-
duction and synaptic plasticity, and the molecules involved 
in these interactions may provide new targets for therapies 
aimed at treating disorders of the basal ganglia.

Long-term depression mediated by eCBs and CB1 
receptors has not been observed in all of the striatal-like 
brain regions. In both the dorsomedial (caudate equiva-
lent in rodent) and dorsolateral (putamen equivalent) stri-
atal eCB-LTD can be observed (Partridge et al., 2000). 
However, LTD is more easily induced in dorsolateral stria-
tum in adult rat (Partridge et al., 2000). It is tempting to 
speculate that the stronger expression of CB1 receptors in 
dorsolateral striatum underlies the subregional LTD differ-
ence. It is still not clear which eCB mediates striatal LTD. 
To date, there has not been a convincing demonstration 
that inhibition of synthesis of either eCB prevents striatal 
LTD induction. The DAG lipase inhibitor THL does not 
prevent LTD in the dorsolateral striatum, despite the fact 
that this drug increases 2-AG levels and prevents DSI and 
short-term depression in striatum (Ade and Lovinger, 2007; 
Uchigashima et al., 2007). It should be noted that DAG 
lipase inhibition has been shown to prevent eCB-LTD in 
other brain regions (Chevaleyre et al., 2006). Unfortunately, 
it is not yet clear which enzymes are involved in AEA syn-
thesis, and no specific inhibitors of synthesis of this eCB 
have been developed. Thus, it is not yet possible to fully 
assess the role of AEA in eCB-LTD. Involvement of AEA 
in striatal LTD has been suggested by the finding that a 
FAAH inhibitor rescues LTD after dopamine depletion 
(Kreitzer and Malenka, 2007). The first appearance of LTD 
during development is correlated with an increase in stria-
tal AEA expression, and direct application of AEA to brain 
slices earlier in development allows for LTD induction 
(Ade and Lovinger, 2007). Studies in our laboratory using 
intracellular postsynaptic application of AEA also indicate 
that this eCB can participate in LTD induction (Adermark 
and Lovinger, 2009a,b). Nonetheless, the evidence to date 
is not sufficient to allow us to determine which eCB has a 
predominant role in striatal LTD induction.

As mentioned above, expression and maintenance of 
eCB-LTD appears to involve a decrease in probability of 
neurotransmitter release (Choi and Lovinger, 1997a,b; 
Kreitzer and Malenka, 2005; Wang et al., 2006; Adermark 
and Lovinger, 2007a). The observation that the majority 
of CB1 receptors are expressed on presynaptic terminals 
reinforces the idea of a strong presynaptic component in 
LTD expression. At this point, little is known about the 
changes in presynaptic terminal function that underlie 
this decreased probability of release. It is clear that con-
tinued activation of CB1 receptors does not account for 
the persistence of eCB-LTD, as CB1 antagonists can only 
prevent or reverse LTD when given during, or for the first 
few minutes after, repetitive afferent stimulation (Ronesi 
et al., 2004). Once LTD is fully established the depression 
of transmission becomes independent of eCBs and CB1 
activation (Fig. 9.3B). Evidence from studies in hippocam-
pus indicates that maintained LTD expression may involve 
decreased cAMP-dependent signaling, perhaps set into 
motion by CB1 inhibition of adenylyl cyclase (Chevaleyre 
et al., 2007). We have also observed that inhibition of 
protein translation converts LTD to short-term depres-
sion (Yin et al., 2006a; Adermark and Lovinger, 2009a.b).  
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Interestingly, inhibiting translation in the postsynaptic 
neuron alone is not sufficient to prevent LTD, suggest-
ing that the relevant translation event takes place at a site 
other than the postsynaptic cell. Clearly, future research 
will need to focus on the presynaptic mechanisms that sup-
port maintained eCB-LTD expression. These might include 
long-lasting changes in the function of presynaptic cal-
cium channels, or long-lasting decreases in vesicle dock-
ing, fusion rate or degree of fusion. Clearly, there is a great 
deal still to be learned about the presynaptic mechanisms 
underlying expression of striatal eCB-LTD.

V.  Endocannabinoid roles in 
striatum-dependent behavior

Different regions of the dorsal striatum have been shown to 
be necessary for the learning and execution of goal-directed 
actions and habits (Balleine and Dickinson, 1998; Corbit 
and Balleine, 2003; Killcross and Coutureau, 2003; Yin 
and Knowlton, 2004; Yin et al., 2004; Yin et al., 2005a,b; 
Yin et al., 2006b) (see Chapter 32). Goal-directed actions 
are actions whose performance is aimed at obtaining a 
particular outcome, and as such they are dependent on the 
expected value of the outcome and on the causal relation 
between executing the action and obtaining the outcome. 
They allow us to respond in an efficient way to changing 
situations, but they are effortful and in some situations 
inefficient. For example, in situations where the behavior 
is repeated regularly for a long time without major changes 
in the incentive value of the outcome, or situations where 
one cannot manipulate the probability of obtaining an out-
come irrespective of the strategy employed, rules and hab-
its can be advantageous. However, habitual behavior when 
taken to an extreme is associated with loss of control and 
with maladaptive behavior, such as drug seeking in addic-
tion or compulsivity.

Although the dorsal striatum in rodents is not divided 
clearly into caudate and putamen, it does have a medial-
lateral gradient of connectivity which is similar (but not 
identical) to the caudate (ventromedial), and putamen (dor-
solateral) connectivity in primates (McFarland and Haber, 
2000; Voorn et al., 2004). The medial portion of the dorsal 
striatum, which extends ventrally to the limits of accumbens 
has been shown to receive most of its input from the asso-
ciative areas of the cortex (like the caudate), while the dor-
solateral striatal region receives input from the sensorimotor 
areas of the cortex (like the putamen) (Voorn et al., 2004) 
(see Chapter 29, for maps of corticostriatal projections  
in the rat). The associative cortico-basal ganglia circuits 
involving the dorsomedial striatum (Yin et al., 2005a; Yin 
et al., 2005b) have been shown to support the learning and 
performance of goal-directed behavior, but do not affect 
habit formation. In contrast, the dorsolateral or sensorimo-
tor striatum (Yin et al., 2004) has been shown to support 
the formation of habits (Fig. 9.4A) (see Chapter 32).

Although it is increasingly clear that the dorsolateral 
region of the striatum is involved in habit formation, much 
less is known about the molecular bases of habit forma-
tion. Dopaminergic signaling in the dorsolateral or senso-
rimotor striatum seems to be involved in habit formation 
(Porrino et al., 2004; Takahashi et al., 2007). The dopami-
nergic projections to striatum follow an interesting gradient 
with dopaminergic neurons projecting from the substantia 
nigra pars compacta (A9) targeting more the dorsolateral 
striatum, and dopaminergic neurons projecting from the 
ventral tegmental area (A10) targeting more the ventro-
medial striatum, nucleus accumbens (Moore et al., 2001), 
and frontal cortices (Fig. 9.4B). Consistently, lesions of the 
nigrostriatal input to the dorsolateral striatum (Faure et al., 
2005), and infusion of dopamine into the ventral medial 
prefrontal cortex seem to impair habits and favor goal-
directed behavior (Hitchcott et al., 2007). Furthermore, the 
dopamine transporter (DAT), the main target of cocaine 
and amphetamine, is highly expressed in the dorsolateral 
striatum (involved in habit formation), and less expressed 
in more medial and ventral regions of the striatum and in 
the pre-frontal cortex (Matsumoto et al., 2003; Arbuthnott 
and Wickens, 2007). Consistently, sensitization with 
amphetamine, which acts on DAT, favors a shift from goal-
directed to habitual behavior (Nelson and Killcross, 2006; 
Nordquist et al., 2007).

As mentioned earlier, eCB release in the striatum 
has been shown to be modulated by dopamine signaling 
(Giuffrida et al., 1999; Kreitzer and Malenka, 2005; Yin 
and Lovinger, 2006). Interestingly, eCB and CB1-dependent  
striatal LTD is more prevalent in the dorsolateral stria-
tum where CB1 expression is higher (Herkenham et al.,  
1991; Partridge et al., 2000; Gerdeman and Lovinger, 
2001; Gerdeman et al., 2002).

Signaling through the CB1 receptor has been impli-
cated in reward and addiction (Casadio et al., 1999; 
Cossu et al., 2001; De Vries et al., 2001; Di Marzo et al., 
2001; Gerdeman et al., 2003; Wang et al., 2003; Sanchis-
Segura et al., 2004; Houchi et al., 2005; Caille et al., 2007; 
Hansson et al., 2007). The medial-lateral gradient of stri-
atal CB1 expression, with the highest expression in the 
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Figure 9.4  Investigating the role of endocannabinoids in goal-directed actions and habit formation in mice. (A) Mice are trained with two reinforc-
ers. In the figure, the task is exemplified with one of the reinforcers, cheese, being delivered in the operant box contingent upon lever pressing, while 
the other reinforcer, sugar water, is being delivered freely to the mouse in the home cage. (B) Devaluation is performed in two days: Day 1, the mouse is 
given the reinforcer, cheese, previously earned by lever pressing (devalued condition); Day 2, the mouse receives the reinforcer, sugar water, previously 
freely available in its home cage (valued condition). The order of the conditions is randomized. Immediately after each feeding session (1 h duration) the 
mouse goes through a 5 min extinction test in the operant chamber, with the training lever extended. The number of presses on the training lever under 
the valued and the devalued conditions are compared. If the mouse presses more under the valued versus devalued condition, then the behavior is goal-
directed behavior. However, if the mouse presses both levers equally his behavior is classified as habitual. (C) Decreased predisposition for habit forma-
tion in CB1 mutant mice (left) and in C57Bl6/J mice injected with CB1 antagonist during random interval training, but not during testing (right). (Left 
panel) Normalized lever pressing during the valued versus the devalued condition for WT, Cb1 /   and Cb1  / mice. (Right panel). Normalized 
lever pressing during the valued versus the devalued condition for mice injected with saline, 3 mg/kg AM251 or 6 mg/kg AM251.
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dorsolateral striatum (Herkenham et al., 1991; Gerdeman 
et al., 2003), a subregion shown to be necessary for habit 
formation, raises the possibility that that eCB signaling 
in dorsolateral striatum is necessary for habit formation. 
Consistently, amphetamine sensitization, which predis-
poses for habit formation (Nelson and Killcross, 2006), 
depends on eCB signaling through CB1 receptors in the 
dorsal striatum (Corbille et al., 2007).

Indeed, recent studies have shown that eCB signaling 
through CB1 receptors is necessary for habit formation 
(Hilario et al., 2007). Mice with genetically targeted muta-
tions in the Cb1 gene (Zimmer et al., 1999) were shown to  
have decreased predisposition for habit formation when 
trained on a random interval schedule, previously shown 
by the authors to promote habitual behavior (Fig. 9.4). 
When tested using a devaluation test by sensory-specific 
satiety (Hilario et al., 2007), WT mice showed insensitiv-
ity to change in value of the outcome and thus habitual 
behavior, while both Cb1/, and Cb1/ mutants showed 
sensitivity to sensory-specific satiety, suggesting that their 
actions were still goal-directed (Fig. 9.4C).

The role of eCBs in habit formation was confirmed 
using acute pharmacological blockade of CB1 recep-
tors (Hilario et al., 2007), which suggests that the lack 
of habit formation in Cb1 mutant animals is not caused 
by chronic developmental or behavioral abnormalities, 
or changes in feeding behavior and reward perception  
(Di Marzo et al., 2001; Sanchis-Segura et al., 2004; Caille  
et al., 2007). These studies confirmed that mice injected 
with the CB1 antagonist AM251 specifically during training 
but not during testing (Fig. 9.4C), were impaired in habit  
formation.

In addition to the role of eCB signaling in amphet-
amine sensitization (Corbille et al., 2007) and habit forma-
tion (Hilario et al., 2007), there is also evidence that eCB 
signaling may be important for skill learning (Hilario and 
Costa, unpublished results). Cb1/ mice are impaired in 
skill learning in the rotarod in relation to WT littermates. 
Furthermore, acute blockade of CB1 in mice also seems to 
affect skill learning in the rotarod. Interestingly, the stria-
tum has been shown to be involved in skill learning in the 
rotarod in mice (Costa et al., 2004; Yin et al., 2008b).

The finding that eCB signaling is necessary for habit for-
mation opens new lines of questioning, such as where and 
how CB1 signaling operates to promote habit formation. 
As previously described, eCBs in the brain can function as 
retrograde messengers, modulating the release of different 
neurotransmitters, and producing short-term and long-term  
depression of excitatory and inhibitory transmission  
(Kreitzer and Regehr, 2001; Wilson and Nicoll, 2001; 
Gerdeman et al., 2002; Yin and Lovinger, 2006). Although 
CB1 receptors are one of the most-abundant G-protein cou-
pled receptors in the brain and are expressed almost ubiqui-
tously, the dorsolateral striatum could be one of the regions 
where CB1 signaling is critical for learning and behavior. 
In the dorsolateral striatum CB1 receptors could serve to 
decrease “competing” glutamatergic inputs to medium 
spiny neurons by inducing depression at these synapses 
(Huang et al., 2001; Gerdeman et al., 2001; Gerdeman  
et al., 2002). However, CB1 receptor activation is also 
important for the depression of inhibitory inputs in the dor-
solateral striatum (Adermark and Lovinger, 2009a), sug-
gesting it could potentially reduce lateral inhibition between 
MSNs, or reduce inhibition of MSNs by fast-spiking inter-
neurons. Interestingly, a combination of depression of 
“competing” excitatory inputs and reduction in lateral inhi-
bition could facilitate the firing of groups of neurons that 
are preferentially connected, like a cell assembly (Carrillo-
Reid et al., 2008), with less interference from the cortex 
and competing cell assemblies in the striatum. The decrease 
in presynaptic release probability involved in the expres-
sion of striatal eCB-LTD is manifested as a decrease in  
frequency of spontaneous excitatory postsynaptic currents, 
but also by an increase in paired pulse facilitation (a second 
afferent stimulation given within a certain time window of 
the first produces a larger response). Therefore, another 
interesting possibility is that eCB signaling through CB1 
receptors acts as a filter to increase signal to noise, since 
after the induction of presynaptic depression the postsyn-
aptic neuron would listen preferentially to bursts of inputs 
rather than single inputs.

CB1 is also expressed heavily in the distal terminals of 
the MSNs from the direct and indirect pathway, which syn-
apse onto the substantia nigra pars reticulata and the globus 
pallidus, respectively (Sanudo-Pena et al., 1999). Therefore, 
since MSNs are inhibitory projection neurons, it is pos-
sible that eCB signaling through CB1 receptor activation 
is necessary to disinhibit basal ganglia nuclei downstream 
of the striatum. Another intriguing possibility is that CB1-
mediated signaling modulates the strength of excitatory 
and inhibitory synaptic inputs onto dopaminergic neurons 
(Szabo et al., 2002; Lupica and Riegel, 2005). It has been 
shown that eCBs are released in to response drugs of abuse 
(Caille et al., 2007), and that the transient increases in 
dopamine release by drugs of abuse are mediated by CB1 
receptors (Cheer et al., 2007). Since CB1 receptor blockade  
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diminishes the effects of several drugs of abuse on  
dopamine release (Cheer et al., 2007), one possibility is that 
eCB-mediated inhibition of GABA release onto dopamine 
neurons is necessary for dopaminergic neurons to increase 
firing and release dopamine onto downstream targets 
like the dorsolateral striatum, where dopamine has been 
shown to be necessary for habit formation (Szabo et al.,  
2002; Faure et al., 2005; Nelson and Killcross, 2006).

Precisely how eCBs modulate striatal information pro-
cessing in vivo and interact with other neurotransmitter 
systems, such as glutamate, acetylcholine, and dopamine, 
is still a matter for much needed research. If eCBs are 
indeed involved in the balance of the neural mechanisms 
that underlie our vulnerability to develop habits, drug seek-
ing behaviors, compulsions, or even other striatal-based 
pathologies, their understanding is of the utmost impor-
tance to the formulation of more adequate treatments. The 
drug Rimonabant, a CB1 antagonist, has been employed 
in the treatment of addiction (Cahill and Ussher, 2007), 
and has been proposed to function by reducing the levels 
of dopamine in the motivation centers of the brain, which 
are triggered by addictive drugs. This drug class has been 
shown to induce a decrease in drug rewarding effects, to 
reduce the influence of drug-associated stimuli, and to 
lower the relapse rates of drugs such as opioids, cocaine, 
nicotine, ethanol and amphetamine (De Vries et al., 2001; 
Le Foll et al., 2008). It has also been proposed that manip-
ulations of eCB signaling through CB1 could be benefi-
cial in other striatal involving disorders like Parkinson’s 
disease (Kreitzer and Malenka, 2007; Garcia-Arencibia 
et al., 2008). In the future, it will be important to inves-
tigate the brain regions and cell types where CB1 signal-
ing is required for its effects, to not only define how eCBs 
contribute to normal behavior, but to also understand how 
therapies can be customized to specific pathologies.
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I.  Introduction: the nitric oxide 
system

Nitric oxide (NO) is a gaseous neuromodulator which is a 
key player in the regulation of numerous physiological and  
pathophysiological processes in both the peripheral and 
central nervous system (Boehning and Snyder, 2003; Bredt, 
2003; Garthwaite, 2008). NO was first identified as the 
“endothelial derived relaxation factor” (EDRF) in periph­
eral blood vessels (Palmer et al., 1987), and has since  
been implicated in numerous other critical neuronal pro­
cesses. Perhaps most notably, NO has been shown to medi­
ate various forms of synaptic plasticity, including short 
and long-term changes in the efficacy of excitatory and 
inhibitory synaptic transmission (Susswein et al., 2004). 
Three distinct isoforms of the NO-producing enzyme nitric 
oxide synthase (NOS; neuronal NOS, inducible NOS, 
endothelial NOS) have been described (Alderton et al., 
2001; Garthwaite, 2008). Of these isoforms, type 1 (neuro­
nal, nNOS) has been shown to be ubiquitously distributed 
187

throughout the brain in an uneven manner, and is expressed 
in the nuclei of the basal ganglia in moderate levels (Bredt 
et al., 1990; Vincent, 1994).

A.  Biosynthesis of NO

The initial purification of nNOS from the rat, pig, and 
human cerebellum revealed that this 150 kDa protein 
is activated by calcium/calmodulin and uses NADPH as 
an electron donor (Bredt and Snyder, 1990; Mayer et al., 
1990; Schmidt and Murad, 1991). It is now known that 
nNOS exhibits a bidomain structure consisting of distinct 
oxygenase and reductase domains (Nathan and Xie, 1994a; 
Nathan and Xie, 1994b). Upon activation, nNOS mono­
mers dimerize and together with two calmodulins, form a 
tetrameric complex (Griffith and Stuehr, 1995; Alderton 
et al., 2001; Stuehr et al., 2004). Electrons derived from 
NADPH are donated to the reductase domain of nNOS 
which via the redox carriers FAD and FMN, shuttle elec­
trons to the oxygenase domain (Nathan and Xie, 1994a; 
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Stuehr et al., 2004). Upon arrival in the oxygenase domain, 
the electrons interact with heme iron and tetrahydrobi­
opterin at the active site to catalyze the monooxygenase 
reaction which converts L-arginine into citrulline and NO 
co-products (Nathan and Xie, 1994a; Stuehr et al., 2004). 
In the first phase of this reaction, L-arginine is converted 
to NG-hydroxy-L-arginine and the hydroxylated nitrogen 
from this intermediate is processed further to yield NO 
(Stuehr et al., 1991). Thus, the conversion of L-arginine to 
NO and L-citrulline requires two successive monooxygen­
ase reactions.

B.  nNOS-Expressing Interneurons and NO 
Effector Pathways

In the rat striatal complex, nNOS interneurons are readily 
revealed using NADPH-diaphorase histochemical or nNOS 
immunocytochemical staining techniques (Hope et al., 1991; 
Kawaguchi, 1993; Gracy and Pickel, 1997) (see also Chapter 8).  
Numerous studies using these techniques have shown that 
NOS interneurons are all relatively aspiny, and in addition to 
NO, synthesize and release GABA as well as neuropeptides 
such as somatostatin and neuropeptide Y (Kubota et al., 1993; 
Kawaguchi, 1997; Tepper et al., 2004). Neuroanatomical 
studies using unbiased stereological sampling techniques 
estimate that nNOS-containing interneurons make up less 
than 3 percent (~21,000 cells) of the total neuronal popula­
tion of the striatum (West et al., 1996). However, the axons of 
nNOS interneurons are highly ramified and project to distal 
subregions of the striatum (up to 1 mm from soma), enabling 
these cells to exert a tremendous functional impact on both 
blood flow and neurotransmission in this highly integrative 
nucleus (Emson et al., 1993; Kawaguchi, 1997).

The most well studied signal transduction pathway for 
NO transmission in the brain involves the activation of 
the soluble guanylyl cyclase (sGC) signaling cascade and 
subsequent production of the second messenger cGMP 
(Murad, 2006; Garthwaite, 2008). Electrophysiological 
studies performed in intact systems and striatal slices from 
rats have demonstrated that NO potently modulates the 
activity of medium-sized spiny neurons (MSNs) (see also 
Chapter 5) via the activation of sGC and cGMP synthe­
sis (Calabresi et al., 1999a; Calabresi et al., 1999b; West 
and Grace, 2004). MSNs contain very high levels of this 
NO effector enzyme as well as the other components of 
the sGC-cGMP second messenger system (Ariano, 1983; 
Ariano and Ufkes, 1983) and sGC activity is reported to 
be higher in the rat striatum than in any other region of 
the brain (Hofmann et al., 1977; Matsuoka et al., 1992). 
Ultrastructural studies showing that NOS immunoreactive 
processes form synaptic contacts on dendritic spine shafts 
of MSNs in the rat dorsal striatum and nucleus accumbens 
also indicate that the sGC signaling cascade is postsynap­
tic to presynaptic sources of NO (Calabresi et al., 1999b; 
Sancesario et al., 2000; Hidaka and Totterdell, 2001; 
French et al., 2005). This is supported further by studies 
using organotypic co-cultures which have demonstrated 
that DARPP-32-expressing striatal MSNs are innervated 
by a dense plexus of nitrergic terminals (Gomez-Urquijo 
et al., 1999). Interestingly, these NO producing inputs have 
been shown to be directly apposed to tyrosine hydroxy­
lase expressing (i.e., dopaminergic) terminals (Hidaka and 
Totterdell, 2001). The interaction between these afferents 
will be discussed below.

Studies performed in brain slices from rats and mice 
have shown that the NO-sGC-cGMP mediated stimulation 
of cGMP-dependent protein kinase (PKG) activity results 
in increased DARPP-32 (Thr-34) phosphorylation in stria­
tal MSNs (Tsou et al., 1993; Nishi et al., 2005). The PKG-
mediated increase in DARPP-32 (Thr-34) phosphorylation 
is rapid, transient and dependent on an increase in intra­
cellular calcium levels induced following glutamatergic 
stimulation of NMDA, AMPA and metabotropic glutamate 
subtype 5 receptors (Nishi et al., 2005). Striatal DARPP-32  
activation is thought to play a central role in mediating 
many of the physiological effects of dopamine (DA) and 
the interactions between DA and other neurotransmitters 
that modulate MSN activity and striatal output (Greengard, 
2001). Together with DA receptor stimulation, this NO-
sGC-cGMP-PKG-DARPP-32 effector pathway has been 
shown to play a key role in regulating long-term changes 
in striatal synaptic efficacy (Calabresi et al., 2007), and 
as such, is likely to play an important role in the planning 
and execution of purposeful motor activity (Del Bel et al., 
2005). These topics will be discussed in more detail below.

Other effects of NO-sGC-cGMP signaling are medi­
ated via cGMP-dependent modulation of phosphodiesterase 
(PDE) activity and cyclic nucleotide metabolism (Murad, 
2006; Garthwaite, 2008). At least seven different PDE sub­
types are expressed in moderate to high levels in the striatum 
(Menniti et al., 2006) and inhibition of PDE (e.g., PDE10A) 
function has been shown to increase DARPP-32 activity 
(Nishi et al., 2008), membrane excitability, and responsive­
ness of MSNs to cortical inputs (West and Grace, 2004; 
Threlfell et al., 2009). Furthermore, intracellular application 
of a PDE inhibitor was shown to increase the duration of 
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spontaneous up states known to be driven by glutamatergic 
inputs (West and Grace, 2004). PDE inhibition has also been 
shown to promote pharmacological long-term depression 
(LTD) at rat corticostriatal synapses (Calabresi et al., 1999b). 
Despite the above studies, the interactions between striatal 
PDEs and NO-cGMP signaling remain poorly understood.

In addition to activation of the sGC-cGMP-PKG cas­
cades, NO has been implicated in regulating numerous, 
diverse membrane bound and soluble intracellular proteins 
via direct mechanisms involving protein modifications. For 
example, NO has been reported to activate ADP-ribosyl trans­
ferases, increase prostaglandin biosynthesis via stimulation 
of cyclo-oxygenases, and inhibit ribonucleotide reductase, 
cytochrome c oxidase activity, and monoaminergic trans­
porter proteins (Brune and Lapetina, 1989; Lepoivre et al., 
1991; Salvemini et al., 1993; Cleeter et al., 1994; Schuman 
et al., 1994; Kiss et al., 1999; Kiss et al., 2004). The facilita­
tory effect of NO on ADP-ribosylation was found to be asso­
ciated with an increase in expression of the immediate early 
gene c-fos in striatal neurons (Morris, 1995). Multiple studies 
indicate that NO facilitates intracellular calcium release from 
mitochondrial pools in striatal neurons (Meini et al., 2000; 
Horn et al., 2002). NO may also modulate the activity of ion 
channels regulating neuronal membrane excitability directly 
via nitrosylation/nitrosation mechanisms or indirectly via 
PKG-dependent mechanisms (Ahern et al., 2002; Lipton, 
2007). For example, NO has been demonstrated to alter 
NMDA and GABA-A receptor function, and potassium, cal­
cium, chloride, and non-selective ion channels via both direct 
and indirect mechanisms (Ahern et al., 2002). However, it 
should be noted that the physiological significance of many 
of these non-cGMP dependent effects has been questioned 
(Garthwaite, 2008).

II.  Afferent regulation of striatal 
no synthesis

A.  Role of Corticostriatal Afferents and 
Glutamate Receptors

As initially described by Garthwaite and colleagues in stud­
ies using cerebellar cells as a model system (Garthwaite  
et al., 1988), the primary signaling pathway of nNOS involves  
NMDA receptor-dependent stimulation of NO synthe­
sis (Fig. 10.1). These studies used multiple experimental 
approaches to demonstrate that following NMDA receptor 
activation, a labile factor sensitive to hemoglobin is released 
from cerebellar cells. This factor was shown to be similar to 
EDRF in that it was able to relax vascular smooth muscle, 
had a short half life, and was protected by superoxide dis­
mutase activity (Garthwaite et al., 1988). More recent stud­
ies have shown that low concentrations of glutamate induce 
a rapid and transient NMDA receptor-dependent phospho­
rylation of nNOS on ser 1412 which is mediated via Akt 
activation and essential for activation of nNOS (Rameau 
et al., 2007). Furthermore, nNOS is bound to postsynaptic 
density protein PSD-95 which anchors it in a functional 
complex with the NMDA receptor (Christopherson et al., 
1999). As a result, NO is generated proximal to the plasma 
membrane and can diffuse freely out of the cell and modu­
late neurotransmission via its interactions with the down­
stream signaling molecules mention above.

In the rodent striatal complex, nNOS interneurons express 
NMDA, AMPA and metabotropic glutamate receptors 
(Kawaguchi et al., 1995; Gracy and Pickel, 1997; Kawaguchi, 
1997; Nishi et al., 2005) and receive asymmetric glutamater­
gic synaptic contacts from the (frontal) cortex (Vuillet et al., 
1989; Salin et al., 1990). Studies using electrophysiological 
and molecular techniques initially suggested that nNOS inter­
neurons may be potently activated by stimulation of corti­
costriatal afferents (Kawaguchi, 1993; Berretta et al., 1997). 
Using an NO-selective microsensor, we recently demonstrated 
for the first time that striatal NO efflux is robustly increased 
in vivo by electrical stimulation of frontal cortical afferents 
in a frequency- and stimulus intensity-dependent manner via 
NMDA receptor- and nNOS-dependent mechanisms (Sammut 
et al., 2007b). These observations extend previous reports 
that intrastriatal infusion of NMDA potently activates NO  
efflux in a manner that can be blocked by NMDA receptor 
antagonists and nNOS inhibitors (Iravani et al., 1998; Crespi 
and Rossetti, 2004; Rossetti and Crespi, 2004).

B.  Regulation of Striatal NO Synthesis by 
Dopamine

In addition to glutamate receptors, in situ hybridization stud­
ies performed in rodents have shown that nNOS interneurons 
contain low levels of D1 DA receptor mRNA (Le et al., 1991) 
and express D5 receptor protein (Rivera et al., 2002; Centonze 
et al., 2003). To my knowledge, the co-localization of D2/3/4 
receptors or mRNAs with markers of striatal nNOS interneu­
rons has not been described. However, we have recently 
shown that both D1- and D2-like receptor activation strongly 
regulates striatal nNOS activity, albeit in opposing manners 
(Sammut et al., 2006; Sammut et al., 2007a). Accordingly, 
electrical and chemical stimulation of the substantia nigra 



Handbook of Basal Ganglia Structure and Function190
NMDAR

NO

L-arginine L-citrulline

NADPH

D1/5

Medium-sized
spiny neuron 

Glutamatergic afferents

O2, BH4

+

–D2

Ca2+

NOS active

NOS inactive

nNOS-containing interneuron

+

cGMP

PKG / PDE / CNGC 

+

+

+ sGC

PDE 

Dopaminergic afferents

Figure 10.1  Model of striatal nNOS regulation and nitrergic modulation of MSN activity. Frontal corticostriatal inputs have been shown to target the 
dendrites of striatal nitrergic/GABAergic interneurons (Kawaguchi, 1997). Coherent activation of frontal cortical afferents exerts direct excitatory effects 
on nNOS positive interneurons via NMDA receptor activation (Crespi and Rossetti, 2004; Sammut et al., 2007b). Calcium influx resulting from NMDA 
receptor activation activates nNOS in a calmodulin-dependent manner and facilitates the conversion of l-arginine into l-citrulline and NO (Garthwaite, 
2008). The nigrostriatal DA system facilitates nNOS activity via D1/5 receptor stimulation in a manner that is opposed by concurrent D2-like receptor 
activation (Sammut et al., 2006; Sammut et al., 2007a). In this model we propose that tonic NO signaling increases glutamatergic transmission across cor­
ticostriatal synapses via a sGC-cGMP-dependent mechanism (West and Grace, 2004; Sammut et al., 2007b; Ondracek et al., 2008). Transient increases 
in intracellular cGMP levels can affect MSN activity via activation of PKG and other targets (Greengard, 2001). The impact of cGMP on MSN function 
is limited by numerous PDEs which metabolize cyclic nucleotides, some of which are activated (e.g., PDE2A) or inhibited (PDE3A) by cGMP (Menniti 
et al., 2006). While phasic NO-sGC-cGMP signaling can increase the responsiveness of MSNs to cortical input (West and Grace, 2004), the excitatory 
impact of NO is attenuated by DA-mediated D2 receptor activation which acts to dampen subsequent excitatory responses in MSNs (Ondracek et al., 
2008). Thus, disruption of nNOS activity was shown to increase the magnitude of D2 receptor-mediated short-term depression of cortically-evoked spike 
activity induced in vivo during phasic stimulation of frontal cortical afferents (Ondracek et al., 2008). Under physiological conditions, it is likely that cor­
ticostriatal transmission controls feed-forward inhibitory and excitatory processes differentially to enable the coordination of purposeful motor behavior.
and systemic administration of the D1/5 receptor agonist SKF 
81297 both robustly increased striatal NO efflux via nNOS 
and D1/5 receptor-dependent mechanisms (Liu et al., 2005b; 
Sammut et al., 2006; Sammut et al., 2007a). The facilitatory 
effects of electrical stimulation of the substantia nigra and 
SKF 81297 on striatal NO efflux were both attenuated by 
systemic administration of the D2-like receptor agonist quin­
pirole, whereas administration of the D2-like receptor antago­
nist eticlopride augmented evoked NO efflux (Sammut et al., 
2007a). In agreement with our studies, D1/5 receptor activa­
tion has been shown to increase striatal tissue levels of cGMP 
(Altar et al., 1990; Di Stefano et al., 2005; Siuciak et al., 
2006), whereas D1/5 antagonism produced the opposite effect 
(Altar et al., 1990; Di Stefano et al., 2005). Conversely, D2-
like receptor agonism decreased striatal tissue levels of cGMP 
(Di Stefano et al., 2005) and D2-like receptor antagonism 
increased these measures, potentially via activation of presyn­
aptic heteroreceptors located on glutamatergic inputs to nNOS 
interneurons (Altar et al., 1990; Di Stefano et al., 2005). 
Additionally, studies using NADPH-diaphorase staining as 
an indirect measure of striatal nNOS activity have shown that 
administration of D1/5 receptor antagonists decreases enzyme 
activity, whereas D2-like receptor antagonists have the oppo­
site effect (Morris et al., 1997). Taken together, these stud­
ies show that DA transmission regulates nNOS activity via 
both facilitatory (D1-like receptor activation) and inhibitory  
(D2-like receptor activation) mechanisms (see Fig. 10.1).

Pioneering work by Calabresi and colleagues demon­
strated that D1-like receptor activation occurring following 
bath perfusion of SKF 38393 robustly stimulates the firing 
activity of electrophysiologically-identified nNOS inter­
neurons in striatal brain slice preparations from both rats 
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and mice (Centonze et al., 2002; Centonze et al., 2003). 
The excitatory effect of SKF 38393 on the membrane activ­
ity of nNOS interneurons was also observed in D1 receptor 
–/– mice suggesting that the D1-like receptor involved in the 
excitation of these cells is the D5 subtype (Centonze et al., 
2003). Moreover, bath application of SKF 38393 strongly 
depolarized the membrane potential of nNOS cells recorded 
in rat striatal slices during tetrodotoxin co-perfusion, indicat­
ing that D5 receptor-dependent activation of striatal nNOS 
activity is likely mediated by a direct effect on striatal 
nNOS interneurons (Centonze et al., 2002). Similar stud­
ies performed in the presence of bath applied tetrodotoxin 
revealed that the D2-like receptor agonist quinpirole did 
not directly affect the membrane potential of nNOS inter­
neurons (Centonze et al., 2002). Taken together, the above 
studies indicate that DA potently modulates NO synthesis 
and nNOS interneuron activity directly via stimulation of 
D1- and D2-like receptors. Given that D5 receptor agonism 
potently depolarizes the membrane potential of these inter­
neurons and stimulates NO efflux (see above), it is likely that 
these events are related to each other such that membrane 
depolarization stimulates intracellular calcium influx and 
subsequently, facilitates nNOS activity. The inhibitory effect 
of D2-like receptor agonism observed in the neurochemi­
cal studies does not appear to be a direct effect, but may be 
mediated via D2-like receptor-dependent suppression of glu­
tamatergic inputs (Fig. 10.1) or another indirect pathway.

III.  Effects of no signaling on 
neurotransmitter release

Considerable evidence has accumulated in the past 10–15 
years indicating that endogenous (stimulated by local tissue 
infusion of the NO precursor L-arginine or NG-hydroxy-L-
arginine) and exogenous (generated from NO-donors) NO 
facilitates the release of many neurotransmitters in the stria­
tum including glutamate, DA, and acetylcholine (ACh). This 
work has been extensively reviewed (Kiss, 2000; Prast and 
Philippu, 2001; West et al., 2002). Thus, the following sec­
tion is a brief summary and update on the recent progress 
towards understanding the mechanisms associated with NO 
signaling as it pertains to the modulation of major striatal 
afferent systems.

A.  Regulation of Glutamate Release

It is generally accepted that NO signaling can act to amplify 
excitatory neurotransmission at glutamatergic synapses in 
numerous brain regions (Garthwaite, 2008). Studies using 
reduced striatal preparations have shown that NO can inhibit 
glutamate transporters leading to increases in extracellu­
lar glutamate concentrations (Lonart and Johnson, 1994; 
Pogun et al., 1994; Taskiran et al., 2003). In vivo microdi­
alysis studies in rats have also shown that intrastriatal infu­
sion of both NOS substrate and NO generators increased 
local glutamate efflux up to two-fold over basal levels 
(Guevara-Guzman et al., 1994; West and Galloway, 1997a). 
Likewise, studies using push-pull perfusion techniques have 
shown that local infusion of NO generators increased gluta­
mate release in the dorsal striatum (Segovia et al., 1994) and 
nucleus accumbens (Kraus and Prast, 2002). Exogenous 
NO also facilitated glutamate release evoked in the nucleus 
accumbens via electrical stimulation of the hippocampal 
fimbria (Kraus and Prast, 2001; Kraus and Prast, 2002). NO 
produced following NMDA receptor activation may pro­
mote additional glutamate release (Montague et al., 1994; 
Bogdanov and Wurtman, 1997). Indeed, studies by Wurtman 
and colleagues showed that the generation of endogenous 
NO following local striatal NMDA infusion also increases 
extracellular glutamate levels in vivo in a NOS- and calcium-
dependent manner. Importantly, NMDA-induced glutamate 
release was shown to be attenuated in the cortex and stria­
tum of nNOS knockout mice (Kano et al., 1998). Studies 
by Montague and colleagues showed that NMDA-mediated 
release of [3H]-glutamate and [3H]-norepinephrine from cor­
tical synaptosomes is decreased following NOS inhibition or 
scavenging of NO by hemoglobin (Montague et al., 1994).

The above studies indicate that the facilitation of glu­
tamate transmission by NO is complex. Indeed, the effects 
of NO on glutamate terminals may involve multiple modi­
fications of transporter proteins and synaptic machinery 
as NO has been shown to: (1) inhibit glutamate uptake 
into terminals (Lonart and Johnson, 1994; Pogun et al., 
1994; Taskiran et al., 2003) and synaptic vesicles via  
s-nitrosylation of transporter enzyme sulfyhydryl groups 
(Wolosker et al., 1996); and (2) facilitate the release of 
vesicular glutamate from hippocampal synaptosomes via 
a calcium-independent mechanism (Meffert et al., 1994). 
Additionally, intrastriatal cGMP infusion increases extra­
cellular glutamate via an unknown mechanism (Guevara-
Guzman et al., 1994; Kraus and Prast, 2002). Thus, these 
studies indicate that NO facilitation of glutamate trans­
mission is a widespread and highly conserved mechanism 
involved in the nitrergic modulation of synaptic transmis­
sion. The effects of NO on electrophysiological measures 
of corticostriatal transmission are discussed below.
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B.  Regulation of Dopamine Release

Numerous studies performed in rats, mice and hamsters 
have demonstrated that endogenous NO produced via intras­
triatal substrate (L-arginine or NG-hydroxy-L-arginine) 
infusion facilitates DA efflux in vitro (Zhu and Luo, 1992; 
Chaparro-Huerta et al., 1997; Liang and Kaufman, 1998) 
and in vivo (Strasser et al., 1994; Spatz et al., 1995; West and 
Galloway, 1997b; West and Galloway, 1997a). NO-induced  
DA efflux is dependent on activation of the nNOS iso­
form, dose of substrate utilized, and is potentiated follow­
ing inhibition of glutamate reuptake (West and Galloway, 
1997a; West and Galloway, 1997b). In the vast majority of 
cases, the effect of endogenous NO on DA release can be 
mimicked with multiple NO generating compounds (West  
et al., 2002). However, the facilitatory effects of exogenous 
NO on DA release are dependent on the NO generator used 
and the redox state and integrity of the experimental prepara­
tion (Buyukuysal, 1997; Trabace and Kendrick, 2000; Serra 
et al., 2001). Thus, in oxidatively stressed environments the 
reaction of the NO radical with superoxide anions promotes 
the formation of peroxynitrite (Lipton et al., 1994), which 
may act to inhibit DA release ( Buyukuysal, 1997; Trabace 
and Kendrick, 2000; Serra et al., 2001). Conversely, under 
physiological conditions where the biological environ­
ment is not in a state of oxidative stress (i.e., in presence 
of adequate oxygen and antioxidants), NO donors (e.g.,  
S-nitroso-N-acetylpenicillamine (SNAP), sodium nitroprus­
side) generally facilitate DA release (Nakahara et al., 1994; 
West and Galloway, 1996; West and Galloway, 1998; West 
et al., 2002). Most studies have found that DA release stimu­
lated by NO generators is not mediated via sGC activation, 
but rather, is associated with the activation of an ionotropic 
glutamate receptor-dependent mechanism (Nakahara et al., 
1994; West and Galloway, 1996; West and Galloway, 1997a; 
West et al., 2002; Rocchitta et al., 2004) or inhibition of the 
DA transporter (Pogun and Kuhar, 1994; Kiss et al., 2004), 
but see also work by Kendrick and colleagues (Trabace and 
Kendrick, 2000). Lastly, high output of NO production may 
result in the activation of negative feedback mechanisms 
regulating NMDA receptor function (West et al., 2002).

C.  Regulation of Acetylcholine Release

Considerable work on NO-ACh interactions has been carried 
out in the ventral striatum by Prast and colleagues (Prast and 
Philippu, 2001). A series of reports performed in both awake 
and anesthetized rats demonstrated that low and moderate 
concentrations of various NO generators (diethylamine/
NO, SNAP, or 3-morpholinosydnonimine (SIN-1)) super­
fused into the nucleus accumbens facilitated the release of 
ACh (Prast et al., 1995; Prast et al., 1998; Kraus and Prast, 
2001). At higher concentrations, local infusion of diethyl­
amine/NO decreased the release rate of ACh via a GABA-A 
receptor-dependent mechanism (Prast et al., 1998). Further 
work showed that the sGC-cGMP signaling pathway is 
critically involved in the modulation of ACh efflux by NO 
(Guevara-Guzman et al., 1994; Prast et al., 1998; Kraus 
and Prast, 2002). This is supported by observations show­
ing that local infusion of exogenous cGMP increases ACh 
efflux (Guevara-Guzman et al., 1994), whereas pharmaco­
logical disruption of endogenous cGMP synthesis following 
local infusions of sGC inhibitors decreased ACh efflux in 
the striatal complex (Prast et al., 1998). Furthermore, phar­
macological disruption of endogenous cGMP metabolism 
using local PDE inhibitor infusions was shown to increase 
glutamate efflux in the NAc (Kraus and Prast, 2002). This 
increase in glutamate release was found to play an interme­
diate role in NO-mediated ACh release (Kraus and Prast, 
2001). Therefore, similar to studies described above for DA 
release, the facilitatory effect of NO on ACh release was 
blocked by local infusions of ionotropic glutamate recep­
tor antagonists (Prast et al., 1998). Studies by Calabresi and 
colleagues showing that NO increases the firing activity of 
electrophysiologically identified cholinergic interneurons 
recorded in striatal slices also strongly support the findings 
of the above neurochemical studies (Centonze et al., 2001).

IV.  Regulation of striatal neuron 
activity and output by no 
signaling

A. Tonic NO Signaling

Several in vivo studies performed in rats have demonstrated 
that striatal extracellular nitrite (Ohta et al., 1994a), cGMP 
(Globus et al., 1995) and L-citrulline (Ohta et al., 1994a; Ohta 
et al., 1994b) levels are maintained in a steady-state which 
is sensitive to changes in NOS activity. Likewise, genetic 
disruption of nNOS activity decreases striatal cGMP levels 
by approximately 50% (Siuciak et al., 2006), indicating that 
steady-state nitrergic tone is the primary activator of sGC 
under basal conditions (see Fig. 10.1). Thus, as observed in 
the hippocampus (Hopper and Garthwaite, 2006), levels of 
“tonic” NO and cGMP are likely to play an important signal­
ing role in the striatum. In support of this, we have recently 
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shown that systemic administration of the nNOS inhibitor  
7-nitroindazole strongly inhibited the spontaneous firing activ­
ity of striatal neurons isolated during low frequency cortical 
stimulation (Ondracek et al., 2008). Moreover, in previous 
studies using intracellular recordings in vivo (West and Grace, 
2004), we showed that disruption of local NO-sGC signal­
ing using intrastriatal or intracellular application of selective 
enzyme inhibitors depressed glutamate-driven up states and 
evoked EPSPs, and decreased the responsiveness of identified 
MSNs to somatic injection of depolarizing current. Similar  
effects were observed following local infusion of the NO scav­
enger carboxy PT-IO (West and Grace, 2004). In most cases 
the inhibitory effects of these compounds on neuronal activ­
ity were reversed by co-application of cGMP analogues, indi­
cating that tonic NO-cGMP signaling regulates the function 
of ion channels involved in controlling the basal membrane 
excitability of MSNs and their responsiveness to excitatory 
glutamatergic transmission (West and Grace, 2004).

B.  Phasic NO Signaling

Recent studies performed in rats using extracellular record­
ing techniques to investigate the impact of locally applied 
NO generating compounds on basal and evoked activity of 
striatal neurons have reported that phasic NO signaling can 
act to facilitate (West et al., 2002; Liu et al., 2005a) or inhibit  
(Di Giovanni et al., 2003; Galati et al., 2008) neuronal activity  
of putative MSNs. Studies by West and colleagues showed 
that reverse dialysis of the NO generating compound SNAP 
increased the firing rate and bursting of striatal neurons under 
non-stimulated conditions and during single-pulse electri­
cal stimulation of the prefrontal cortex (West et al., 2002). 
Consistent with these findings, microiontophoresis of the 
NO generator sodium nitroprusside was shown to elevate the 
spontaneous firing rate of 51 out of 66 striatal neurons and to 
facilitate glutamate-evoked excitation in a subpopulation of 
putative MSNs (Liu et al., 2005a). This same study showed 
that microiontophoresis of the NOS inhibitor NG-nitro- 
L-arginine methyl ester (L-NAME) produced opposite effects 
on evoked activity (Liu et al., 2005a). In contrast to the above 
findings, microiontophoresis of the superoxide and NO gen­
erator SIN-1 was reported to decrease glutamate-induced 
excitations in 12 of 15 neurons, whereas L-NAME increased 
glutamate-evoked activity of putative MSNs (Di Giovanni  
et al., 2003). Similar outcomes were reported by Galati and 
colleagues (Galati et al., 2008).

Taken together, the above studies indicate that phasic NO 
signaling can have excitatory or inhibitory effects on striatal 
neurons and that this may depend on the level of NO gener­
ated, the method of NO delivery, and the relative activity of 
the neurons under study. However, numerous methodologi­
cal differences exist between each of these studies related to 
recording techniques, drug selection, drug delivery and data 
analysis which may have contributed to differences in out­
comes. Moreover, a general criticism of all four studies is that 
each used only one NO generator and did not confirm the 
specificity of the purported NO effect. The exclusive use of 
SIN-1 as an NO generator in the studies by Di Giovanni and 
Galati is particularly problematic because SIN-1 produces 
superoxide along with NO, which together spontaneously 
react to form peroxynitrite (Hogg et al., 1992). Thus, it is pos­
sible that the inhibitory effects of SIN-1 on glutamate-evoked 
firing were not mediated by NO, but resulted from the actions 
of peroxynitrite. The specificity of the effects of the non-
selective L-arginine analogues used in the above microion­
tophoretic studies is also unclear because only one inhibitor 
was used and no attempt was made to antagonize the effect 
with L-arginine. Lastly, and most importantly, none of the 
above reports identified the neuronal populations studied with 
neurochemical labeling techniques or antidromic activation.

C.  Regulation of Short- and Long-Term 
Synaptic Plasticity

The neurochemical studies discussed above indicate that 
nitrergic transmission is strongly activated by convergent and 
synchronous burst firing of corticostriatal neurons (Sammut 
et al., 2007b). To determine the impact of physiological 
concentrations of endogenous NO generated from local 
interneurons, we utilized a similar intermittent train stimu­
lation protocol to activate frontal cortical afferents and NO 
synthesis (Ondracek et al., 2008). These studies examined 
the impact of train stimulation of the cortex on single-unit 
activity evoked via low frequency stimulation of the oppo­
site frontal cortical hemisphere. We found that the most fre­
quently observed response to train stimulation of the frontal 
cortex in rats treated with vehicle or a nNOS inhibitor was 
a short-term inhibition of cortically-evoked spike activity. 
This short-term inhibitory response was blocked by systemic 
administration of the D2 receptor antagonist eticlopride, 
suggesting that it was mediated by D2-like receptor stimu­
lation (Ondracek et al., 2008). A subpopulation of neurons 
(~20%) recorded in vehicle-treated rats responded to train 
stimulation of the frontal cortex with a transient increase 
in cortically-evoked firing (Ondracek et al., 2008). Group 
comparisons of the frequency of these responses following 
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systemic administration of the nNOS inhibitor revealed a 
significant increase in short-term inhibitory responses and 
an abolition of excitatory responses. These results demon­
strate that burst stimulation of frontal cortical afferents in the 
intact animal activates a powerful feed-forward excitation 
mediated by phasic NO signaling which opposes concurrent 
D2-like receptor-dependent short-term inhibitory influences 
on striatal neuron activity (Ondracek et al., 2008).

We have also examined the role of tonic NO signaling in 
short-term plasticity observed across corticostriatal synapses 
during paired-pulse stimulation of the prefrontal cortex (West 
and Grace, 2004). In these studies, MSNs were recorded 
during intrastriatal infusion of either artificial cerebral spi­
nal fluid (vehicle control) or the NO scavenger CPT-IO.  
We found that MSNs recorded in the presence of CPT-IO 
exhibited decreases in paired-pulse facilitation of EPSPs 
evoked via stimulation of corticostriatal pathways com­
pared to control recordings (West and Grace, 2004). Taken 
together with the above studies using the intermittent train 
stimulation protocol (Ondracek et al., 2008), these observa­
tions demonstrate that under physiological conditions tonic 
and phasic NO signaling acts to promote short-term excit­
atory influences on corticostriatal synaptic activity.

The vast majority of neurochemical and electrophysi­
ological studies discussed above indicate that in intact net­
works NO signaling primarily acts to facilitate glutamate 
transmission across corticostriatal synapses. In apparent 
contrast to these observations, studies by Calabresi and 
colleagues examining the role of the NO-sGC signaling 
pathway on long-term changes in corticostriatal plasticity 
in brain slice preparations from both rats and mice consis­
tently find inhibitory effects (i.e., LTD) of NO on glutamate 
transmission (Calabresi et al., 2007). These studies showed 
that high-frequency stimulation of corticostriatal pathways 
or augmentation of NO levels using bath perfusion of NO 
generators (hydroxylamine or SNAP) induced LTD of cor­
ticostriatal transmission (Calabresi et al., 1999b). Inhibition 
of cGMP metabolism using local application of the PDE 
inhibitor zaprinast yielded similar results in rats (Calabresi 
et al., 1999b) and in wild-type, but not DARPP-32 –/–, mice 
(Calabresi et al., 2000). Pharmacological LTD was also 
reported to occlude further LTD elicited by high-frequency 
stimulation of corticostriatal pathways (Calabresi et al., 
1999b). Pretreatment with the sGC inhibitor ODQ or the 
PKG inhibitor RP-8-Br-cGMPS blocked the LTD induced 
by electrical stimulation and pharmacological manipulations 
indicating that LTD is produced via a nNOS-sGC-cGMP-
PKG-DARPP-32 signaling-dependent mechanism (Calabresi 
et al., 1999a; Calabresi et al., 1999b; Calabresi et al., 2000). 
These studies provide clear and convincing evidence for a 
role of NO in mediating LTD of corticostriatal transmission 
in striatal brain slices. While the reasons for the apparent dif­
ferences between outcomes observed in these in vitro stud­
ies and the above mentioned in vivo investigations are not 
known, differences in outcomes are often observed between 
intact and reduced preparations (Pare et al., 1998a; Pare  
et al., 1998b), particularly when different stimulation pro­
tocols and recording techniques are employed. For exam­
ple, stimulation paradigms that elicit LTD in striatal slices 
have been shown to produce long-term potentiation (LTP) 
of corticostriatal neurotransmission in anesthetized rats 
(Charpier and Deniau, 1997), possibly resulting from the 
greater removal of the voltage-dependent magnesium block 
of NMDA receptors and higher levels of basal excitabil­
ity observed in vivo (Pare et al., 1998a; Pare et al., 1998b). 
Alternatively, reports that LTP of corticostriatal transmis­
sion is attenuated in slices obtained from eNOS–/– mice or 
following treatment with the non-selective NOS inhibitor  
L-NAME (Doreulee et al., 2003), indicate that the role played  
by NO in striatal synaptic plasticity may also depend on the 
intensity and duration of corticostriatal pathway stimulation 
(stimulation paradigm) and the relative recruitment of differ­
ent NOS isoforms. Additional studies are needed to resolve 
these issues.

D.  Regulation of Striatal Neuronal 
Synchrony and Output

We have examined the impact of phasic NO signaling, using 
the above mentioned train stimulation paradigm, on oscil­
latory activity recorded in the rat striatum. In these studies 
we performed dual NO microsensor and local field potential 
recordings concurrently in the contralateral and ipsilateral 
striatum, respectively (Sammut et al., 2007b). We found that 
systemic administration of the non-specific NOS and sGC 
inhibitor methylene blue simultaneously depressed evoked 
NO efflux and the peak oscillation frequency (within the 
delta band) of local striatal field potentials recorded imme­
diately following termination of cortical train stimulation 
(Sammut et al., 2007b). As mentioned above, local appli­
cation of NO-sGC inhibitors was observed to decrease 
the amplitude of spontaneous glutamate-driven up states 
in studies using in vivo intracellular recording techniques 
(West and Grace, 2004). Other investigators have shown that 
in addition to modifying activity in corticostriatal networks, 
inhibition of nNOS activity alters oscillatory activity within 
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striatopallidal circuits (Ferraro et al., 2002). Furthermore, 
O’Donnell and Grace have shown that train stimulation of 
corticostriatal pathways facilitates dye-coupling between 
MSNs in rat striatal slices in a manner which was blocked 
by NOS inhibitors and mimicked during bath perfusion of 
an NO generator (O’Donnell and Grace, 1997). These stud­
ies suggest that NO signaling may mediate electrotonic 
coupling between MSNs and act to synchronize oscillatory 
activity, and perhaps, spike discharge within a functional 
ensemble of MSNs. As shown in our recent studies, phar­
macological disruption of this nitrergic neuromodulation 
is likely to compromise the integration of corticostriatal 
transmission and short-term plasticity in striatal MSNs  
(West and Grace, 2004; Sammut et al., 2007b; Ondracek  
et al., 2008). Together, these findings demonstrate that burst 
firing across corticostriatal synapses is detected and ampli­
fied by nNOS interneurons in a feed-forward manner which 
may facilitate the synchronization of striatal network activ­
ity with glutamate driven oscillations. Indeed, this kind of 
feed-forward facilitation of excitatory transmission by local 
interneurons has been reported to play an important role in 
integrating synaptic transmission in the spinal cord, hippo­
campus and basolateral amygdala (Silberberg et al., 2005; 
Woodruff et al., 2006).

Given the above, it is likely that perturbation of striatal 
NO signaling can lead to abnormal striatal output and disrup­
tion of neural integration in down-stream basal ganglia nuclei. 
In support of this, we have shown that local manipulations of 
striatal NO levels strongly modifies the activity of DA neu­
rons in the substantia nigra indirectly via influences on stria­
tonigral feedback pathways (West and Grace, 2000; West  
et al., 2002). These studies showed that intrastriatal infusion 
of nNOS substrate (NG-hydroxy-L-arginine) or NO genera­
tors (hydroxylamine or SNAP), concurrently with intermit­
tent periods of striatal and cortical stimulation, increased the 
mean DA cell population firing rate as compared to vehicle 
treated controls. Local infusion of either the nNOS inhibitor 
7-nitroindazole or the NO scavenger CPT-IO did not affect 
basal firing rate, however these compounds robustly increased  
the percentage of DA neurons responding to striatal stimula­
tion with an initial inhibition followed by a rebound excitation  
(IE response). CPT-IO infusion also markedly decreased the  
current amplitude required to evoke an IE response during 
electrical stimulation of the striatum and prefrontal cortex 
(West and Grace, 2000). Thus, the above studies show that 
striatal NO signaling is likely to play an important role in 
modulating the excitability of striatal efferent pathways to 
both the globus pallidus and substantia nigra.
V.  Role of striatal no-sgc  
signaling in motor behavior

A variety of psychopharmacological studies performed 
in behaving rodents indicate that striatal nNOS interneu­
rons play a critical role in the generation of motor behavior  
(Del Bel et al., 2005). Thus, systemic and intrastri­
atal administration of NOS and sGC inhibitors has been 
reported to suppress basal locomotion and promote cata­
lepsy (Stewart et al., 1994; Del Bel et al., 2004; Echeverry 
et al., 2007). Disruption of NOS function also potentiates 
catalepsy induced via D2-like receptor antagonist adminis­
tration (Del Bel and Guimaraes, 2000; Cavas and Navarro, 
2002). Additionally, locomotion stimulated by substance 
P (Mancuso et al., 1994), NMDA receptor antagonists 
(Deutsch et al., 1996), and D1/5 and D2-like receptor ago­
nists (Starr and Starr, 1995) is decreased following systemic 
administration of NOS inhibitors. Elevations in striatal levels 
of cAMP and cGMP observed in PDE1B knock-out mice are 
associated with greater locomotor hyperactivity induced via 
administration of DA agonists (Reed et al., 2002). In sum­
mary, these studies demonstrate that in animals with intact 
DA innervation, striatal NO-sGC transmission promotes 
locomotor activity.

VI.  Impact of dopamine depletion  
on striatal no-sgc signaling

Striatal NOS activity has been reported to be depressed in 
the striatal complex of post-mortem brains of patients with 
Parkinson’s disease (PD) (Bockelmann et al., 1994; Eve  
et al., 1998) and DA-depleted animals (Sahach et al., 2000; 
de Vente et al., 2000; Barthwal et al., 2001; Sancesario et al., 
2004). Although in the case of DA-depleted rodents, conflict­
ing studies have been reported (Chalimoniuk and Langfort, 
2007). Additionally, several studies have shown that striatal 
sGC mRNA and protein are upregulated in DA-depleted 
mice (Chalimoniuk et al., 2004; Chalimoniuk and Langfort, 
2007). Studies measuring cGMP levels in striatal tissue 
from DA-depleted rodents have reported conflicting results  
(de Vente et al., 2000; Chalimoniuk et al., 2004; Sancesario 
et al., 2004; Chalimoniuk and Langfort, 2007; Giorgi et al., 
2008). While the nature of these inconsistent findings is cur­
rently unclear, a likely explanation is suggested by work 
showing that mRNA, protein, and activity of striatal PDEs are 
elevated in DA-depleted rats (Sancesario et al., 2004; Giorgi 
et al., 2008). Given this, cGMP synthesis and catabolism may 
be abnormal in striatal MSNs, leading to irregular intracellular  
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cGMP transients. Unfortunately, this has not been studied 
in the striatum of patients with PD. However, recent studies 
of PD patients showed that extracellular cGMP levels are 
elevated in the internal segment of the globus pallidus dur­
ing clinically-effective deep brain stimulation (Stefani et al., 
2005). Additionally, serum levels of cGMP are increased in 
patients with PD receiving l-DOPA therapy (Chalimoniuk 
and Stepien, 2004). This suggests that cGMP signaling cas­
cades may be abnormal in PD and may reflect functional 
disturbances between DA and glutamate in the DA-depleted 
basal ganglia. Augmentation of corticostriatal transmission 
by NO-sGC-cGMP signaling may also contribute to the 
enduring changes in oscillatory activity and membrane excit­
ability of MSNs observed in the DA-depleted striatum (Murer 
et al., 2002; Hammond et al., 2007). Most pathophysiologi­
cal models and metabolic studies of PD predict that the net 
effect of these alterations is an imbalance in striatal output 
in which the indirect pathway becomes functionally hyper­
active and the direct pathway is slightly hypoactive (Albin 
et al., 1989; Alexander and Crutcher, 1990; Wichmann and 
Delong, 2007). Therefore, our findings showing that NO-
sGC-cGMP signaling facilitates corticostriatal transmission 
and short-term changes in synaptic efficacy (West and Grace, 
2004; Ondracek et al., 2008) suggest that increased postsyn­
aptic responsiveness to NO and heightened cGMP production 
is likely to exacerbate the hyperactivity observed in the indi­
rect (striatopallidal) output pathway in the dopamine-depleted 
striatum. Conversely, augmentation of corticostriatal trans­
mission during NO signaling may act to partially alleviate the 
apparent hypofunction observed in the direct pathway in PD.

Given the above, it is likely that future studies examin­
ing the impact of DA-depletion on the regulation of striatal 
nNOS activity will further our understanding of sensorimotor 
integration within striatal networks involved in normal motor 
function and pathophysiological states. Moreover, a better 
understanding of the complexities of NO-sGC-cGMP signal­
ing in identified MSNs and local interneurons in the intact 
and dopamine-depleted striatum holds considerable promise 
for the development of novel therapeutic strategies for restor­
ing motor function in patients with PD.
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I.  Introduction: The Adenosine 
System

Adenosine is a nucleoside composed of the purine base  
adenine and ribose. Rather than a neurotransmitter, adenosine  
can be defined as a metabolite that also serves a signaling 
function. Physiological and balanced levels of adenosine are 
maintained by transporters that ensure equivalent extra- and 
intracellular adenosine concentrations. Adenosine can be phos-
phorylated to adenosine monophosphate (AMP) by adenosine 
kinase; conversely, AMP can be hydrolyzed to adenosine by 
5-nucleotidase. Concentrations of adenosine rise because of 
increased intracellular formation (e.g., increased cellular activ-
ity, hypoxia) or increased release of adenine nucleotides.

Adenosine acts on four G-protein-coupled receptors: A1, 
A2A, A2B, and A3 (Fredholm, 1995). A1 and A3 receptors are 
201

coupled to Gi/Golf proteins, decrease cAMP levels, increase 
K conductance, and decrease transient Ca2 conductance 
involved in transmitter release. A2A and A2B receptors are 
coupled to Gs/olf proteins and raise levels of cAMP (Fredholm, 
1995; Ambrósio et al., 1996) (Fig. 11.1). Adenosine has simi-
lar potency at human A1, A2A, and A3 receptors (Fredholm  
et al., 2001), but shows lower potency at A2B receptors. 
In areas where they are very abundant, adenosine stimu-
lates A1, A2A, and A3 receptors at physiological basal level 
(Svenningsson et al., 1999a; Fredholm et al., 2007), whereas 
in other locations adenosine receptors are activated only when 
the local formation of adenosine is increased (see Fig. 11.2 
for details on synthesis and degradation of adenosine). In the 
following sections we will discuss A1 and A2A receptors, the 
adenosine receptor subtypes that play a role in basal ganglia 
(BG) function.
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II.  Adenosine Receptor Localization 
and Function

A.  A1 Receptors

A1 receptors are widespread in the brain; however, their 
presence in the BG influences the functionality of the BG 
network. In the caudate-putamen (CPu), A1 receptors are 
located in both direct and indirect GABAergic efferent 
neurons, and in cholinergic interneurons, whereas presy-
naptic A1 receptors are found in corticostriatal afferents 
(Alexander and Reddington, 1989; Ferré et al., 1996). In 
addition, A1 receptors are localized on nerve terminals in 
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Figure 11.1  Functional interactions between D2 dopamine, A2A 
adenosine and metabotropic glutamate 5 (mGluR5) receptors in striato-
pallidal neurons. At the intramembrane level, the A2A receptor and the 
D2 receptor interact antagonistically, whereas mGluR5 and A2A recep-
tors act synergistically to counteract the D2-mediated signaling. The 
A2A receptor and the D2 receptor also exert opposite effects on adenylyl 
cyclase (AC) levels and AC-regulated downstream molecules, such as 
PKA, DARPP-32, CREB-P and early genes. A synergistic interaction 
between A2A and mGluR5 receptors was demonstrated at the level of 
MAP kinases, DARPP-32 phosphorylation, early gene expression. Solid 
lines: stimulatory effect (); broken lines: inhibitory effect (–); CaMK 
II/IV, calcium/calmodulin-dependent protein kinase type II/IV; cAMP, 
cyclic AMP; CREB, cAMP response element-binding protein; K, potas-
sium channel; DARPP-32-P (Thr75) and DARPP-32-P (Thr34), dopa-
mine and cAMP-regulated phosphoprotein, phosphorylated at threonine 
residues 75 and 34, respectively; Gi, Go, inhibitory G-proteins, Gq, Gs, 
Golf, stimulatory G-proteins; MAPK, mitogen-activated protein kinase; 
PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C;  
PP-1, PP-2, protein phosphatases 1 and 2. With permission of Dr Jadwiga 
Wardas [Prog Neurobiol (2007) 83:293–309].
globus pallidus (GP) and substantia migra (SN) (Fastbom 
et al., 1987).

In relation to presynaptic A1 receptors, a modulation 
of dopaminergic and glutamatergic neurotransmission 
has been reported. A1 receptors localized on corticostria-
tal nerve terminals indirectly inhibit dopamine release, 
by their ability to modulate glutamate release (Ambrósio  
et al., 1996; Borycz et al., 2007). In addition, a glutamate-
independent modulation of dopamine transmission by the 
A1 receptor has been reported, probably mediated by A1 
receptors directly located on dopaminergic nerve terminals 
(Borycz et al., 2007). These different mechanisms of mod-
ulation of dopamine neurotransmission seem to be region 
dependent, the first mechanism being prevalent in the 
nucleus accumbens shell, while the second being mostly 
active in the accumbens core and dorsal striatum (Borycz 
et al., 2007; O’Neill et al., 2007). Interestingly, since ago-
nists of the A1 receptor can attenuate the evoked release of 
excitatory amino acids in the CPu, they may play a pro-
tective role against ischemic neuronal damage (Goda et al.,  
1998). The mechanism of this effect likely relies on the 
attenuation of Ca2 influx through voltage-dependent 
calcium channels, resulting in the decrease of glutamate 
release (Marchi et al., 2002).

B.  A2A Receptors

In contrast to the widespread distribution of A1 receptors, 
A2A receptors are preferentially and abundantly contained 
in GABAergic neurons of the indirect pathway, project-
ing from the CPu to the globus pallidus external segment 
(GPe), which also selectively express the D2 dopamine 
receptor and the peptide enkephalin (Fink et al., 1992; 
Augood et al., 1994) (Fig. 11.3). Conversely, neurons of the 
direct pathway, projecting to the substantia nigra pars retic-
ulata (SNr) or to the globus pallidus internal segment (GPi), 
which selectively express the D1 dopamine receptor and the 
peptide dynorphin, do not contain appreciable levels of A2A 
receptors (Schiffmann et al., 1991a) (Fig. 11.3). In addition, 
in the CPu A2A receptors are present on cholinergic nerve 
terminals (Kurokawa et al., 1996) (Fig. 11.3).

Morphologically, A2A receptors in the CPu are preva-
lent in dendrites and dendritic spines but less so in axons 
and axon terminals of recurrent collaterals projecting back 
to the CPu, or projecting from the cortical areas. Moreover, 
A2A receptors are observed primarily at asymmetric syn-
apses, suggesting that adenosine may be important in 
modulating excitatory input to striatal neurons. Similar 
to rodents, in primate and post-mortem human brain the 
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expression of A2A receptor and its mRNA is highly con-
centrated in both caudate and putamen (Schiffmann et al., 
1991b; Hurley et al., 2000; Calon et al., 2004) (Fig. 11.4). 
Moreover, PET studies show that A2A receptors are con-
centrated in the putamen  caudate nucleus  nucleus 
accumbens (Brooks et al., 2008).

III.  Adenosine receptor 
interactions

Interactions between A2A and D2 dopamine receptors at 
both post- and presynaptic levels play prominent roles in 
the control of BG functions. However, specific interactions 
between A1 and A2A receptors and an antagonistic interac-
tion between A1 and D1 receptors have also been shown to 
have an important role in BG functions and dysfunctions. 
Moreover, a positive cooperation between A2A and gluta-
mate mGlu5 receptors has been revealed.

A.  Biochemical Interactions: Postsynaptic 
Modulation of BG Neurotransmission

The indirect striatopallidal pathway plays a prominent role 
in mediating A2A receptor function in motor responses 
in the CPu. In the intact CPu, adenosine via postsynaptic 
A2A receptors excites striatopallidal neurons, opposing the 
inhibitory effect exerted by dopamine through D2 recep-
tors. This mechanism likely relies on the coexpression of 
A2A/D2 receptors in GABAergic striatopallidal neurons 
that interact with different modes to modulate neuronal 
activity. At the transcriptional level, the Gs/olf-coupled 
A2A receptor activates the cAMP-PKA and MAPK signal, 
opposing Gi-coupled, D2 receptor-mediated inactivation of 
the same transduction signal (Fredholm, 1995; Schulte and 
Fredholm, 2003) (Fig. 11.1).

Moreover, a receptor-receptor interaction and a forma-
tion of functional heteromers between the two receptors has 
been reported (Hillion et al., 2002). Through a heteromer-
based receptor-receptor interaction, A2A receptor stimula-
tion can modulate D2 binding affinity, by a direct molecular 
inhibition, or reducing D2 coupling to Gi protein. Similar to 
A2A–D2 receptor interaction, the existence of an antagonistic 
A1–D1 receptor interaction in striatonigral neurons has been 
observed. The A1 receptor modulates the binding character-
istics of the D1 receptor, probably through a GTP-indepen-
dent mechanism (Ferré et al., 1994; Sakiyama et al., 2007). 
The formation of A1–D1 receptor heteromers has been 
recently reported in the CPu, and it might sustain this direct 
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intramembrane interaction (Franco et al., 2007). Although
A1 receptors are also localized on striatopallidal neurons,
no evidence for an A1 receptor-mediated modulation of the
striatal D2 receptor binding characteristics has been found.

Beside the intramembrane direct receptor-receptor
interaction, an antagonistic A1–D1 receptor interaction can
take place at the transcriptional level (Ferré et al., 1999). A1

receptor agonists inhibit the D1 agonist-induced increase
in the expression of zif-268, c-fos and jun-B mRNA levels
in the dopamine-denervated striatum, suggesting a nega-
tive modulation by A1 receptors of the D1 receptor signal-
ing at supersensitive D1 receptors, which might underlie
the counteraction of D1-mediated motor responses (Ferré  
et al., 1999).

The existence of a positive cooperation between A1 and 
A2A receptors has been shown by the synergistic induction 
of c-fos expression in striatal neurons. In fact, while selec-
tive stimulation of each receptor subtype does not induce the 
expression of the early-gene, receptor coactivation increases 
striatal c-fos expression, probably due to an A1 enabling 
effect. As a mechanism, A1 receptor stimulation inhibits 
dopamine release, which in turn opposes A2A receptor stimu-
lating effects through an action on striatopallidal D2 receptors 
(Karcz-Kubicha et al., 2003, 2006). Recently, the formation 
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Figure 11.4  Representative examples of post-mortem autoradiography of 3H-SCH-58261 binding to A2A receptors and A2A receptor mRNA in the 
brain of non-human primate at three rostro-caudal stereotaxic coordinates of the basal ganglia including the caudate, putamen, nucleus accumbens, GPe 
and GPi, subthalamic nucleus and SN. With permission of Dr Therese DiPaolo [Prog in Neurobiol (2007) 83:293–309].
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of A1–A2A receptor heteromers has been suggested in stria-
tal glutamatergic nerve terminals, where these receptors are 
colocalized (Ciruela et al., 2006). By modifying the binding 
characteristics of the A1 receptor for the agonist, heteromers 
would exert a fine-tuning modulation of glutamatergic neuro-
transmission (Ciruela et al., 2006).

More recent studies have shown that A2A receptors 
can form heteromers with non-dopaminergic G-protein 
coupled receptors such as the mGlu5 receptor (Ferré et al., 
2002). A2A-mGlu5 heteromers have been detected in gluta-
matergic striatal terminals in vivo, and in striatal neurons 
by in vitro studies, and have been suggested to play a role 
in striatal plasticity and to modulate the activity of striato-
pallidal neurons (Ferré et al., 2002). Co-stimulation of A2A 
and mGlu5 receptors exerts a synergistic inhibitory effect 
on dopamine binding to D2 receptors on these neurons and 
a synergistic stimulatory action on striatal c-fos expres-
sion, ERK and DARPP-32 phosphorylation (Popoli et al., 
2001; Ferré et al., 2002; Nishi et al., 2003). Accordingly, a 
synergy has been reported between A2A and mGlu5 antago-
nists in the modulation of motor responses (Coccurello  
et al., 2004).

A further interaction was reported for A2A and CB1 can-
nabinoid receptors which may form heteromeric complexes 
as shown in co-transfected HEK-293T cells and rat CPu. In 
a human neuroblastoma cell line, CB1 receptor signaling 
was found to be completely dependent on A2A receptor acti-
vation. Accordingly, blockade of A2A receptors counteracted 
the motor depressant effects produced by intrastriatal admin-
istration of CB1 receptor agonists (Carriba et al., 2007).

B.  Biochemical Interactions: Presynaptic 
Modulation of BG Neurotransmission

At the presynaptic level, the A2A receptor modulates neuro-
nal activity in both CPu and GP by regulating GABAergic, 
cholinergic and glutamatergic synaptic transmissions.

Ultrastructural localization studies suggest that A2A 
receptors in the CPu can modulate GABAergic transmis-
sion at multiple cellular sites (Rosin et al., 1998, 2003; 
Hettinger et al., 2001). Presynaptic A2A receptors, proba-
bly located on GABAergic collateral axons, exert an inhib-
itory modulation of GABA release from medium spiny 
projection neurons, likely relieving a GABA-mediated 
inhibition of these neurons (Mori et al., 1996). Moreover, 
striatal cholinergic nerve terminals express the A2A recep-
tor, which can modulate the acetylcholine (Ach) release 
(Brown et al., 1990; Kurokawa et al., 1996). A2A receptor  
agonists increase and A2A receptor antagonists reduce 
Ach release in the CPu in vivo (Kurokawa et al., 1996), an 
effect modulated by the dopaminergic transmission, since 
dopamine depletion amplifies the A2A receptor agonist 
effect (Kurokawa et al., 1996).

A2A receptors located on corticostriatal terminals may 
modulate the striatal efflux of glutamate evoked by an 
excitotoxic insult (Popoli et al., 2002; Melani et al., 2003). 
The intrastriatal administration of an A2A receptor antago-
nist reduces the glutamate efflux induced by the adminis-
tration of the excitotoxin quinolinic acid (Gianfriddo et al., 
2003), an effect which is of particular interest for the neu-
roprotective effect of these compounds in neurodegenera-
tion induced by in vivo ischemia.

IV.  A2A Receptors in parkinson’s 
disease: biochemical studies

In order to discuss the role of A2A receptors in BG func-
tion it is very important to consider pathologies such as 
Parkinson’s disease (PD). Based on the unique cellular 
and regional distribution of these receptors and in line with 
growing evidence showing that A2A receptor antagonists 
improve motor symptoms in animal models of PD and in 
clinical trials, the A2A receptor has emerged as a major 
player in BG functions.

A.  Postsynaptic Interactions with the 
Dopamine System

The majority of studies on adenosine–dopamine inter-
actions have been performed in dopamine-depleted or 
-denervated rodents and primates, and they form the 
basis for a proposed role of A2A receptors in PD. Of par-
ticular relevance in this context are the increased lev-
els of the A2A receptor and its mRNA in the striatum of  
6-hydroxydopamine (6-OHDA)-lesioned rats (Pinna et al., 
2002) and in the putamen of post-mortem parkinsonian 
patients (Calon et al., 2004), which suggests a strict cor-
relation between A2A receptor modifications and dopamine 
depletion.

The expression of a number of proteins, including 
receptors, ion channels, phosphoproteins and transcrip-
tion factors, can be indirectly regulated by A2A-D2 receptor 
antagonistic interactions both in normal and dopamine-
denervated situations (Schulte and Fredholm, 2003; Sahin 
et al., 2007; Santini et al., 2007). Of particular interest is 
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the effect on the expression of DARPP-32 (dopamine 
and cAMP-regulated phosphoprotein), whose activation 
is strictly related to dopamine transmission (Fig. 11.1). 
A2A receptor stimulation induces the phosphorylation of 
DARPP-32, which is antagonized by D2 receptor agonists 
in models of PD (Santini et al., 2007). It is noteworthy that 
an aberrant activation of the PKA-MAPK pathway, as well 
as of DARPP-32, has been linked to the appearance of par-
kinsonian signs and to the motor response complications 
produced by dopaminomimetic therapy, suggesting that the 
A2A receptor may have an important role in these responses 
(for details see Fig. 11.1).

Interestingly, A2A receptors and D2 receptors exert an 
opposite effect on the CREB phosphorylation state, since 
A2A receptor agonists increase CREB phosphorylation, 
which is antagonized by D2 receptor agonists in co-trans-
fected cells (Kull et al., 1999; Schulte and Fredholm, 2003) 
(Fig. 11.1). In PD models, an antagonistic interaction 
between A2A receptor and D2 receptor at the transcriptional 
level is reflected by the synergistic induction of a variety of 
immediate early genes, such as c-fos, zif-268, NGFI-B, jun-
B in the striatopallidal pathway, produced by l-DOPA, or 
D2 receptor agonists and A2A receptor antagonists (Morelli 
et al., 1995; Boegman and Vincent, 1996; Le Moine et al., 
1997; Svenningsson et al., 1999b) (Fig. 11.1). An inter-
membrane direct cross-talk between the A2A receptor 
and D2 receptor has been described as an additional site 
of functional interaction in reserpinized rodents (Ferré et 
al., 1991). Stimulation of A2A receptors can decrease the 
ability of dopamine to bind the D2 receptor. A2A recep-
tor agonists cause a reduction in the affinity of dopamine 
D2 agonist binding sites by a direct intramembrane, G-
protein independent, receptor–receptor interaction (Ferré  
et al., 1991). A possible explanation for this mode of inter-
action came from the discovery of functional heteromeric 
receptor complexes, comprising the A2A receptor and other 
G-protein coupled receptors, such as the D2 receptor and 
D3 receptor. The antagonism of such a molecular interac-
tion might contribute to the antiparkinsonian activity of 
A2A antagonists (Kull et al., 1999; Hillion et al., 2002). 
Recently, evidence for functional A2A-D3 heteromers has 
also been provided by in vitro studies, suggesting a fur-
ther level of modulation of dopamine transmission by A2A 
receptors (Fuxe et al., 2007).

Interestingly, in PD experimental models the deple-
tion of dopamine leads to a partial loss of spines and glu-
tamatergic synapses in the indirect striatopallidal pathway 
(Day et al., 2006). Morphological changes are correlated 
with altered electrophysiological activity, underlining the 
importance of A2A receptors in the control of neuronal 
activity associated with dopamine neuron degeneration in 
the indirect pathway (Day et al., 2006).

B.  Postsynaptic Interactions with the 
Glutamate System

Beneficial effects of A2A receptor blockade on the regu-
lation of the phosphorylation state of the -amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) type 
of glutamate receptors by l-DOPA have been described. 
Hyperphosphorylation of the striatal AMPA recep-
tor consequent to chronic administration of l-DOPA to  
6-OHDA-lesioned rats, is in fact prevented by combined 
administration with the A2A receptor antagonist istradefyl-
line (Chase et al., 2003; Kachroo et al., 2005).

C.  Presynaptic Interactions

Several pieces of evidence highlight the contribution 
of presynaptic A2A receptor to the modulation of motor 
responses and indicate that GABA release from striatopall-
idal neurons is regulated through A2A receptors contained 
in both the CPu and GP. A2A receptors are highly expressed 
in the GP, mainly in the neuropil, where they can regulate 
pallidal extracellular GABA concentration and, thereafter, 
GP activity (Rosin et al., 2003). Stimulation of pallidal 
A2A receptors by intrapallidal or intrastriatal infusion of 
A2A receptor agonists enhances pallidal GABA outflow 
and produces hyperpolarization of striatopallidal neurons 
(Ferré et al.,1993; Ochi et al., 2000, 2004; Shindou et al., 
2001; Mori and Shindou, 2003).

Following dopamine denervation, lack of dopamine 
generates an imbalance in the activity of striatonigral and 
striatopallidal pathways. Striatonigral neurons become 
hypoactive, whereas striatopallidal neurons, losing the 
inhibitory effect of dopamine while undergoing the stimula-
tory influence of adenosine, become hyperactive. In the GP, 
neuronal discharge rate and oscillatory activity are altered 
and extracellular GABA basal level is increased, suggest-
ing that dopamine depletion, either directly or indirectly, 
disrupts the modulatory function of GP within the BG. 
Such imbalanced activity of striatal output pathways leads 
to a markedly increased inhibitory output from SNr/GPi  
to thalamocortical neurons, which produces hypokinetic 
symptoms as in PD (Fig. 11.3). An altered adenosinergic 
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transmission might directly contribute to the imbalance in 
the activity of striatal neurons. In this regard, an interesting 
result mentioned above concerns the increase of A2A recep-
tor mRNA reported in the striatum of 6-OHDA-lesioned 
rats and parkinsonian primates, as well as in PD patients 
chronically treated with l-DOPA (Pinna et al., 2002; 
Calon et al., 2004; Tomiyama et al., 2004). An abnormally 
increased A2A signaling would prevail over D2 signaling 
in striatopallidal neurons, contributing to the imbalance in 
the activity of the indirect versus the direct pathway and 
to the motor impairment in PD. Moreover, the abnormal 
A2A signaling would produce an altered responsiveness of 
striatopallidal neurons to l-DOPA, reducing its therapeutic 
efficacy at D2 receptor site and contributing to the dysregu-
lation of the striatal pathways which is associated with the 
development of l-DOPA-induced dyskinetic movements.

It is therefore hypothesized that the A2A receptor antag-
onist efficacy in PD firstly relies on the blockade of A2A 
receptors on striatopallidal neurons, which should dampen 
their excessive activity and restore some balance between 
striatonigral and striatopallidal neurons, consequently 
relieving thalamocortical activity. Moreover, blockade of 
A2A receptor prevailing tone could be one of the mecha-
nisms underlying the absence of dyskinetic responses 
reported with A2A antagonists in PD animal models and in 
preliminary clinical trials (Morelli et al., 2007). In addition, 
A2A receptor antagonists acting at the GP level, cause a 
decrease of extracellular GABA in the GP and, as a conse-
quence, decrease the outflow of glutamate in the SNr (Ochi 
et al., 2000; 2004). This mechanism offers a rationale for 
the use of A2A receptor antagonists as monotherapy in PD, 
as well as for the synergistic effect observed upon the con-
current administration of A2A receptor antagonists with 
l-DOPA or dopaminergic agonists (Schwarzschild et al., 
2006).

In addition, since striatal Ach appears to play an impor-
tant role in the genesis of parkinsonian tremor, an addi-
tional role of A2A receptor antagonists in PD may be the 
modulation of Ach release which might underlie the anti-
tremorigenic effect reported for these agents in the trem-
ulous jaw movements rat model of PD (Salamone et al., 
1998; Simola et al., 2004).

D.  A2A Receptor Control of Striatal GAD67 
and Neuropeptides

Striatal peptides distinguish between the direct and indirect 
projection pathways (see Chapter 1). Moreover, peptide 
modifications have been associated with changes in the 
activity of these neurons. In the dopamine-depleted stria-
tum, dysregulation of striatal output pathways is reflected 
by altered levels of dynorphin, preprotachykinins (PPT) 
and enkephalin. A decrease in dynorphin and PPT mRNA 
levels reflects the hypoactivity of striatonigral neurons, 
whereas enhanced enkephalin levels reflect striatopallidal 
neuron hyperactivity (Gerfen et al., 1990). Moreover, pro-
longed administration of l-DOPA in rodent and primate 
models of PD results in adaptive changes in the expression 
of several genes, both in striatonigral and striatopallidal 
neurons (see Chapter 36). These changes have been associ-
ated with the development of l-DOPA-induced dyskinetic 
responses, reflecting an aberrant functionality of BG. For 
instance, increased expression of the neuropeptide dynor-
phin has been reported in striatonigral neurons, whereas 
increased expression of the enzyme GAD67 in these 
neurons suggests an abnormal overactivity of the direct 
pathway (Carta et al., 2002). Chronic treatment with A2A 
receptor antagonists as monotherapy selectively restores 
enkephalin levels, leaving unaffected neuropeptide expres-
sion in striatonigral neurons; this effect correlates with the 
selective activity of these drugs on striatopallidal neurons 
(Aoyama et al., 2002; Lundblad et al., 2003). Moreover, 
chronic administration of low doses of l-DOPA in associ
ation with A2A receptor antagonists produces a full motor 
response not associated with adaptive modifications in 
the striatal levels of enkephalin, dynorphin and GAD67 
mRNAs (Carta et al., 2002; Tronci et al., 2007). On the 
other hand, in contrast to a full dose of l-DOPA, this treat-
ment regimen did not modify GAD67 mRNA expression in 
the GP and SNr (Carta et al., 2003). This latter effect might 
reflect the absence of dyskinetic responses associated with 
A2A receptor antagonists and l-DOPA treatments in rodent 
and primate models of PD (Grondin et al., 1999; Kanda  
et al., 2000).

V.  A2A-Dopamine interactions in 
parkinson’s disease: behavioral 
studies

A pioneer study performed in the 1970s by Fuxe and 
Ungerstedt (1974) reported that the A1/A2A receptor antag-
onist caffeine induced contralateral turning behavior in 
unilaterally 6-OHDA-lesioned rats, the most widely used 
model of PD. That study provided the first evidence that 
antagonism of adenosine receptors may have important 
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implications in movement control by BG. Furthermore, that 
finding opened the search for more selective drugs with 
a high affinity for A2A receptors which appear to be the 
most extensively involved in the control of motor behavior 
(Svenningsson et al., 1997). Indeed, A2A receptor antago-
nists have emerged as an attractive non-dopaminergic target 
to improve the motor deficits that characterize PD (Morelli 
et al., 2007).

A.  Studies in Rodents

The first studies evaluating the actions of A2A receptors 
in neurologically intact rodents or in rodent models of PD 
showed that A2A receptor agonists induced pronounced 
depression of spontaneous and dopamine agonist-stimu-
lated motor activity (Ferré et al., 1991; Vellucci et al., 
1993) together with a reduction of the contralateral turn-
ing behavior induced by dopamine D1 and D2 agonists in 
unilaterally 6-OHDA-lesioned rats (Morelli et al., 1994). 
Conversely, in these lesioned rats, A2A receptor antago-
nists produced motor stimulant effects and markedly 
increased the number of contralateral turns induced by a 
threshold dose of l-DOPA, as well as by the stimulation of 
dopamine D1 and D2 receptors (Pinna et al., 1996; Pollack 
and Fink, 1996; Fenu et al., 1997; Le Moine et al., 1997). 
Interestingly, A2A receptor antagonists have been shown to 
counteract specific motor deficits in rats even when admin-
istered without l-DOPA (Pinna et al., 2007). In line with 
these results, A2A receptor antagonists increase locomotor 
activity in MPTP-treated or reserpinized mice and reverse 
haloperidol-induced catalepsy in rats (Shiozaki et al., 1999; 
Hauber et al., 2001).

While acute studies reported that in unilaterally 6-OHDA- 
lesioned rats A2A receptor antagonists render a low dose of 
a dopaminergic drug fully effective, in rats rendered dyski-
netic by subchronic treatment with l-DOPA, A2A receptor 
antagonists produced an additive reduction in motor disabil-
ity when administered with l-DOPA, without worsening 
dyskinesia (Jenner, 2003). These studies also showed that 
while a full dose of l-DOPA induced sensitization in turn-
ing behavior (indicative of dyskinetic potential), combina-
tion of the A2A receptor antagonist SCH 58261 plus a low 
dose of l-DOPA induced the same degree of contralateral 
turning on first administration (indicative of similar thera-
peutic activity) but did not produce sensitization in turning 
behavior (Pinna et al., 2001). Similar results were obtained 
in A2A KO mice (Fredduzzi et al., 2002). In line with these 
behavioral effects, the A2A receptor antagonist istradefylline 
reversed the increase in GABA levels in the GPe caused 
by 6-OHDA-induced denervation of the striatum in the rat 
(Ochi et al., 2000) and the denervation-induced increase in 
preproenkephalin A mRNA expression in the indirect output 
pathway (Lundblad et al., 2003). All together, these studies 
suggest that A2A receptor antagonists might provide a ben-
eficial effect in PD and might avoid worsening of l-DOPA 
initiated dyskinesia.

Promising effects of A2A antagonists have also been 
observed on parkinsonian tremor, a symptom difficult to be 
antagonized by classical dopaminergic therapy. Blockade of 
A2A receptors effectively counteracts tremulous jaw move-
ments induced in rats by tacrine or haloperidol, suggesting 
a beneficial use of these drugs against tremor originated 
in the striatum (Correa et al., 2004; Simola et al., 2004). 
Interestingly, intrastriatal infusion of the A2A receptor antag-
onist SCH BT2 has revealed a key role for the ventrolateral 
portion of the CPu (Simola et al., 2004), a striatal portion 
in which a specific increase in A2A mRNA expression was 
detected following dopamine denervation in the 6-OHDA 
model of PD (Pinna et al., 2002).

In addition, blockade of A2A receptors counteracted 
muscle rigidity induced by haloperidol and reserpine, as 
it decreased muscle resistance and reflex EMG activities 
(Wardas et al., 2001). Moreover, blockade of A2A receptors 
potentiated the effect of l-DOPA on haloperidol-induced 
muscle rigidity, an effect which might be attributed to the 
synergistic action of A2A receptor blockade with dopamine 
D1 and D2 receptors stimulation (Wardas et al., 2001).

B.  Studies in Primates

Preclinical data on primates rendered parkinsonian suggest 
that A2A receptor antagonists may provide motor benefit as 
monotherapy, potentiate the benefit of dopamine agonists 
or low-dose of l-DOPA and do not exacerbate develop-
ment of l-DOPA-induced dyskinesia.

In MPTP-treated common marmosets, oral adminis-
tration of the A2A receptor antagonist istradefylline dose-
dependently increased locomotor activity. In contrast, oral 
administration of selective A1 receptor antagonists had no 
effect on locomotor activity (Grondin et al., 1999; Kanda 
et al., 2000; Bibbiani et al., 2003). These observations 
indicate that the improvements in motor function, although 
modest, are mediated by selective antagonism of A2A 
receptors.

When administered with D1 or D2 receptor agonists, an 
additive effect of A2A receptor antagonists on locomotor 
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activity was observed. Moreover, when the D2/D3 agonist 
quinpirole was administered 24 hours after istradefyl-
line (a time at which istradefylline alone has no effect on 
motor function), a significant potentiation of its effects was 
observed compared with quinpirole alone, indicative of a 
synergistic interaction (Kanda et al., 2000). These obser-
vations suggest that istradefylline and a dopamine agonist 
might provide from additive to synergistic effects on motor 
functions.

Oral administration of a low, threshold dose of l-DOPA 
to MPTP-treated marmosets produced a non-significant 
increase in locomotor activity. Notably when A2A recep-
tor antagonists were given in association with a low dose 
of l-DOPA, they produced symptomatic relief comparable 
to that elicited by an optimal dose of l-DOPA alone but 
with less dyskinesia, although they did not suppress dyski-
nesia after it was established (Hauser and Schwarzschild, 
2005). Therefore, similarly to what observed in rodents, a 
low dyskinetic potential of A2A receptor antagonists was 
observed in MPTP-treated primates (Grondin et al., 1999; 
Bibbiani et al., 2003).

Administration of l-DOPA to MPTP-treated primates 
induces marked dyskinesia. In these l-DOPA-primed ani-
mals, subchronic administration of istradefylline alone 
improved locomotor function into the normal range and 
caused little or no dyskinesia (Kanda et al., 1996). This 
latter observation suggests that in PD patients with estab-
lished dyskinesia, the addition of istradefylline might allow 
maintenance of the motor response with less dyskinesia 
using a lower l-DOPA dose.

C.  Clinical Trials with A2A Receptor 
Antagonists in PD Patients

Clinical trials with A2A receptor antagonists are currently 
evaluating several compounds. The most advanced of these 
trials is the one on istradefylline. The results obtained so 
far in phase III, showed that istradefylline reduces OFF 
time in a late-stage patient population already receiving  
dopaminergic therapy, with no or minimal increase in 
non-troublesome dyskinesia (Hauser et al., 2003; Lewitt 
et al., 2008; Stacy et al., 2008). However, the effect on 
motor function was not statistically significant in any of 
these studies. Further evaluation of A2A antagonists is also 
needed in conjunction with suboptimal doses of l-DOPA 
as suggested by the preclinical studies. Moreover, the 
potential for use of adenosine antagonists as monotherapy 
in non-dyskinetic PD patients has not been explored yet.
VI.  A2A Receptors in Huntington’s 
Disease

Huntington’s disease (HD) is a dominantly inherited neu
rodegenerative disorder caused by the expansion of a poly-
morphic CAG trinucleotide repeat encoding a polyglutamine 
tract within the huntingtin protein (The Huntington Disease 
Collaborative Research Group, 1993). GABAergic enkephalin 
neurons of the BG, which show the highest levels of expres-
sion of A2A receptors, are the most vulnerable in HD. Such 
a selective neuronal vulnerability, which occurs despite ubiq-
uitous expression of mutant and normal huntingtin, has sug-
gested that A2A receptors might play a pathogenetic role in HD 
(Blum et al., 2003a). Furthermore, changes in A2A receptor 
expression and signaling have been reported in various experi-
mental models of HD, including one of the best-characterized  
transgenic models, the R6/2 mice (Mangiarini et al., 1996). 
In these animals, a transient increase in A2A receptor density 
(Bmax) and A2A receptor-dependent cAMP production was 
found at early presymptomatic ages (7–14 postnatal days) 
(Tarditi et al., 2006), while a highly significant decrease in 
A2A receptor binding was reported at later stages (12 weeks) 
(Cha et al., 1999). Furthermore, an aberrant amplification of 
A2A receptor-stimulated adenylyl cyclase was found in stri-
atal-derived cells engineered to express mutant huntingtin 
(Varani et al., 2001). A similar alteration (namely increased 
A2A receptor-dependent adenylyl cyclase stimulation) was 
also present in the peripheral blood cells (platelets, lym-
phocytes and neutrophils) of patients carrying the mutant 
huntingtin gene with respect to healthy subjects (Varani  
et al., 2003). Interestingly, A2A receptor dysfunction seems to 
correlate with age at onset in HD patients (Maglione et al., 
2005). Increased A2A receptor signaling (namely enhanced 
responsiveness of adenylyl cyclase to the selective A2A recep-
tor agonist CGS 21680) was found also in sympthomatic 
R6/2 mice (Chou et al., 2005). Such an aberrant A2A receptor 
phenotype was accompanied by profound functional changes, 
since A2A receptor activation oppositely modulated NMDA-
induced toxicity in the striatum of R6/2 vs wild type mice 
(Martire et al., 2007).

The interpretation of the functional significance of 
the aberrant A2A receptor phenotype in HD mice is com-
plicated by the conflicting data so far reported on the 
potential neuroprotective and neurodegenerative effects of 
these receptors in the brain. The same complex profile has 
emerged in experimental models of HD, in which both A2A 
receptor agonists and antagonists have shown beneficial 
effects (see Popoli et al., 2008 for review). For instance, 
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pharmacological blockade or genetic inactivation of A2A 
receptors resulted in neuroprotection in pathogenetic mod-
els of HD (Popoli et al., 2002; Blum et al., 2003b, Fink 
et al., 2004). A partial protective effect was also observed 
in R6/2 mice after subchronic treatment, in early phases, 
with the A2A receptor antagonist SCH 58261 (Domenici 
et al., 2007). Unexpectedly, however, a chronic treatment 
with A2A receptor agonist CGS21680 (at later stages of the 
disease) was frankly beneficial in the same model (Chou et 
al., 2005). Since A2A receptors may mediate either “bad” 
responses (for example, stimulation of glutamate outflow 
and excessive glial activation), and “good” responses (such 
as trophic and antinflammatory effects), both their block-
ade and their activation can result neuroprotective accord-
ing to the mechanisms involved in a given condition (or at 
a given stage of a disease).

Considering that HD is a chronically progressive ill-
ness, the multiple mechanisms involving A2A receptors 
may play different relative roles along the degenerative 
process. Such different mechanisms can be influenced by 
A2A receptor activation or blockade in different ways, even 
leading to opposite outcomes depending on the time of 
agonist/antagonist administration.

VII.  Neuroprotective potential of 
A2A receptor antagonists

Besides playing a role in BG-mediated motor functions and 
having beneficial effects on PD-associated motor deficits, 
A2A receptor antagonists have been associated with neuro-
protective effects in BG pathologies such as PD and HD.

A novel therapeutic potential of A2A antagonists was 
offered by the epidemiological evidence of an inverse rela-
tionship between the consumption of caffeine, an A1/A2A 
receptor antagonist, and the risk of developing PD, which 
raised the exciting possibility of a neuroprotective poten-
tial for A2A receptors antagonists (Ascherio et al., 2001; 
Schwarzschild et al., 2003).

In experimental rodent models of PD, blockade of A2A 
receptors has been shown to substantially prevent the death 
of nigral dopaminergic neurons and the fall in striatal dopa-
mine concentration (Chen et al., 2001; Ikeda et al., 2002; 
Pieri et al., 2005). Furthermore, a role for A2A receptors in 
neurodegeneration was suggested by the absence of dopa-
mine nigral degeneration consequent to MPTP adminis-
tration in A2A receptor genetically depleted mice (Carta  
et al., 2009; Chen et al., 2001). The mechanism underlying  
neuroprotective activity of A2A antagonists seems to dif-
fer from that mediating motor stimulating effects of these 
agents. Though several mechanisms have been hypothesized, 
involving either neuronal or glial A2A receptors, no single 
mechanism has been shown to prevail. A2A receptor stimula-
tion on glutamatergic nerve terminals or astrocytes enhances 
glutamate release and might contribute to the excitotoxic 
component of neuronal death. Alternatively, A2A receptors 
located on microglial cells might contribute to neuroinflam-
mation, which has a prominent role in neuronal demise in 
PD (Hirsch et al., 2003; Chen and Pedata, 2008) (Fig. 11.3).

VIII.  Adenosine receptors and 
cognitive processes: any role?

Several pieces of experimental evidence collected in the 
recent years have demonstrated that the BG are deeply 
involved in the modulation of cognitive processes. It is now 
well acknowledged that the striatum is critical to the gen-
eration of motor memories and motor habits (Packard and 
Knowlton, 2002; Willuhn and Steiner, 2008), as well as to 
the regulation of non-motor memory. Circuits connecting 
the striatum to the cerebral cortex (e.g., the fronto-striatal 
circuit), in fact, profoundly modulate functions such as 
attention, goal-directed behavior, motivation, organization 
and planning (Schmidtke et al., 2002; Grahn et al., 2008).

In light of this evidence, the previously described 
extensive regulation of BG functionality by adenosine 
might acquire particular importance to cognition-related 
processes. Notably, several investigations have indeed 
demonstrated that manipulation of adenosinergic trans-
mission deeply impacts cognition. Thus, administration of 
the non-selective adenosine receptor antagonist caffeine to 
mice has been shown to improve the performance in the 
object recognition memory paradigm (Costa et al., 2008) 
and to attenuate the deficit in the spontaneous alterna-
tion task of cognitive function induced by the intracranial 
infusion of -amyloid (a putative model of Alzheimer’s 
disease) (Dall’Igna et al., 2007). Furthermore, in the rat, 
caffeine administration has been shown to enhance atten-
tion and to counteract the age-related decline in olfaction- 
mediated memory (Prediger et al., 2005a; Higgins  
et al., 2007). Paralleling the beneficial effects observed in 
animals, independent investigations performed in humans 
have demonstrated the capability of caffeine in increasing 
attention and improving the performance in tests aimed 
at evaluating cognitive function (Lorist and Tops, 2003; 
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Haskell et al., 2005). In addition to the latter findings, 
epidemiological studies have linked caffeine consump-
tion to an inverse association with cognitive decline in 
elderly (Johnson-Kozlow et al., 2002; Ritchie et al., 2007). 
Results in line with those elicited by caffeine have been 
achieved following the selective manipulation of either A1 
or A2A receptors. A memory failure has been described 
in rats subsequently to either an intra-hippocampal infu-
sion or a systemic administration of an A1 receptor ago-
nist (Ohno and Watanabe, 1996; Prediger and Takahashi, 
2005). Conversely, A1 receptor antagonists, either infused 
intracranially or administered systemically, have been 
demonstrated to improve the performance in tests aimed at 
evaluating cognitive function (Pitsikas and Borsini, 1997; 
Pereira et al., 2002; Prediger and Takahashi, 2005). In 
agreement with these findings, memory deficits have been 
reported in rats overexpressing the human A2A receptor in 
the brain, whilst an amelioration of cognitive function has 
been described in mice bearing a genetic deletion of the 
A2A receptor as well as in both rats and mice administered 
with A2A receptor antagonists (Prediger and Takahashi, 
2005; Prediger et al., 2005b; O’Neill and Brown 2006; 
Wang et al., 2006; Dall’Igna et al., 2007; Giménez-Llort  
et al., 2007; Higgins et al., 2007).

Up to now, only a few studies have employed a neuro-
anatomical approach aimed at determining the brain areas 
in which adenosine acts to modulate cognitive function. 
Such investigations are basically concerned with the A1 
receptors (Ohno and Watanabe, 1996; Pereira et al., 2002), 
whereas no studies on A2A receptors have been performed 
yet. Recent experiments have demonstrated that A2A recep-
tors located in the nucleus accumbens regulate the execu-
tion of effort-related behavior (Font et al., 2008; Mingote 
et al., 2008), which is intimately linked to cognitive pro-
cesses (Phillips et al., 2008). Therefore, the possibility that 
adenosine receptors located in the BG may participate in 
the modulation of cognitive function could exist. In par-
ticular, A2A receptors, which as previously mentioned are 
highly and almost selectively enriched on the striatopalli-
dal neurons, might be involved in this process.

In light of the extensive adenosine–dopamine inter-
actions existing in the BG, modulation of dopaminergic 
transmission might be a mechanism through which BG 
adenosine receptors would eventually influence cognition-
related functions. However, controversial results on the rel-
evance of such an interaction on cognitive processes have 
been obtained in experimental animals. On the one hand, it 
has been reported that the administration of an A2A recep-
tor antagonist counteracts the impairment in social recogni-
tion memory induced in rats by the monoamine-depleting 
agent reserpine (Prediger et al., 2005b). This finding that 
could be envisioned as the consequence of a boosting effect 
on dopamine transmission exerted by the blockade of A2A 
receptors. Notably, in line with this interpretation, a syner-
gistic interaction between an A2A receptor antagonist and 
a D2 receptor agonist has also been described in the same 
experimental model (Prediger et al., 2005b). On the other 
hand, A2A receptor blockade has been demonstrated to be 
ineffective in counteracting the deficit in reversal learning 
displayed by rats bearing a 6-OHDA-induced dopaminer-
gic denervation of the dorsomedial striatum (O’Neill and 
Brown, 2007). In this regards, it has to be highlighted that 
important methodological differences exist between these 
studies. In particular, such investigations employed a dif-
ferent kind of dopamine depletion (which was restricted to 
a specific striatal region in the 6-OHDA model being, con-
versely, spread to all the brain in the reserpine model) and 
analyzed different features of cognitive function (social 
recognition memory vs. reversal learning). Therefore, it 
is possible that adenosine–dopamine interactions may be 
relevant only to certain aspects of cognitive processes or, 
influence them in a fashion dependent on the BG region in 
which such interactions take place. Alternatively, adenos-
ine receptors in the BG could regulate cognitive function 
by influencing either one or both glutamatergic and cholin-
ergic neurotransmissions, which deeply modulate cognitive 
processes, and which extensively interact with adenosine 
transmission, although this hypothesis has been challenged 
(Cunha et al., 2008).

In recent years, a further interesting opportunity has 
been disclosed on a possible therapeutic use of A2A recep-
tor antagonists in helping to prevent craving and relapse 
in human heroin addicts. A2A receptor antagonists inhibit 
morphine self-administration in rats, and eliminate rein-
statement of the drug self-administration in heroin addicted 
rats (Sahraei et al., 1999; Yao et al., 2006). A2A receptors 
in accumbal neurons are coexpressed with -opioid recep-
tors (MOR) and CB1 receptors. In these neurons, the A2A 
receptor seems to play a permissive role in MOR-CB1 
synergy to modulate cAMP/PKA signaling. Blockade of 
A2A receptors could therefore disrupt the instatement of 
plastic changes cAMP/PKA-mediated, which contribute to 
the acquisition or maintenance of drug-seeking behaviour 
(Yao et al., 2006).
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Taken together, the data available thus far do not defi-
nitely clarify whether adenosine receptors located in the 
BG participate in the regulation of cognitive function 
mediated by adenosine. Nevertheless, considering the high 
enrichment of adenosine receptors in the BG and their inti-
mate interaction with other receptors binding neurotrans-
mitters critically involved in the modulation of cognitive 
processes, further and more detailed studies on this topic 
are necessary. In particular, it has to be ascertained which 
subtype(s) of adenosine receptors might be involved in 
such phenomena, the precise profile of cognition-related 
functions which could be modulated by adenosine recep-
tors located in the BG and which BG region(s) might be 
eventually important to the adenosine-mediated modula-
tion of cognitive function.

IX.  Conclusions

How adenosine receptors can affect BG functions is 
explained by the role of adenosine as a signaling molecule 
in the nervous system. This type of modulation forms a 
new concept for how BG function is controlled in normal 
physiological circumstances and in pathological condi-
tions. The selective localization of A2A receptors to the 
BG and specifically to the indirect output pathway, offers 
a unique opportunity to modulate the dopamine output 
from the striatum that is believed critical to the occurrence 
of motor behavior. The ability of A2A receptor antagonists 
to modulate neurotransmission, first of all dopaminergic, 
GABAergic and glutamatergic transmission, places adeno-
sine signaling in a prime position to influence motor func-
tion. Another field of potential utilisation of compounds 
binding adenosine receptors is neuroprotection. The cur-
rent preclinical data strongly support a role for drugs bind-
ing A2A receptors in protecting neurons from the type of 
pathogenic processes believed to occur in PD and some 
stages of HD. Finally the action of adenosine receptors in 
brain areas directly connected to the BG might play impor-
tant roles in cognitive functions opening new therapeutic 
possibilities for drugs acting at this level.
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I.  Introduction

The striatum is the main input station of the basal ganglia; 
it receives excitatory afferents from the cortex and thala-
mus and a dense innervation from midbrain dopamine 
(DA) neurons (see Chapter 1). Striatal medium-sized spiny 
projection neurons (MSNs), which account for the large 
majority of striatal neurons (see Chapter 3), receive inputs 
from the whole cortical mantle and, in turn, project either 
directly to the output nuclei of the basal ganglia (in the so-
called “direct pathway”) or to the external segment of the 
globus pallidus (GPe) (in the so-called “indirect pathway”) 
and thence to the output nuclei (Grillner et al., 2005).

MSNs are inhibitory GABAergic neurons that interact to 
some degree through local axon collaterals (see Chapter 5)  
and provide, via the direct pathway, powerful inhibitory 
control of the basal ganglia output nuclei neurons. By con-
trast, activity through the parallel indirect pathway results 
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in strong excitation of the basal ganglia output nuclei via 
increased activity of excitatory glutamatergic neurons in 
the subthalamic nucleus (STN) (Grillner et al., 2005) (see 
Chapter 1). Striatal MSN activity is modulated by DA aris-
ing from both the substantia nigra pars compacta (SNc) 
and the ventral tegmental area (VTA) (see also Chapter 7). 
DA participates in information processing within the stria-
tum, together with acetylcholine (ACh), GABA and other 
neurotransmitters released by striatal interneurons.

Physiological activity of the striatum is essential for the 
control of the whole basal ganglia and is thought to play a cru-
cial role in the control of motor activity (Pisani et al., 2005) 
and other behavioral output. For example, parts of the stria-
tum are involved in reward processing and in several forms of 
learning and memory, such as habit learning (see Chapter 32), 
goal-directed instrumental and reward-association learning 
and procedural and emotional learning (Hikosaka et al., 1999; 
Schultz et al., 2003; Yin and Knowlton, 2006). Accordingly, 
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altered activity of the striatum results in the onset of patho-
logical conditions characterized by various motor and behav-
ioral abnormalities including Parkinson’s disease (PD) or 
Huntington’s disease (HD) (see also Chapter 35).

The involvement of the striatum in numerous forms 
of learning is thought to be based on changes in neuro-
nal activity occurring when specific behavioral and motor 
tasks are being learned and in the subsequent functional 
and morphological remodeling of the synapses link-
ing cortical and striatal neurons. Studies in experimental 
models have demonstrated that striatal neurons are able 
to undergo almost all forms of Hebbian plasticity together 
with short-term forms of intrinsic plasticity, spike-timing 
dependent plasticity, depotentiation and other essential 
mechanisms aimed at preventing neural network desta-
bilization (Calabresi et al., 2007; Berretta et al., 2008;  
Di Filippo et al., 2008a; Kreitzer and Malenka, 2008).

Synaptic plasticity at corticostriatal connections exerts 
a crucial role during physiological conditions in the regu-
lation of reward, learning and memory processes (Kreitzer 
and Malenka, 2008). On the other hand, when a patho-
logical insult alters the physiological activity of MSNs or 
causes the impairment of a specific neurotransmitter sys-
tem, neurons can respond by undergoing non-physiological 
forms of synaptic plasticity that can be either beneficial or 
detrimental in nature (Calabresi et al., 2002; Picconi et al., 
2003; Picconi et al., 2006a). In the following sections, we 
will describe the mechanisms underlying two prominent 
forms of striatal synaptic plasticity – long-term depression 
(LTD) and long-term potentiation (LTP) – during physi-
ological conditions. Thereafter, we will summarize the 
downstream consequences on synaptic plasticity of differ-
ent pathological insults such as those causing hypo- and 
hyperkinetic movement disorders and stroke.

II.  Physiological and 
pharmacological 
characterization of 
corticostriatal long-term 
depression (LTD) and long-term 
potentiation (LTP)

LTD and LTP at corticostriatal synapses were described for 
the first time in 1992 (Calabresi et al., 1992b; Calabresi et al.,  
1992c) when pioneering studies of synaptic plasticity at 
glutamatergic corticostriatal synapses demonstrated that 
high-frequency stimulation (HFS, three trains of pulses at 
100 Hz) of corticostriatal fibres (and possibly thalamostriatal 
fibres as well), in association with postsynaptic neuronal fir-
ing, was able to induce LTD of corticostriatal transmission 
onto striatal MSNs (Calabresi et al., 1992b). In particular, it 
was demonstrated that HFS was able to induce LTD (2 h) 
of both extracellularly recorded field potentials and intracel-
lularly recorded excitatory postsynaptic potentials (EPSPs) 
and that subthreshold tetanic stimulation, which under con-
trol condition was not able to result in LTD, induced LTD 
when associated with membrane depolarization (Calabresi 
et al., 1992b).

A.  Role of Glutamate Receptors in  
LTD and LTP

Several neurotransmitters have been found to crucially 
influence the induction of both striatal LTD and LTP. 
Striatal LTD was found to be dependent on the activa-
tion of metabotropic glutamate receptors and independent 
from both NMDA receptor and GABAA receptor activa-
tion (Calabresi et al., 1992b). In particular, LTD induction 
was found to require the selective activation of mGluR1 
(Gubellini et al., 2001; Gubellini et al., 2004) and Ca2 
influx through voltage-dependent nifedipine-sensitive Ca2 
channels, a sufficient intracellular free Ca2 concentra-
tion and the activation of Ca2-dependent protein kinases 
(Calabresi et al., 1994) (Fig. 12.1).

In contrast to LTD, LTP was initially found to be 
expressed by corticostriatal synapses after the removal of 
magnesium from the extracellular medium, an experimental 
condition that results in deinactivation of NMDA glutamate 
receptors (Calabresi et al., 1992c) and thus to be depen-
dent on the activation of these specific glutamate receptors 
(Calabresi et al., 1992c). According to this experimental 
evidence the initial hypothesis was that, in the striatum, 
LTD represented the physiological form of synaptic plasti 
city, while LTP was inducible only after a pharmacological 
manipulation of the experimental medium.

In 1997 the first demonstration of an in vivo form of 
synaptic plasticity was provided by Charpier and Deniau 
(1997). Interestingly, these authors showed that in their  
in vivo preparation the tetanus induced LTP of corticostria-
tal excitatory transmission (Charpier and Deniau, 1997). 
This latter evidence, together with the results of subsequent 
in vitro studies (Fino et al., 2005), demonstrated that LTP, 
as LTD, represents a physiological form of neuroplasticity 
expressed at corticostriatal synapses and that it is not the 
expression of a putative pathological process over-activating 
NMDA glutamate receptors.
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Figure  12.1  Modulation of corticostriatal LTD by glutamate, dopamine, endocannabinoids and acetylcholine. In experimental conditions, high- 
frequency stimulation (HFS) of corticostriatal fibers, in association with postsynaptic neuronal firing, is able to induce long-term depression (LTD) of 
corticostriatal transmission onto striatal medium spiny projection neurons. Activation of metabotropic glutamate receptors (mGluR1) by glutamate (Glu) 
is a required step for LTD induction. Activation of D2 dopamine (DA) receptors influences the phosphorylation state of DARPP-32 through modulation 
of the intracellular levels of cAMP. DARPP-32, in turn, functions as a potent inhibitor of protein phosphatase 1 (PP1) which regulates the functional 
activity of many physiological effectors, including AMPA glutamate receptors. Activation of D2 receptors on cholinergic interneurons results in the 
lowering of the M1 muscarinic receptor tone and further facilitates the induction of LTD by disinhibition of Cav1.3 Ca2 channels. Endocannabinoids 
(eCBs) are released by striatal MSNs following membrane depolarization (), intracellular Ca2 elevation, D2 receptor stimulation and metabotropic 
glutamate receptor (mGluR) activation. After being released by the postsynaptic neurons, eCBs act as retrograde messengers activating presynaptic CB1 
receptors and thus inducing a long-lasting depression of excitatory glutamatergic transmission. Other abbreviations: AC, adenylate cyclase; ACh, ace-
tylcholine; AMPA, alpha-amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid receptors; Ca, calcium ions; cAMP, cyclic AMP; CB1, cannabinoid 
receptor 1; DARPP-32, dopamine- and cAMP-regulated phosphoprotein 32 kDa; SNc, substantia nigra pars compacta; , membrane depolarization.
As far as the specific role played by NMDA receptors is 
concerned, it is worth remembering that striatal MSNs are 
known to show characteristic shifts of the membrane poten-
tial between two preferred levels, one more polarized, called 
the Down-state (varying from 94 to 61 mV), and one 
more depolarized, called the Up-state (varying from 71  
to 40 mV), triggered by increased activity of many con-
vergent corticostriatal neurons (Wilson and Kawaguchi, 
1996). During the Up-state the membrane potential of 
MSNs is closer to the threshold for NMDA receptor open-
ing and action potentials are thought to be triggered by 
noisy fluctuations of the membrane potential. Fluctuation 
of the membrane potential leading to NMDA receptor 
“deinactivation” facilitates intracellular Ca2 rise which, in 
turn, might trigger the Ca-dependent molecular mecha-
nisms underlying LTP induction (Kerr and Plenz, 2002).

Therefore, based on current data (Calabresi et al., 
2007), it is possible to speculate that repetitive activation 
of a corticostriatal synapse, such as that mimicked by the 
HFS protocol, occurring in the Up-state will probably 
favor LTP induction, according to the higher probability of 
NMDA receptor opening at the Up-state membrane poten-
tial values. Conversely, the same tetanic stimulus occurring 
during the Down-state will probably lead to LTD of the 
efficacy of corticostriatal glutamatergic transmission.

However, although intracellular recordings from anes-
thetized animals have demonstrated that MSNs undergo 
spontaneous transitions between hyperpolarized and depo-
larized states, wakefulness is associated with a completely 
different pattern of temporally disorganized depolarizing 
synaptic events of variable amplitude (Mahon et al., 2006), 
suggesting that in the waking state the regulation of syn-
aptic plasticity by state transitions might be more complex 
and not easily predictable.

B.  Role of Dopamine Receptors

From the first studies on striatal LTD and LTP it has been 
evident that the induction of synaptic plasticity at corti-
costriatal synapses requires not only the neurotransmitter 
glutamate but also a series of other neurotransmitter and 
neuromodulators released from striatal interneurons and 
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other neuronal structures (Calabresi et al., 1992b; Calabresi 
et al., 1992c). In particular, physiological DA signaling 
was found to critically modulate both LTD and LTP induc-
tion (see also Chapter 6). Indeed, the critical role of DA was 
evident in the first description of LTD. In particular, it was 
demonstrated that activation of both D1 and D2 DA recep-
tors was required for LTD induction (Fig. 12.1) and that stri-
atal LTP was critically dependent on the activation of D1/D5 
receptors (Calabresi et al., 1992b; Calabresi et al., 1992a; 
Centonze et al., 1999; Kerr and Wickens, 2001; Schotanus 
and Chergui, 2008). A few years later, a critical role for D2 
receptors in the regulation of the mechanisms underlying 
the direction of long-term changes in synaptic efficacy in 
the striatum was further demonstrated by utilizing record-
ings from D2 receptor-null mice (Calabresi et al., 1997).

In the striatum stimulation of D1 and D2 receptors 
is known to trigger opposite effects on the intracellular  
levels of cyclic AMP (cAMP), stimulating and inhibiting 
adenylyl cyclase activity, respectively (Greengard et al., 
1999) (see also Chapter 26). cAMP levels, in turn, modulate 
the activity of PKA (cAMP-dependent protein kinase A), a 
major substrate of which is the DA and cAMP-regulated  
phosphoprotein 32 kDa (DARPP-32). DARPP-32 acts 
as a potent inhibitor of protein-phosphatase-1 (PP-1) that 
regulates the functional activity of many physiological 
effectors, including NMDA and AMPA glutamate recep-
tors (Greengard et al., 1999). Interestingly, both LTP and 
LTD have been demonstrated to be fully abolished after the 
genetic disruption of DARPP-32 (Calabresi et al., 2000), 
highlighting the importance of the DA receptor/PKA/
DARPP-32/PP-1 pathway in the induction of bidirectional 
synaptic plasticity in the striatum.

The interpretation of the precise role played by DA in 
the regulation of corticostriatal plasticity is complicated 
by the lack of homogeneity in DA receptor expression in 
MSNs. In fact, the prevailing hypothesis is that D1 and D2 
receptors are “segregated” between the two striatal project-
ing pathways, with D1 receptors being mainly expressed 
by MSNs of the “direct” striatonigral pathway and D2 
receptors by MSNs of the “indirect” striatopallidal path-
way (DeLong and Wichmann, 2007) (see also Chapter 1). 
This “segregation hypothesis” is partially in contrast with 
several experimental results suggesting that LTD (which 
requires D2 receptor activation) is expressed by the large 
majority of striatal MSNs rather than only by half of them 
(Calabresi et al., 1992b), and with the fact that, in BAC 
transgenic mice, D2 receptor antagonists block LTD induc-
tion in both D1- and D2 receptor-expressing MSNs, and not 
only in D2-expressing MSNs (Wang et al., 2006). Several 
theories have been postulated to explain why both D1- and 
D2-expressing MSNs express D2 receptor-dependent LTD. 
For example, it has been demonstrated that activation of 
D2 receptors expressed by striatal cholinergic interneurons 
results in reduced ACh release and in subsequent lower-
ing of M1 muscarinic receptor tone, an event that has been 
demonstrated to mediate LTD induction in D1-expressing 
striatonigral MSNs, through disinhibition of Cav1.3 Ca2 
channels (Wang et al., 2006) (see also Chapter 6).

Another theory is that the D2 receptor-dependence of 
LTD in D1-expressing MSNs might represent a “spill-
over” artifact caused by the induction protocol. Indeed, it 
is possible that a high-intensity macrostimulation, when 
applied in the white matter separating the cortex from the 
striatum can give rise to a broad and diffuse activation 
of striatal neurons, resulting in the release of endocan-
nabinoids (ECBs) from D2-expressing MSNs (Kreitzer 
and Malenka, 2008) and to the subsequent induction of 
an ECBs-dependent LTD also in D1-receptor expressing 
MSNs (see also below and Chapter 9).

C.  Role of Acetylcholine

Similar to glutamate and DA, endogenously produced ACh 
also seems to play a crucial role in modulating long-lasting 
striatal synaptic changes. Striatal large cholinergic interneu-
rons, which are known to represent the main source of striatal 
ACh (Pisani et al., 2007), are autonomous pacemakers and 
are thus referred to as “tonically active neurons” (TANs) in 
behaving animals (Pisani et al., 2007) (see also Chapter 7). 
ACh from striatal cholinergic interneurons differentially mod-
ulates striatonigral and striatopallidal neurons and, through 
the interaction with DA, has an integrative and modulatory 
role in the basal ganglia circuit (Calabresi et al., 2006).

The ACh-dependent neuronal signaling is mediated 
by the activation of different subtypes of muscarinic and 
nicotinic receptors. ACh, acting at muscarinic receptors, 
has been demonstrated to influence both LTP and LTD 
induction. In particular, activation of M1-like muscarinic 
receptors has been demonstrated to be a required step for 
the induction of corticostriatal LTP (Calabresi et al., 1999) 
probably via a PKC (protein kinase C)-mediated mecha-
nism while, as specified above, a lowered ACh concen-
tration seems to facilitate LTD induction by lowering the 
M1 muscarinic receptor tone and thus disinhibiting Cav1.3 
Ca2 channels (Wang et al., 2006) (Fig. 12.1). Different 
from M1 muscarinic receptors, the activation of M2-like 
muscarinic receptors seems to exert a negative influence on 
striatal LTP, probably via the reduction of glutamate release 
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from corticostriatal fibres (Calabresi et al., 1998; Wang  
et al., 2006). Similar to muscarinic receptors, nicotinic ACh 
receptors seems to play an important role, as their blockade 
inhibits striatal LTD (Partridge et al., 2002).

D.  Role of Endogenous Cannabinoids

In contrast to classical neurotransmitters, ECBs are 
released from postsynaptic neurons and travel backward 
across synapses, acting as retrograde synaptic messengers 
inhibiting neurotransmitter release by the activation of 
presynaptic CB1 receptors (Wilson and Nicoll, 2002) (see 
Chapter 9). ECBs, such as anandamide (AEA), have been 
demonstrated to be released by striatal MSNs following 
membrane depolarization, intracellular Ca2 elevation and 
D2 receptor stimulation (Di Marzo et al., 1994; Giuffrida 
et al., 1999), leading to the hypothesis that in the striatum 
AEA, released by the postsynaptic neurons after membrane 
depolarization, might act as a retrograde messenger acti-
vating presynaptic CB1 receptors and thus inducing LTD 
of excitatory glutamatergic transmission (Gerdeman et al., 
2002; Ronesi et al., 2004; Kreitzer and Malenka, 2005;  
Di Filippo et al., 2008b) (Fig. 12.1).

It is worth noting that it has recently been proposed that 
striatal MSNs of the direct and indirect pathways might 
express different synaptic properties (Kreitzer and Malenka, 
2007). In particular, it has been suggested that ECB release 
sufficient to trigger ECB-mediated LTD, is restricted to 
indirect pathway MSNs (Kreitzer and Malenka, 2007).

E.  Synaptic Plasticity Expressed by Striatal 
Interneurons

The physiological activity of striatal MSNs is known to be 
regulated by their interaction with various subpopulations 
of striatal interneurons, including three types of GABAergic 
cells (one coexpressing parvalbumin, one calretinin and 
one nitric oxide synthase) (see Chapter 8) and cholinergic 
interneurons (Kawaguchi et al., 1995; Pisani et al., 2007). 
Similar to striatal MSNs, striatal interneurons have also 
been demonstrated to express different forms of neuroplas-
ticity. In particular, after tetanic stimulation of cortico/thala-
mostriatal fibers, striatal cholinergic interneurons express a 
form of LTP that has been demonstrated to require D5, but 
not D2 or NMDA receptor activation (Suzuki et al., 2001). 
The ability to express synaptic plasticity has also been 
investigated in striatal GABAergic interneurons and in par-
ticular in fast-spiking GABAergic interneurons, a specific 
subtype of striatal interneurons (Centonze et al., 2002). 
These cells have been demonstrated to express either LTP 
or LTD, depending on the pattern of synaptic stimulation, 
and to require NMDA receptor activation to express these 
forms of synaptic plasticity (Fino et al., 2008).

III.  Synaptic depotentiation 
at corticostriatal synapses: a 
mechanism of physiological 
“forgetting”?

As introduced above, LTP probably represents the main 
accepted vertebrate model for learning and memory. 
Nevertheless, LTP operates by positive feedback rules that 
might potentially drive neuronal circuits toward maximal 
action potential firing frequency ranges, leading to syn-
aptic saturation. For this reason, the ability to forget or 
“ignore” irrelevant synaptic signals is crucial to render 
neurons able to encode subsequent plastic changes. One 
of the key mechanisms that is thought to prevent neuronal 
network destabilization and to underlie synaptic “forget-
ting” is “depotentiation”, which results from the reversal 
of an established LTP by a low-frequency stimulation pro-
tocol (LFS, 1–5 Hz) and seems to be distinct from de novo 
LTD (O’Dell and Kandel, 1994; Picconi et al., 2003).

It has been demonstrated that, in the striatum, synap-
tic depotentiation is prevented by the pretreatment of slices 
with PP-1 and protein phosphatase 2 A (PP-2 A) inhibi-
tors, D1-like DA receptor agonists and adenylate cyclase 
activators (Picconi et al., 2003), suggesting an important 
role of the D1/PKA/DARPP-32 signaling pathway in the 
induction of this form of homeostatic plasticity. ACh also 
seems to play a role in the expression of striatal depoten-
tiation. Indeed, depotentiation of MSNs is blocked by sco-
polamine, indicating that reversal of LTP in the striatum 
requires activation of muscarinic ACh receptors by endo 
genous ACh (Picconi et al., 2006a).

Depotentiation is not the only form of homeostatic 
plasticity in basal ganglia circuits. Other important mecha-
nisms include global changes in synaptic strength, changes 
in neuronal excitability, spike-timing dependent plastic-
ity (STDP) and the regulation of synapse number (Mahon  
et al., 2003; Stellwagen and Malenka, 2006).

In particular, recent studies have investigated the presence 
of STDP at striatal synapses (Fino et al., 2005; Pawlak and 
Kerr, 2008). It is now well-accepted that the temporal relation-
ship between activity in the pre- and postsynaptic elements 
constitutes a determinant factor for the induction of synaptic 
plasticity, influencing both the magnitude and the direction 
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of the induced synaptic change (Dan and Poo, 2004). On 
the basis of this hypothesis, striatal synaptic strength can be 
affected in different ways according to whether a presynaptic 
spike closely precedes, or follows, an EPSP (Fino et al., 2005; 
Pawlak and Kerr, 2008)

IV.  Corticostriatal synaptic 
plasticity in experimental models 
of parkinson’s disease

PD is a chronic and progressive neurodegenerative disorder 
of largely unknown etiology caused by a pathological cas-
cade resulting is the degeneration of midbrain DA neurons 
of the SNc that project to the striatum (Lang and Lozano, 
1998a; Lang and Lozano, 1998b) (see Chapter 34). The 
progressive loss of SNc neurons leads to an impairment in 
DA regulation of basal ganglia physiological activity and 
to subsequent alteration of the delicate balance of activity 
in the output nuclei that is thought to be essential for the 
normal regulation of motor function (Lang and Lozano, 
1998a; Lang and Lozano, 1998b) (see also Chapters 25 
and 38). Accordingly, in humans suffering from PD the 
loss of SNc neurons results in the onset of several motor 
symptoms such as tremor at rest, bradykinesia and rigidity 
(Lang and Lozano, 1998a;Lang and Lozano, 1998b).

In the last decades many advances have been made in 
the field of PD research and several theories have been  
postulated to explain the onset of neuronal network abnor-
malities that underlie symptom onset during PD (see 
Chapters 25 and 38). One of these theories postulates that 
the presence of an alteration of the main forms of synap-
tic plasticity in the striatum and in the motor cortex of PD 
patients might represent the synaptic basis underlying the 
onset of the disabling motor and cognitive symptoms of 
the disease (Pisani et al., 2005; Calabresi et al., 2006).

According to this theory, studies on experimental mod-
els of PD and in human subjects suffering from the disease 
have confirmed the link between SNc neuron degeneration 
and the loss of the main forms of synaptic plasticity. In 
neurotoxic models of PD, such as the 6-OHDA model, both 
LTD and LTP are lost (Calabresi et al., 1992b; Centonze 
et al., 1999;Kreitzer and Malenka, 2007). Nevertheless, in 
animals sustaining unilateral 6-OHDA lesions of the SNc, 
coricostriatal LTP can be restored by the chronic treatment 
with the DA precursor l-3,4-dihydroxyphenylalanine (l-
DOPA) (Picconi et al., 2003).

It has also been demonstrated that ECB-dependent LTD  
is selectively lost at indirect-pathway MSN synapses in 
experimental models of PD and that it can be rescued either 
in the presence of a D2 receptor agonist or by the applica-
tion of an inhibitor of fatty acid amide hydrolase (FAAH), 
the enzyme responsible for the degradation of the endo 
genous cannabinoid AEA (Kreitzer and Malenka, 2007). 
Interestingly, administration of the same drugs has been dem-
onstrated to ameliorate symptoms in the same experimental 
PD models (Kreitzer and Malenka, 2007), providing support 
for the hypothesis of a correlation between synaptic plasticity 
abnormalities at corticostriatal synapses and PD symptoms.

An alteration of the main forms of synaptic plasticity, 
together with an impairment in DA neurotransmission, has 
been demonstrated to occur not only in neurotoxic mod-
els of PD but also in genetic models of the disease such 
as in the mice with genetic inactivation of the familial par-
kinsonism-linked gene DJ-1 (Goldberg et al., 2005) and in 
PINK1(/) mutant mice (Kitada et al., 2007).

The hypothesis of a link between synaptic alterations and 
PD has also been directly investigated in patients suffering 
from the disease. For example, Morgante et al., by utilizing 
a paired associative stimulation protocol, have been able to 
demonstrate the presence of aberrant motor cortex plasticity 
in PD (Morgante et al., 2006). Also, Prescott et al., by study-
ing synaptic plasticity in PD patients undergoing therapeu-
tic implantation of deep brain stimulating electrodes, have 
demonstrated the absence of potentiation in the substantia 
nigra pars reticulata of patients recorded in the absence of 
a pharmacological dopaminergic treatment (Calabresi et al., 
2009; Prescott et al., 2009).

In conclusion, the results of experimental and human 
studies indicate that, during PD, synaptic plasticity is 
altered both at corticostriatal synapses and in other brain 
structures whose function is thought to be crucial for nor-
mal motor control, suggesting a link between the onset of 
PD symptoms and the alteration of LTD and LTP.

V.  Corticostriatal synaptic 
plasticity in experimental models 
of hyperkinetic disorders

A.  Huntington’s Disease

HD is a neurodegenerative disorder that follows an auto-
somal-dominant pattern of inheritance (Bates, 2005). HD 
symptoms usually appear in mid-life and include psychiatric 
disturbances, involuntary movements and cognitive decline, 
progressing toward death about 10–20 years from onset. 
The HD-causing gene mutation consists of an expanded 
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CAG trinucleotide repeat in the huntingtin (htt) gene and 
results in a neurodegenerative process that primarily affects 
striatal MSNs, with relative sparing of cholinergic interneu-
rons (Ferrante et al., 1985).

The striatum thus represents the neuronal structure that 
is primarily involved in the neurodegenerative process that 
characterizes HD (see also Chapter 35). For this reasons 
it has been hypothesized that an impaired function of the 
intrastriatal neuronal network might represent the basis for 
the development of the cognitive and motor symptoms of 
the disease. According to the hypothesis of a pathogenetic 
role of synaptic plasticity abnormalities during HD, altera-
tions in the induction and reversal of synaptic plasticity have 
been demonstrated in both neurotoxic (3-nitropropionic 
acid-treated rats) and genetic (R6/2 mice) models of the dis-
ease. Striatal MSNs recorded in both disease models have 
been demonstrated to express normal LTP, but to be unable 
to depotentiate their synapses after a low-frequency stimula-
tion protocol (Picconi et al., 2006a; Di Filippo et al., 2007).

This inability of MSNs to reverse synaptic strength to 
pre-LTP levels might cause alterations in the homeostatic 
processes that are known to prevent neuronal circuit desta-
bilization during information storage and probably accounts 
for the impaired behavioral flexibility described in HD 
patients at early clinical stages. Interestingly, cholinergic 
interneurons recorded from 3-NP-treated animals and HD 
R6/2 mice have been demonstrated to be unable to express 
physiological LTP (Picconi et al., 2006a; Di Filippo et al., 
2007), suggesting that, since striatal synaptic depotentiation 
depends upon activation of muscarinic receptors, the lack of 
potentiation of cholinergic interneurons might be responsi-
ble for the absence of depotentiation in MSNs in HD exper-
imental models. It has also been demonstrated, by recording 
spontaneous (sEPSCs) and miniature excitatory postsynaptic 
currents (mEPSCs) from striatal neurons of both toxic and 
genetic models of HD, that a significant down-regulation  
of glutamate transmission occurs during HD (Rossi et al., 
2006). This latter evidence suggests that reduced synaptic 
excitation of the input structure of the basal ganglia might 
represents an electrophysiological correlate of HD and 
might potentially contribute to the impairment of synaptic 
plasticity that has been described in HD models.

B.  l-DOPA-induced Dyskinesia

The discovery that DA deficiency due to SNc degeneration 
represents the central event leading to symptom onset in  
PD resulted in the subsequent introduction of a replacement  
therapy with the DA precursor l-DOPA (Mercuri and 
Bernardi, 2005) (see Chapter 36). This drug initially revolu
tionized the treatment of this disabling neurodegenerative dis
ease. Unfortunately, in most patients (90%), the treatment 
with l-DOPA, within 5–10 years of treatment initiation, is 
complicated by the onset of motor fluctuations and hyper-
kinetic involuntary movements, named dyskinesias (Mercuri 
and Bernardi, 2005).

It has been hypothesised that, after chronic treatment 
with l-DOPA, the development of dyskinesias might be 
associated with the presence of an impairment of the 
physiological forms of synaptic plasticity at corticostriatal 
synapses and in particular with the loss of synaptic depo-
tentiation (Picconi et al., 2003; Calabresi et al., 2008). As 
described above, in the 6-OHDA model of PD LTP is lost 
but can be restored by chronic treatment with l-DOPA 
(Picconi et al., 2003). Interestingly, it has been demon-
strated that depotentiation is selectively lost only in dys-
kinetic animals chronically treated with l-DOPA, whereas 
animals that do not develop involuntary movements main-
tain the physiological reversal of synaptic strength after 
LFS (Picconi et al., 2003), suggesting that the absence of 
this form of homeostatic synaptic plasticity might lead to 
the destabilization of neuronal circuits in the basal ganglia.

It is possible to hypothesize that the alteration in motor 
control and in the ability of synapses to undergo depoten-
tiation during dyskinesias might be attributable to spe-
cific changes occurring along the D1/PKA/DARPP-32 
signaling pathway leading to the inhibition of PP-1 activ-
ity (see also Chapter 36). Indeed, depotentiation at corti-
costriatal synapses involves protein phosphatase activity 
and, as introduced above, activation of D1 receptors results 
in PKA-catalyzed phosphorylation of DARPP-32 on 
Thr34, which, in turn, converts DARPP-32 into a potent 
inhibitor of PP-1. Interestingly, it has been demonstrated 
that dyskinetic animals express higher levels of Thr34- 
phosphorylated DARPP-32 than nondyskinetic rats and 
drug-naïve controls (Picconi et al., 2003). It is also worth 
to remember that, in the striatum, synaptic depotentiation 
is prevented by pretreatment of slices with PP-1 and PP-
2 A inhibitors, D1-like DA-receptor agonists, and adenylyl 
cyclase activators (Picconi et al., 2003). All these factors 
point to a role of the D1/PKA/DARPP-32 signaling path-
way in mediating the loss of synaptic depotentiation that 
accompanies the onset of involuntary movements in the 
6-OHDA model of PD. In line with this hypothesis, it has 
been suggested that D1 receptor blockade might improve 
l-DOPA-induced dyskinesia (Grondin et al., 1999).
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VI.  Striatal synaptic plasticity  
and neuronal ischemia

Stroke is the second most common cause of death and the 
principal cause of adult disability in the world (Feigin et al.,  
2003). Although in most cases stroke induces mild to severe 
permanent deficits (Varona et al., 2004), recovery is often 
dynamic, reflecting the ability of the injured neuronal net-
work to adapt. It has repeatedly been documented that neu-
roplasticity occurs in the cerebral cortex and in subcortical 
structures after ischemic injuries. In particular, in vitro stud-
ies have demonstrated that oxygen and glucose depriva-
tion (in vitro ischemia) is able to cause a potentiation of the 
glutamate-mediated excitatory synaptic transmission, named, 
post-ischemic LTP (i-LTP) (Di Filippo et al., 2008c).

After an ischemic insult, surrounding a core of severe 
injury named ischemic core, neuronal death evolves 
more slowly in a heterogeneous area called the ischemic 
penumbra. Neurons within the penumbra are function-
ally impaired but not yet dead and can sustain membrane 
potentials (Hossmann, 1994). i-LTP was described at cor-
ticostriatal synapses after transient oxygen and glucose 
deprivation in 2002 (Calabresi et al., 2002). Like hip-
pocampal post-anoxic LTP (Crepel et al., 1993), striatal 
i-LTP is dependent on NMDA receptor activation and is 
prevented by the intraneuronal injection of Ca2 chelators 
(Calabresi et al., 2002).

Interestingly, i-LTP is expressed by striatal MSNs but 
not by striatal cholinergic interneurons that are known to be 
resistant to in vivo ischemia. This evidence might suggest 
that i-LTP represents a pathological form of neuroplastic-
ity accounting for the cell type-specific vulnerability fol-
lowing ischemia and energy deprivation (Calabresi et al.,  
2002; Calabresi et al., 2003; Di Filippo et al., 2008c).

As described above, NMDA receptor activation is 
essential for the induction of i-LTP in the striatum. In par-
ticular, a critical role of NR2B subunit-containing NMDA 
receptors has been suggested (Picconi et al., 2006b). In 
particular, it has been demonstrated that NR2B subunit-
containing NMDA receptor antagonists selectively block 
i-LTP without affecting activity-dependent LTP (Picconi  
et al., 2006b) and that certain low-affinity and uncom-
petitive NMDA receptor antagonists, such as memantine, 
block i-LTP (Tozzi et al., 2007).

The importance of NMDA receptors for the induction 
of i-LTP might be explained by the fact that, after oxygen 
and glucose deprivation, neurons fail to generate sufficient 
ATP, ionic gradients are lost and glutamate is released, 
promoting over-activation of ionotropic NMDA glutamate 
receptors and excessive neuronal Ca2 entry that, in turn, 
could represent an essential step for the induction of this 
form of synaptic plasticity.

As described above DA plays a crucial role in the 
regulation of physiological neuroplasticity in the striatum 
(Calabresi et al., 2007). Interestingly, endogenous DA, 
via D1 receptors, is also able to selectively facilitate the 
expression of i-LTP on the AMPA-mediated component 
of the EPSPs (Saulle et al., 2002) suggesting a critical role 
for this neurotransmitter also during striatal i-LTP. The 
precise functional role of striatal i-LTP is still debated. It 
has indeed been hypothesized that i-LTP could exert both 
a detrimental and a beneficial role after cerebral ischemia. 
In particular the potentially detrimental effects of i-LTP 
are suggested by the fact that it shares several key molecu-
lar pathways with the processes triggered by the ischemic 
insult (such as NMDA receptor activation and intracellular 
Ca2 load) (Calabresi et al., 2002). According to this view, 
i-LTP could represent a factor enhancing the excitotoxic 
processes that are known to facilitate neuronal death after 
ischemia. On the other hand it is also generally accepted 
that neuroplasticity can mediate recovery after stroke. 
Thus, an alternative scenario is that the induction of i-LTP 
in the ischemic penumbra might represent an adaptive form 
of plasticity aimed at improving functional recovery after 
stroke (Di Filippo et al., 2008c) (Fig. 12.2).

VII.  Conclusions and future 
perspectives

The precise mechanisms underlying the induction of synap-
tic plasticity in the striatum are complex and still far from 
being unraveled. Nevertheless, many advances have been 
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Figure  12.2  The dual role played by post-ischemic LTP in the 
striatum.
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made in the last two decades and the knowledge about 
learning mechanisms in basal ganglia neuronal circuits is 
progressively improving. Crucially, in the last years, it has 
been possible to observe the translation of the theoretical 
basis of synaptic plasticity into human studies performed 
utilizing transcranial magnetic stimulation techniques or 
direct neuronal stimulation by deep brain stimulation elec-
trodes (see Chapter 39).

Interestingly, the possibility of modulating synaptic 
plasticity by means of pharmacological and neurophysi-
ological manipulations has also been investigated.

The hope is that, in the future, it will be possible to 
directly influence the induction and the reversal of the 
main forms of synaptic plasticity in the basal ganglia neu-
ronal circuits. The possibility of a direct modulation of 
the efficacy of synaptic transmission might indeed have a 
profound therapeutic impact with potential implications 
for the treatment of disabling neurological disease and for 
neurorehabilitation.
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I.  Introduction: The globus 
pallidus in the basal ganglia 
circuitry

The pallidum consists of the globus pallidus that lies dor-
sal to the anterior commissure and the ventral pallidum that 
lies ventral to the anterior commissure. The globus pallidus 
is a sensorimotor and associative function-related structure, 
while the ventral pallidum is a prefrontal and limbic func-
tion-related structure. This chapter focuses mainly on the 
globus pallidus. Figure 13.1 shows the major neuronal con-
nections between the basal ganglia and related nuclei (see 
also Chapter 1). The major input nuclei of the basal ganglia, 
the striatum and the subthalamic nucleus (STN), receive 
inputs from the cerebral cortex, intralaminar thalamic nuclei, 
and brainstem nuclei including the substantia nigra (SN) and 
the pedunculopontine tegmental nucleus (PPN). Dopamine 
neurons in the substantia nigra pars compacta (SNc) project 
heavily to the striatum, but send moderate projections also 
to other basal ganglia nuclei, including the globus pallidus 
and STN. Overall, the afferent organization implies that the 
basal ganglia receive inputs from various stages of informa-
tion processing, from the brainstem to the cerebral cortex.

The GPe and GPi have distinct functional roles, although 
the two nuclei share some morphological and physiological 
233

similarities as described below. The GPe receives major 
inputs from the input nuclei of the basal ganglia, the stria-
tum and STN, and sends outputs to most of the basal gan-
glia nuclei, including the striatum, GPi, STN, and SN. These 
connections suggest that the main role of GPe is to integrate 
information from the two input nuclei and send processed 
output back to the basal ganglia nuclei. The GPi and the 
substantia nigra pars reticulata (SNr) receive inputs from 
the basal ganglia input nuclei, GPe, and brainstem nuclei, 
including PPN, and send their outputs out of the basal gan-
glia, including to thalamic nuclei, and to the brainstem. 
Thus, the GPi and SNr are output nuclei of the basal ganglia.

II.  Anatomy of the striatum and  
the globus pallidus

Figures 13.2A and 13.2C are, respectively, a tilted-horizontal  
section of a rat brain and a coronal section of a monkey brain 
immunostained for the calcium-binding protein calbindin- 
d28K (CaBP). The striatum is a telencephalic derivative. 
The striatum of the rodent is a single large nucleus, whereas 
the striatum of the primate is divided by the anterior limb 
of the internal capsule into the caudate nucleus and the 
putamen (Fig. 13.2A,C). The striatum consists of the patch 
compartment (striosome) and the matrix compartment. The 
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projection neurons in the matrix compartment receive inputs 
mainly from pyramidal neurons in the layer III and superfi-
cial layer V of the cortex and project to the pallidum and the 
SNr, while neurons in the patch compartment receive inputs 
mainly from the deep layer V and layer VI neurons of the 
cortex and project to the SNc (Gerfen, 1992) (see Chapter 1).  
The projection neurons in the matrix compartment of the 
rostromedial region of the striatum contain CaBP. Thus, these 
striatal regions and their projection sites in the globus pallidus, 
which contain CaBP-containing striatal axons, are darkly 
stained. The projection neurons in the patch compartment and 
the dorsolateral region of the dorsal striatum are CaBP-free.

The globus pallidus is a diencephalic derivative, which 
is composed of the GPe and GPi. In the primate, the GPe 
is located medially to the putamen and is separated by a 
thin lateral medullary lamina. The medial medullary lam-
ina separates the GPe and the GPi. The primate GPi is 
farther divided into the lateral and the medial portions by 
the accessory medullary lamina (Fig. 13.2C). The internal 

Figure 13.1  Major neuronal connections between basal ganglia and 
related nuclei. The basal ganglia consist of the striatum (Str), the subtha-
lamic nucleus (STN), the external segment of the globus pallidus (GPe), 
the internal segment of the globus pallidus (GPi), the substantia nigra 
pars reticulata (SNr), and the substantia nigra pars compacta (SNc). The 
Str and STN are input nuclei of the basal ganglia and receive inputs from 
the cerebral cortex, the centromedian/parafascicular thalamic complex 
(CM-PF), and the pedunculopontine tegmental nucleus (PPN). The GPe 
receives major inputs from the input nuclei and sends its outputs to most 
of the basal ganglia nuclei, including the Str, GPi, STN, SNr and SNc. 
Basal ganglia output nuclei, GPi and SNr, receive major inputs from vari-
ous basal ganglia nuclei including PPN and then send their outputs to the 
ventral anterior thalamic nucleus (VA), CM-PF, and the brainstem, includ-
ing PPN. The SNc projects heavily to Str. The SNc also sends moderate 
projections to all other basal ganglia nuclei.
capsule is located at medial to the medial portion of GPi. 
The rodent GPe is located medial to the striatum as it is 
in primates. However, the rodent GPi consists of a small 
group of neurons and is encapsulated in the internal cap-
sule, hence it is also called the entopeduncular nucleus. 
There are other differences between the GPi of primates 
and rodents as described below.

A.  Functional Territories of the GPe and GPi

All areas of the cerebral cortex send topographically 
organized projections and form various functional territo-
ries in the striatum, including the sensorimotor, associa-
tion, and limbic territories (Selemon and Goldman-Rakic, 
1985; Donoghue and Herkenham, 1986; McGeorge and 
Faull, 1989) (see Chapter 1). Among these, the motor ter-
ritory in the striatum is the largest and most extensively 
studied. The motor territories in the cortex and their stri-
atal projection sites can be divided into sub-territories 
including the higher order motor, primary motor, and 
motor association territories. In monkeys, afferents from 
the primary motor cortex (M1) form a large territory in the 
putamen (referred to as the M1 territory herein). The M1 
territory roughly corresponds to the CaBP-poor region in 
Figure 13.2C. A portion of the M1 territory also receives 
afferents from the primary somatosensory cortex (Flaherty 
and Graybiel, 1993). Afferents from the supplementary 
motor area (SMA) and the premotor area of monkeys con-
verge and form another large motor association territory 
(referred to as the SMA territory herein) in the putamen. 
These two territories are mostly segregated with small 
overlap and occupy most of the caudolateral aspect of the 
putamen. Each territory presents a rough body representa-
tion with the face at ventral and the leg at dorsal regions 
(Parthasarathy and Graybiel 1997; Takada et al. 1998; 
Kaneda et al., 2002). The rodent M1 (i.e., the lateral agran-
ular cortex) terminal area also roughly corresponds to the 
CaBP-poor region in the striatum (Fig. 13.2A). The M2 
(the medial agranular cortex) of the rodent is considered 
the motor association area, which is underdeveloped and 
cannot be separated into higher order motor areas. The M2 
terminal area in the striatum is located medially to the M1 
terminal area in the CaBP-rich area (Fig. 13.2A,B).

Anterograde tracing studies in rats and monkeys revealed 
that striatal axons form two disk shaped terminal fields in 
both the GPe and GPi (Wilson and Phelan, 1982; Kita and 
Kita, 2001; Kaneda et al., 2002). Single axon tracing studies 
in rats and monkeys further revealed that these terminal areas 
are created by each striatal axon forming multiple narrow 
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Figure 13.2  The striato-pallidal projections and functional territories of the GPe and GPi. A and C: a tilted-horizontal (tilted rostrodorsal to caudo-
ventral direction to include the dorsal part of striatum (Str), GPe, and GPi in a same plane) section of a rat (A) and a coronal section of a monkey brain 
immunostained for the calcium binding protein calbindin-d28K (CaBP) (B). A: The rat GPe is located medial to the striatum, and rat GPi is encapsu-
lated in the internal capsule (ic). C: In the monkey, the GPe is located medially to the putamen (Put) and separated by the thin lateral medullary lamina 
(lml). The medial medullary lamina (mml) separates the GPe and GPi. The accessory medullary lamina (aml) further separates the monkey GPi into 
lateral (GPi-l) and medial portion (GPi-m). At ventral to the GPi, some of GPi efferent axons form a thin white matter called the ansa lenticularis (al). 
CaBP immunohistochemistry poorly stained the patch compartment of the striatum (p in A and C mark some of patches). The CaBP staining is also 
poor in the matrix of the dorsolateral striatal region and its projection sites in the globus pallidus (black stars in A and C). The CaBP-poor regions cor-
respond to the primary motor territory. CaBP staining is rich in the matrix compartment of the rostromedial region of the striatum and its projection sites 
in the globus pallidus (white stars in A and C). The CaBP-rich regions roughly correspond to the association and limbic territories of the striatum and 
pallidum. B: Striatal neurons located in the CaBP-poor matrix region of rat striatum form two terminal areas in the middle of the GPe. Striatal neurons 
located in the CaBP-rich matrix region of the striatum form terminal areas in a rostral narrow border area and caudomedial area of GPe. D: The primary 
motor (M1) and the supplementary motor area (SMA) territories in monkey Put are mostly segregated with partial overlap, and each territory have a cor-
responding body representation. Projections from each territory of Put form two territories in GPe and GPi.
disk-shaped terminal fields (Chang et al., 1981; Kawaguchi  
et al., 1990; Parent et al., 1995; Kita 1996). In a global view, the  
topographical organization in the cortico-striatal projections 
is maintained in the striato-pallidal projection. Thus, neurons 
in the two motor related territories in primate putamen form 
multiple motor territories in the GPe and GPi (Fig. 13.2B,D). 
Like in the putamen, the M1 and SMA representing  
territories in the GPe and GPi are mostly segregated though 
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they both have partly overlapped regions. A rough body rep-
resentation, with the head at the ventral and the foot at the 
dorsal regions, can be found in each territory (Fig. 13.2D) 
(Yoshida et al., 1993; Kaneda et al., 2002).

The GPe and GPi receive major excitatory inputs from 
the STN, which receives major excitatory inputs only 
from the frontal lobe and mainly from the motor corti-
ces. Like the putamen, the monkey STN contains multiple 
motor territories, including one receiving inputs mainly 
from M1, SMA, and higher order motor cortices, and 
each territory shows somatotopical representation (Nambu 
et al., 1996; Inase et al., 1999). The motor related terri-
tories in the STN are mostly segregated with small over-
lap. Anterograde tracing studies showed that STN-pallidal 
projections form multiple disk shaped terminal fields in 
the GPe and GPi, similar to striato-pallidal projections 
(Smith et al., 1990). A single axon tracing study in mon-
keys revealed that approximately 70% of STN neurons 
form multiple terminal fields in both GPe and GPi, some 
of which also project to SNr (Sato et al., 2000b). In com-
parison, most rodent STN neurons project to the GPe, GPi 
and SNr and form multiple terminal fields in each nucleus 
(Kita and Kitai, 1987).
In vivo recording studies suggest that the somatotopically 
organized M1-striato-pallidal projections converge to somato-
topically organized M1-STN-pallidal projections. Figure 
13.3 shows responses of basal ganglia neurons evoked after 
electrical stimulation of a small area of M1. These response 
patterns and response latencies are very similar in rats and 
monkeys. The responses of GPe and GPi neurons consist of 
an early excitation, an inhibition, and a late excitation. The 
early excitation is AMPA receptor-mediated and evoked 
through the cortico-STN-GPe and -GPi pathways. The con-
duction times of these disynaptic pathways are 8–11 ms. The 
early excitation is followed by a GABAA receptor-mediated 
inhibition evoked by the Cx-striato-GPe and -GPi pathways 
(Nambu et al., 2000; Kita et al., 2004; Tachibana et al., 2008). 
The conduction times of these disynaptic inhibitory pathways 
is much longer, generally on the order of 16–20 ms. The late 
excitation consists of multiple components (Kita et al., 2004; 
Tachibana et al., 2008). Many of the GPe and GPi neurons 
that evoked early excitation also showed inhibition, and neu-
rons evoking the early excitation alone or evoking the inhi-
bition alone were rare. These observations suggest that the 
somatotopically organized M1-striato-pallidal projection 
overlaps very precisely with the M1-STN-pallidal projection.
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Figure 13.3  Responses of basal ganglia neurons evoked after electrical stimulation of a small area of the M1. Peri-stimulus time histograms of unit 
discharge present typical spontaneous firing rates (spike rate prior to stimulus onset) and response sequences in each nucleus. Response patterns and 
response latencies are very similar in the rat and monkey. The responses of GPe and GPi neurons consist of an early excitation, an inhibition, and a late 
excitation. The early excitation is evoked by fast conducting cortico-STN-GPe or -GPi disynaptic connections. The inhibition is evoked by slow con-
ducting Cx-Str-GPe or -GPi disynaptic connections. The late excitation consists of multiple components. Most of the GPe and GPi neurons that evoked 
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nections via the Str and STN converge in a very precise manner in the GPe and GPi. Open and closed circles represent glutamatergic and GABAergic 
synapses, respectively.
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B.  Morphological Characteristics of GPe 
Neurons

The majority of GPe neurons are GABAergic projection 
neurons (Mugnaini and Oertel, 1985; Smith et al., 1987; 
Kita, 1994; Kita and Kitai, 1994) (see also Chapter 14). In 
rats and monkeys, approximately {2/3} of the GPe neurons 
contain the calcium-binding protein parvalbumin (PV), and 
immunostaining for PV can be used to observe somatoden-
dritic and axonal processes of these neurons (Fig. 13.4C,D) 
(Kita and Kitai, 1994; Kita 1996; Kita and Kita, 2001). 
These neurons have large aspiny primary, varicose second-
ary, and tertiary dendrites with occasional complex end-
ings with many appendages of various types (Fig. 13.5A). 
Dendrites of GPe neurons form a disk-like dendritic field 
with the plane of the disc parallel to the lateral medullary 
lamina (Yelnik et al., 1984; Kita, 1996). The orientations 
of disk-shaped terminal fields formed by striatal and STN 
axons mentioned above are in the same orientation as that 
of the discoidal dendritic field. Thus, neurons with a dis-
coidal dendritic field and discoidal afferent axons form a 
disk shaped functional territory. Approximately {1/3} of 
rat GPe neurons have sparsely spinous dendrites that form 
a radiating dendritic field (Fig. 13.5B). These neurons are 
often immunonegative for PV but express preproenkepha-
lin mRNA (Hoover and Marshall, 2002). The GPe contains 
a small number of small neurons, which are suggested to 
be interneurons (DiFiglia et al., 1982; Falls et al., 1983; 
Cooper and Stanford, 2002). Some of these small neurons 
contain GABA and calretinin (Cooper and Stanford, 2002).

C.  Projection Sites of GPe Axons

The GABA/PV-containing GPe neurons with discoi-
dal dendritic field project to the GPi, STN, and SNr (Kita 
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Figure 13.4  Parvalbumin (PV) immunoreactive neurons in monkey globus pallidus and trajectories of GPi efferent axons. A: A tilted-horizontal sec-
tion of a monkey brain immunostained for the calcium binding protein PV. Immunohistochemistry for PV stains a class of interneurons in the striatum 
and most of neurons in the GPe and GPi. In a global view, strongly PV-immunopositive areas in the putamen and caudoventral globus pallidus cor-
respond to motor-related areas. PV-positive bundles of GPi axons cross the internal capsule (ic) medially and form the comb system. B: A schematic 
presentation of GPi efferent axons. Ventrally exiting axons from GPi-l or GPi-m form ansa lenticularis (al, also see Fig. 13.2C), and medially exiting 
axons cross the ic, with some forming the lenticular fasciculus (lf). These axons merge and become thalamic fasciculus (tf ) when they are dorsal to the 
zona incerta (ZI). Each GPi axon emits several branches and projects to the densicellular (VAdc) and parvicellular (VApc) parts of the ventral anterior 
thalamic nucleus, CM, PF, and PPN. C and D: High magnification view of GPe (C) and GPi (D) show that many fusiform shaped somata and large den-
drites are oriented perpendicular to the fiber bundles.
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Figure 13.5  Drawing of rat GPe neurons and an axon. A: A neuron with large aspiny primary, varicose secondary, and tertiary dendrites with occa-
sional complex endings (arrow heads) with many appendages. The scale in B also applies to A. B: A neuron with sparsely spineous dendrites. C: An 
axon of a GPe neuron that has extensive local axon collaterals in GPe and multiple small terminal fields in GPi.
and Kitai, 1994; Bevan et al., 1998; Sato et al., 2000a, 
Baufreton et al., 2009). In rats, the GABA/enkephalin-con-
taining GPe neurons with a radiating dendritic field project 
to the striatum in addition to GPi, GPe, and STN (Staines 
and Fibiger, 1984; Kita and Kitai, 1994; Kita and Kita, 
2001; Sadek et al., 2007) (see also Chapter 14). Like in the 
rat, approximately 30% of monkey GPe neurons project 
to the striatum (Kita et al, 1999). However, in monkeys, 
GPe neurons projecting to the striatum do not project to 
the GPi, STN, or the SNr (Sato et al., 2000a). Axons from 
both types of GPe neurons form large boutons that con-
tain small round or elongated vesicles and multiple mito-
chondria, and the boutons form symmetric synapses on 
the somata and proximal dendrites of GPi and STN neu-
rons (Chang et al., 1983; Shink and Smith 1995; Baufreton  
et al., 2009). Recent single cell studies in rats estimated that 
each GPe neuron forms approximately 275 synapses on 2% 
of total STN neurons, that single STN neurons maximally 
receive input from 2% of GPe neurons, and that small frac-
tions of GPe-STN input are sufficiently powerful to inhibit 
and synchronize the autonomous activity of STN neurons 
(Bevan, et al., 2007; Baufreton et al., 2009). In the striatum, 
approximately 50% of GPe boutons terminate on aspiny 
GABAergic interneurons (Bevan et al., 1998) and the other 
50% on the dendritic shafts of spiny projection neurons. 
The interneurons targeted by the GPe axons receive sev-
eral boutons, suggesting a powerful inhibitory control by 
the GPe (Bevan et al., 1998 and 2002). The topographic 
arrangements of the GPe-STN and GPe-striatal projections 
are in register with that of the STN-GPe and striato-GPe 
projections, suggesting precise reciprocal loops.

All GPe projection neurons in the monkey and the 
rodent emit local collateral axons (Kita and Kitai, 1994; 
Bevan et al., 1998; Sato et al., 2000a; Sadek et al., 2007). 
Single neuron studies revealed that each GPe axon forms 
terminal fields within or near the dendritic field of the par-
ent neuron and other terminal fields some distance away 
from the parent dendritic field (Fig. 13.5C) (Kita and Kitai, 
1994; Sato et al., 2000; Sadek et al., 2007). These local 
axons terminate on the somata and proximal dendrites and 
can evoke powerful inhibition to GPe neurons.

D.  Morphological Characteristics of GPi 
Neurons

Most GPi neurons are GABAergic and project to the thala-
mus and the brainstem, as mentioned above. Additionally, 
the GPi appears to have no interneurons. Like the GPe 
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neurons, most of the GPi neurons are immunoreactive 
for PV (Fig. 13.4D). Golgi studies report a single class 
of GPi neurons having medium-sized somata with thick 
and long aspiny dendrites, which form a discoidal den-
dritic field with the plain parallel to the medial medullary 
lamina (Yelnik et al, 1984). Intracellular labeling in rats 
showed that some GPi neurons have dendrites with occa-
sional complex endings (Nakanishi et al., 1991). Thus, the 
somato-dendritic morphology of GPe and GPi neurons 
are thought to be very similar. However, unlike the GPe, 
GPi neurons do not emit extensive local axon collaterals 
(Nakanishi et al., 1991; Parent et al., 2001).

E.  Projection Sites of GPi Axons

The motor-related territories occupy a large area of monkey 
GPi. Some efferent axons from monkey GPi exit ventrally 
and travel through the ansa lenticularis (Figs 13.2C, 13.4B). 
Other efferent axons exit medially and cross the internal 
capsule to form the lenticular fasciculus (Fig. 13.4A,B). 
Some other axons run through the area in between the two 
fasciculi. These efferent axons are seen as single wide fiber 
bundle when they cross the internal capsule and become the 
thalamic fasciculus dorsal to the zona incerta. Studies with 
neuro-tracing and ablative lesion in monkeys suggest that 
afferent axons in these fasciculi can originate from either 
the lateral or medial portion of GPi and that the caudoven-
tral motor territory of GPi sends axons mainly through the 
lenticular fasciculus, while the rostral non-motor territory 
of GPi sends axons mainly through the ansa lenticularis 
(Sidibe et al., 1997; Baron et al., 2001; Parent and Parent, 
2004).

GPi neurons project in a topographically organized 
manner to the zona incerta, the densicellular (VAdc) and 
parvicellular (VApc) parts of the ventral anterior thalamic 
nucleus, the centromedian thalamic nucleus (CM), the para-
fascicular thalamic nucleus (Pf), and the PPN (Ilinsky and 
Kultas-Iinsky, 1987; Parent et al, 2001). Single axon trac-
ing studies revealed that each axon terminates in many of 
these targets through collateral axons (Fig. 13.4B) (Parent  
et al., 2001). The GPi projection to the PPN is mainly to 
the pars dissipata of the PPN, in the area that contains glu-
tamatergic, GABAergic, and sparse cholinergic neurons, 
and the pars dissipata is located medially to the choliner-
gic cell rich pars compacta of PPN (Lee et al., 1988; Shink  
et al., 1997). A small number of GPi neurons project to the 
lateral habenular nucleus, and thus, they are considered 
limbic-related (Parent et al., 2001). Axons of GPi neurons 
form large terminals that contain pleomorphic vesicles and 
many mitochondria, and these terminals form symmetric 
synapses predominantly with proximal dendrites (Sidibe  
et al., 1997; Shink et al., 1997; Ilinsky et al., 1997).

The GPi of the primate, an output nucleus of the basal 
ganglia, contains multiple motor representation areas as 
mentioned above, suggesting that the GPi has multiple out-
put channels. For instance, the GPi-thalamo-cortical pro-
jections are organized such that the outputs from different 
territories of the GPi are largely segregated and innervate 
different motor areas including M1, SMA, and premotor 
areas. It has also been shown that outputs from the two ter-
minal areas formed by striatal axons in the lateral and the 
medial portion of the GPi converge at a motor cortex. For 
instance, M1, SMA, and premotor areas receive afferents 
from both lateral and medial portions of GPi (Hoover and 
Strick, 1993).

There are some differences in the efferent projections of 
rat and monkey GPi. In the monkey, GPi and SNr efferent 
axons form largely segregated terminal fields in the thala-
mus, while in rats, they form overlapped terminal fields.  
A large number of neurons in the rostroventral part of rat 
GPi projects to the lateral habenular nucleus (Van der Kooy 
and Carter, 1981; Rajakumar et al., 1994), while GPi-
habenular projection in the monkey is small. Conversely, 
the GPi projection to PPN in the rat appears less numerous 
compared to those in monkeys (Steininger et al., 1992).

III.  Physiology of the globus 
pallidus

A.  Physiological Properties of GPe  
Neurons

Unit recording in awake monkeys and rodents distin-
guished two types of firing patterns in GPe neurons. The 
majority of GPe neurons show 20–100 Hz irregular firing 
intermingled with long pauses of approximately 100–600 
ms (DeLong, 1971; Gardiner and Kitai, 1992; Magill  
et al., 2000; Ni et al., 2000). GPe neurons pause more often 
when animals are in low-arousal state (Elias et al., 2007). 
A small number of GPe neurons fire with low frequency 
and in bursts. It is not certain whether these two firing 
patterns represent two distinct cellular groups or a single 
group with different states. Results of in vivo and in vitro 
intracellular recordings suggest that most GPe projection 
neurons, both with aspiny discoidal or sparsely spinous 
radiating dendrites, have autonomous firing and can gen-
erate sustained high frequency firings with no prominent 
spike accommodation upon stimulation. The autonomous 
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firing is supported by membrane properties such as strong 
hyperpolarization-activated inward current (HCN2) and 
Nav1.6 currents (Chan et al., 2004; Mercer et al., 2007). 
GPe neurons also have membrane properties that can sup-
port irregular firing and pauses, and the appearance of 
regular or irregular firing is dependent on the membrane 
potential level (Hashimoto and Kita, 2006). GPe neurons in 
vitro do not show spontaneous long pauses. However, long 
pauses could be induced when the dendrites of GPe neu-
rons were depolarized while the soma was hyperpolarized 
(Hashimoto and Kita, 2006). Long pauses of some monkey 
GPe neurons were resistant to local application of GABAA 
receptor antagonist, though the application blocked M1 or 
putamen-induced inhibition. These observations suggest 
involvement of novel ionic channels in the generation of 
long pauses. These observations also suggest a possibility 
that the two firing patterns observed in vivo studies present 
two different states of the same type of GPe neuron.  
In vitro studies revealed that some of these high frequency 
firing neurons have a prominent hyperpolarization-acti-
vated inward current, low-threshold Ca-spikes, or an 
early K-current. However, the differences in the membrane 
properties are often not distinctive enough to unequivo-
cally classify them into different subclasses (Gunay et al.,  
2008). A small number of GPe neurons recorded in vitro 
lacked spontaneous firing and had a prominent spike 
accommodation and long-duration spikes (Kita and Kitai, 
1991; Cooper and Stanford, 2000). In sum, GPe neurons 
have been classified based on their morphology, projection 
sites, chemical markers, and in vivo and vitro physiological 
properties. However, clear relationships between the differ-
ent types have not been established.

B.  Physiological Properties of GPi Neurons

Unit recordings from monkey GPi report a single class of 
neurons with irregular, high frequency firing without long 
pauses (DeLong, 1971; Ni et al., 2000). In vitro studies on 
GPi neurons are scarce. Intracellular recording studies in slice 
preparations suggest GPi neurons have similar physiological 
properties to PV immunoreactive GPe neurons. A majority 
of GPi neurons have autonomous firing and are capable of 
maintaining sustained high frequency firing. These neurons 
also have a prominent hyperpolarization-activated inward 
current, low-threshold Ca-spikes, or an early K-current 
(Nakanishi et al., 1990 and 1991; Kita, 2001).

C.  Synaptic Inputs to GPe and GPi Neurons

The high frequency autonomous firing of GPe and GPi neu-
rons provides a condition in which both excitatory and inhib-
itory synaptic inputs, even small ones, can effectively alter 
activity of postsynaptic neurons. Indeed, local application 
of GABAA receptor or AMPA receptor antagonists increase 
regularity of firing in the awake monkey pallidum; this 
demonstrates that GABAergic inputs from striatal and GPe 
neurons and glutamatergic inputs from STN modulate the 
autonomous firing of GPe and GPi neurons (Kita et al., 2004; 
Tachibana et al., 2008). Below are more detailed descriptions 
of major synaptic inputs to GPe and GPi neurons.
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Figure 13.6  Synaptic connections within the basal ganglia. Approximately half of the striatal medium spiny GABAergic neurons project only to the 
GPe and the other half to the GPe, SNc, and SNr. Some of the nigra projecting striatal axons also innervate to the GPi. Striatal axons form small bou-
tons and synapse mainly on dendrites of target neurons. Approximately {2/3} of GPe neurons have aspiny dendrites and contain GABA and the calcium 
binding protein parvalbumin (PV). These neurons project to the GPi, STN, and SNr, form large boutons, and synapse mainly on the somata and proxi-
mal dendrites of target neurons. The remaining {1/3} of GPe neurons have sparsely spinous dendrites. These neurons project to the striatum and STN. 
The GPi and SNr are basal ganglia output nuclei and project to the thalamic nuclei and the brainstem. STN neurons are glutamatergic. STN axons form 
medium sized boutons and form synapses mainly on the somata and dendritic shafts of both GPe and GPi neurons.
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1.  Striatal Inputs

Approximately 65% of boutons in the GPe and GPi are 
of striatal origin and contain GABA. In GPe, approxi-
mately 2/3 of striatal boutons are formed by axons termi-
nating only in GPe (Fig. 13.6). The remaining boutons are 
formed by collaterals of axons projecting to GPi and/or 
SNr (Kawaguchi et al., 1990; Parent et al., 1995; Wu et al.,  
2000). Although a massive number of striatal neurons 
project to the GPe (the ratio of the number of neurons in 
the striatum:GPe is approximately 60:1 in rats, Oorschot, 
1996), the number of boutons belonging to each axon is 
relatively small (between 100 and 250) and these boutons 
are sparsely distributed (Kawaguchi et al., 1990; Yelnik  
et al., 1996).

In GPi, Str boutons are formed by collaterals of some 
of axons projecting to SNr. Some Str-SNr axons do not 
emit collaterals in GPi. Therefore it appears that there 
are no axons that project only to GPi (Kawaguchi et al., 
1990) (Fig. 13.6). In monkeys, all striato-SNr axons emit 
collaterals in GPe and GPi, and a small number of striatal 
neurons project to the GPe and GPi but not to SNr (Parent 
et al., 1995). Striatal boutons are small or medium in size 
(less than 1 µm), contain large pleomorphic vesicles, and 
form symmetric synapses mainly on the dendrites of GPe 
and GPi neurons. Stimulation of a striatal axon evokes a 
long latency (2–12 ms) and very small (less than 3 mV 
or 10 pA) GABAA receptor-mediated IPSPs/IPSCs in 
GPe and GPi neuron in vitro (Ogura and Kita, 2000; Kita 
2007). Because each striato-GPe/GPi axon evokes only a 
small response, the simultaneous activation of a group of 
striatal neurons is required to produce strong inhibition in 
GPe and GPi.

2.  GPe Inputs

Approximately 15% of the boutons in the GPe and GPi are 
formed by collateral axons of GPe neurons and contain GABA 
(Fig. 13.5C). In contrast to striatal axons, GPe axons form 
relatively large boutons (over 1 µm) containing mitochondria  
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Figure 13.7  Electron micrographs of rat GPe tissues immunostained for PV. A: A soma of PV-positive neuron containing an indented nucleus. B: A 
high magnification photomicrograph of the area marked in A. Small PV-negative boutons forming symmetric synapses cover the soma. A PV-negative 
bouton (marked by an arrowhead) forms asymmetric synapse with a PV-negative and a PV-positive dendrite. C: A PV-positive dendrite forms a symmet-
ric synapse with PV-positive bouton (an arrowhead) and an asymmetric synapse with a PV-negative bouton (a double arrowhead). D: Large PV-positive 
boutons form symmetric synapses with a PV-negative soma. Two PV-positive myelinated axons and a PV-negative bouton forming an asymmetric syn-
apse (marked by an arrow) are also observed.
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and small round or elongated vesicles, and they form sym-
metrical synapses on the somata and proximal dendrites 
(Chang et al., 1983; Hazrati et al., 1990; DiFiglia et al., 1982; 
Falls et al., 1983; Okoyama et al., 1987; Kita 1994; Shink and 
Smith, 1995; Sadek et al., 2007) (Fig. 13.7). Large spontane-
ous IPSPs observed in GPe neurons in vitro are attributed to 
these synapses (Fig. 13.6). The topographic arrangements of 
the STN-GPe and striato-GPe projections overlap with that of 
the GPe-STN and GPe- striatal projections, suggesting pre-
cise reciprocal loops. Activation of GPe axons evokes short 
latency and large IPSCs ranging from 10 to over 100 pA in 
target neurons (Ogura and Kita, 2000; Kita, 2001; Matsui 
and Kita, 2003; Baufreton et al., 2009). The large intra-GPe 
collateral and GPe-GPi inputs play a significant role in con-
trolling the firing rate, firing pattern, and synchronization  
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Figure 13.8  Recording of a continuously firing GPi neuron in a slice 
preparation shows spontaneous IPSPs (some are marked by arrows). A: 
The spontaneous IPSPs were very effective in delaying the next spike 
generation. B: IPSPs recorded from a GPi neuron to GPe stimulation. 
The amplitude of the IPSPs was small when it was evoked at the early 
part of the spike after hyperpolarization (e.g., a trace marked by a small 
arrowhead). In contrast, the amplitude was large when it was evoked in 
the later recovery phase of the after the hyperpolarization (e.g., marked 
by a large arrowhead); thus, the IPSPs effectively delayed the next spike 
generation. This observation suggests that synchronized activation of 
GPe resets the firing of a large number of GPi neurons.
of GPe and GPi neurons. For instance, when a large sponta-
neous IPSP occurred in the recovery phase of the spike after 
hyperpolarization of a GPi neuron, the next spike was effec-
tively delayed (Fig. 13.8A). Figure 13.8B shows that GPe 
stimulation-evoked IPSPs effectively reset the firing of a 
GPi neuron. These observations suggest that large IPSPs can 
synchronize firing of GPe and GPi neurons postsynaptic to a 
GPe axon. One of the most remarkable observations made in 
experimental parkinsonian monkeys is the synchronization of  
firing of a large number of GPe and GPi neurons (Raz et al., 
2000). It is possible that the synchronized activity is due to 
an increase of the GABAergic inhibition of GPe synapses 
after the dopamine loss.

GABAB receptors are expressed mainly on extrasynap-
tic membranes, and some are also expressed on presynap-
tic membranes of GABAergic and glutamatergic boutons 
(Chen et al., 2004; Charara et al., 2005). Repetitive acti-
vation of GPe axons induces a slow GABAB receptor- 
mediated IPSP/inhibition in both GPe and GPi neurons 
(Kaneda and Kita, 2005; Kita et al., 2006), while there 
has been no convincing report so far that striatal synapses 
can evoke GABAB receptor-mediated responses in pallidal 
neurons. Studies in monkeys suggest that GABA released 
from local collateral axon terminals maintains the ambient 
level of GABA at a relatively high approximately 0.5 µM 
in GPe, which is enough to activate extrasynaptic GABAB 
receptors in GPe in vivo (Galvan et al., 2005; Kita et al., 
2006). The activation of presynaptic GABAB receptors 
on the boutons of GPe axons suppresses GABA release 
(Kaneda and Kita, 2005). Thus, it is likely that both pre- 
and postsynaptic GABAB receptors play important roles in 
the control of GPe neuronal activity.

3.  STN Synapses

Approximately 20% of boutons in the GPe and GPi form 
asymmetric synapses (DiFiglia et al., 1982; Falls et al., 
1983; Okoyama et al., 1987; Shink and Smith, 1995). 
Many of these boutons are thought to belong to the axons 
from the STN (see also Chapter 15), although the precise 
number is unknown. Other possible origins of asymmetric 
synapses include the frontal cortex, the intralaminar tha-
lamic nuclei, and the pars dissipata of the PPN. The STN 
boutons are medium in size, contain small pleomorphic 
vesicles, and form synapses mainly on the somata and 
dendritic shafts of both GPe and GPi neurons (Fig. 13.7). 
Stimulation of the STN evokes short latency AMPA recep-
tor-mediated excitatory responses in GPe and GPi neurons 
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(Kita and Kitai, 1991; Nakanishi et al., 1991; Tachibana 
et al., 2008). Large EPSPs evoked in pallidal neurons can 
trigger slow potentials, probably low threshold calcium 
spikes, with a burst of action potentials (Robledo and 
Feger, 1990; Naksnishi et al., 1991). Pallidal neurons also 
express metabotropic glutamate receptors (mGluRs). The 
group I mGluRs, mGluR1 and mGluR5, are highly local-
ized on the postsynaptic membrane of the rodent and pri-
mate GPe neurons (Hanson and Smith 1999; Poisik et al. 
2003). An in vitro study revealed that repetitive activation, 
such as bursts, of STN axons can evoke very slow mGluR1 
mediated excitations in GPe neurons (Kaneda et al., 2007).

4.  Presynaptic Modulations

The synaptic release of GABA and glutamate in GPe is 
modulated by several presynaptic receptors, including 
GABAB autoreceptors as mentioned above (Chen and Yung., 
2003; Kaneda and Kita, 2005), group III mGluR (Marino 
et al., 2003; Matsui and Kita, 2003), mu, delta and kappa 
opioid (Stanford and Cooper, 1999; Ogura and Kita, 2000), 
adenosine A2A (Shindou et al., 2002), serotonin (Kita et al., 
2007; Hashimoto and Kita, 2008; Rav-Acha et al., 2008), 
and dopamine (Cooper and Stanford, 2001; Watanabe et al.,  
2009). Amongst these, only the activation of adenosine 
A2A receptors increases while others decrease the release 
of GABA or glutamate. Recent studies found that dopamine 
and serotonin exert very strong presynaptic suppression of 
GABA release in the globus pallidus (Cooper and Stanford,  
2001; Kita et al., 2007; Hashimoto and Kita, 2008;  
Rav-Acha et al., 2008; Watanabe et al., 2009). Another 
interest-ing presynaptic modulator is cannabinoid receptor-
mediated depolarization-induced suppression of synaptic 
transmissions. The striato-GPe axons express abundant can-
nabinoid CB1 receptors (Sanudo-Pena et al., 1998; Matyas 
et al., 2006). Strong depolarization of postsynaptic sites of 
GPe neurons by glutamatergic inputs releases cannabinoid, 
which activates presynaptic CB1 receptors and suppresses 
GABA or glutamate release (Freiman and Szabo, 2005; 
Engler et al., 2006).

IV.  Functional Considerations

The basal ganglia input nuclei, the striatum and STN, 
receive various stages of inputs from the brainstem to 
the cerebral cortex and send their outputs to the GPe and 
GPi/SNr. The studies on the organizations of these path-
ways and on the cellular morphology revealed existence of  
multiple functional territories in the striatum, globus pal-
lidus, and STN. Furthermore, the sensorimotor territories 
in each nucleus have somatotopic organizations. In vivo 
recording studies suggest that information originating from 
the cortex travels through two pathways, one through the 
striatum and another through the STN, and converge in a 
very precise manner on GPe and GPi neurons belonging 
to the same functional territory. These findings suggest the 
existence of well-organized multiple parallel information 
processing systems in the basal ganglia. The activity of mul-
tiple channels in the parallel system may be coordinated by 
intrinsic connections made by the interneurons in the stria-
tum and by intrinsic collateral axons in the GPe and STN.

The GPe receives its main inputs from basal ganglia 
input nuclei and projects to most of the nuclei in the basal 
ganglia. Thus, the GPe manages the information process-
ing within the basal ganglia. GPe neurons have various 
ionic channels that can support high frequency autono-
mous firing. GPe neurons also have various ionic channels 
that can modulate the rate of the autonomous firing. Ionic 
channels also modulate the synaptic inputs from the stria-
tal, intrinsic collateral inputs and the STN, and in return, 
these inhibitory and excitatory inputs activate or deactivate 
ionic channels. Because of these interactions, even small 
inhibitory or excitatory inputs might effectively alter the 
firing pattern of GPe neurons. Under normal conditions, 
characteristic high frequency irregular firing with pauses 
or low frequency firing with bursts of GPe neurons in vivo 
is generated by an ensemble of synaptic actions and ionic 
currents of the somata and dendritic membrane. The effer-
ent axons of GPe neurons terminating on the somata and 
proximal dendrites of striatal, GPe, GPi, and STN neurons 
may exert powerful controls on the neurons through their 
own individual functional channels of the parallel pathway 
system. On the other hand, the intrinsic collateral axons of 
GPe neurons control neurons in other functionally related 
channels that may be necessary for a sequential activation 
of various body parts in a controlled voluntary movement.

The GPi is a basal ganglia output nucleus and projects 
to the thalamus and the brainstem. The GPi receives main 
inputs from basal ganglia input nuclei and from GPe. GPi 
neurons also have membrane properties to support auton-
omous firing and the firing is modulated by striatal, GPe, 
and STN inputs, similarly to GPe neurons. Under normal 
conditions, the activity of each GPi neurons in vivo is 
irregular without long pauses. The differences in the firing 
pattern between GPe and GPi neurons suggest possible dif-
ferences in some of the membrane properties.
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Physiological observations made in patients undergoing 
surgical treatments and in animal models of Parkinson’s 
disease showed a number of changes in neuronal activities 
in the basal ganglia related to dopamine deficiency (see 
also Chapters 25 and 38). These observations suggest that 
the striato-GPe GABAergic input is increased and striato-
GPi input is decreased (Nambu et al., 2005) and that the 
burst activity of GPe, GPi, and STN neurons is greatly 
increased after loss of nigrostriatal dopaminergic projec-
tions (Filion and Tremblay, 1991; Hutchison et al., 1994; 
Boraud et al., 1998; Magill et al., 2001). Responses of GPe 
neurons to joint stimulation became less selective, respond-
ing to single joint movement under normal conditions but 
responding to multiple joints after being rendered parkin-
sonian (Filion et al., 1988; Rothblat and Schneider, 1995). 
Responses of GPe neurons to striatal stimulation increased 
not only the response amplitude but also the number of 
responsive areas such that many GPe neurons showed con-
vergent responses to both the caudate nucleus and the puta-
men (Tremblay et al., 1989).

Abnormal firing patterns such as oscillation and syn-
chronization of firing in a large number of GPe and GPi 
neurons have also been observed in subjects with hypoki-
netic (e.g., Parkinson’s disease) or hyperkinetic (e.g., hemi-
ballismus and dystonia) movement disorders (Nini et al., 
1995; Bergman et al., 1998; Raz et al., 2001; Vitek, 2002; 
Wichmann and DeLong, 2003) (see also Chapter 39). In 
dopamine-depleted parkinsonian monkeys, correlated firing 
was observed not only between nearby pallidal neurons but 
also between neurons in different functional territories (Nini 
et al., 1995; Bergman et al., 1998; Raz et al., 2001), although 
it is debatable whether the overt neuronal synchronization is 
common in the basal ganglia of Parkinson’s disease patients 
(Levy et al., 2002). The findings cited above suggest a 
breakdown of channel-specific information processing and a 
breakdown of channel-independent information processing 
performed in specific functional territories and somatotopic 
organization. Abnormal oscillation and synchronization 
of firing could be due to changes in the membrane proper-
ties, changes in synaptic output of GPe axons, and changes 
in STN afferent inputs. For instance, the level of ambient 
GABA in the GPe increases after a lesion of nigral dopami-
nergic neurons (Robertson et al., 1991; Galvan et al., 2005), 
suggesting an increase in the GABA release from the GPe 
axons, and the resulting large IPSPs promote synchroniza-
tion of pallidal and STN neurons postsynaptic to the GPe 
neuron, as mentioned above. Abnormal oscillation and syn-
chronization could be also due to changes in the membrane 
properties that alter the properties of the autonomous firing 
of pallidal or STN neurons. Future studies will clarify the 
functional significance of the multiple functional channels 
in the basal ganglia and how basal ganglia disorders relate to 
the malfunction of the basal ganglia.
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I.  Introduction

The functional anatomical concepts of the basal ganglia  
that have been put forward over the past two decades by  
Alexander and Crutcher, DeLong and Albin et al. (Albin 
et al., 1989; DeLong, 1990; Alexander and Crutcher, 1990) 
have tremendously advanced our thinking of basal ganglia 
function and dysfunction. In these concepts the globus 
pallidus plays a crucial role as a center processing corti-
cal signals that it receives via the striatum and relaying 
this information to other basal ganglia components and 
to the thalamus (see also Chapter 13). Globus pallidus in  
primates consists of an internal and external part, whereas 
in rodents and carnivores the homologues of the two con-
stituent nuclei are entopeduncular nucleus and globus pal-
lidus, respectively. For rodent globus pallidus and primate 
globus pallidus pars externa (GPe), it is its efferent connec-
tion with the subthalamic nucleus (STN) that figures most 
prominently in basal ganglia models, and it is impressive 
how robust and powerful these models have proven to be, 
whilst taking into account a rather limited number of GPe 
axonal connections. Recent years have witnessed a grad-
ual incorporation of more of the GPe’s manifold inputs 
and outputs into our models (for a review see Chapter 1). 
Much attention has focused on the reciprocal relationship 
between the GPe and the STN, and the output of the GPe to 
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the internal segment of globus pallidus (GPi) (Bevan et al., 
2002; Obeso et al., 2006). As the details start to unravel it 
is becoming clear that the GPe can no longer be consid-
ered a relay station along the axis running from the cor-
tex via the striatum to the thalamus, but that it occupies a 
central position receiving cortical information via disynap-
tic and monosynaptic pathways and that it can profoundly 
influence basal ganglia processing and output at all lev-
els (Kita, 1992; Naito and Kita, 1994; Bevan et al., 1998; 
Kita, 2007). This turns the spotlights to other GPe efferent 
connections that may offer deeper understanding of GPe 
function. One of these connections, that has hitherto not 
received a great deal of attention, is the axonal projection 
from the GPe to the striatum. Early indications that such 
a projection might exist come from the work of Kinnier 
Wilson (1913) and Mettler (1943). Yet how substantial is 
this pallidal efferent and what are its characteristics? This 
chapter will present an overview of the neuroanatomical 
tracing studies on the pallidostriatal connection, its neuro-
chemical features and its regulation.

II.  General anatomy of 
pallidostriatal projections

The striatal inputs from the pallidum in rodent, carnivore 
and primate appear to arise most if not only from the GPe 
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and the ventral pallidum (see also Chapter 13). A few retro-
gradely labeled cells have been seen in the GPi (Smith and 
Parent, 1986), but other tract-tracing studies examining the 
GPe in which the GPi or the entopeduncular nucleus were 
co-examined state that no pallidostriatal cells were found in 
the latter nuclei (e.g. Beckstead, 1983; Parent et al., 1983; 
Walker et al., 1989). Other tracing studies aimed at estab-
lishing the GPi/entopeduncular nucleus efferents have, to 
our knowledge, never reported pallidal fibers in the striatum 
(for reviews, see Smith et al., 1998; Bolam et al., 2000). 
The population of pallidal neurons from which efferents 
to the striatum originate is quite large. In a key paper on 
the pallidostriatal neurons in the rat, Kita and Kita (2001) 
calculated the number of immunocytochemically identified 
GPe neurons labeled with a retrograde neuroanatomical 
tracer that was injected in the caudate-putamen and con-
cluded that about a third of all GPe neurons issues fibers to 
the striatum. The same approach was used in two monkeys 
(Kita et al., 1999), in which 30% and 35% of GPe neurons 
was observed to be labeled after application of the retro-
grade tracer WGA-HRP (wheat germ agglutinin-horseradish  
peroxidase) in the caudate nucleus or putamen. In single 
cell labeling studies, six out of 23 (~25%) intra- or juxta-
cellularly labeled GPe neurons were found to project to the 
striatum (Kita and Kitai, 1994; Bevan et al., 1998).

Neuroanatomical labeling of pallidostriatal fibers was 
first demonstrated using anterograde tracing with tritiated 
amino-acids in the cat (Nauta, 1979). The conclusions from 
this study were carefully worded, for technical limitations 
prohibited the labeling from being unequivocally identified as 
originating specifically from globus pallidus. Subsequently, a 
number of studies employing retrograde or anterograde trac-
ers at high resolution have confirmed the initial observations 
in cat (Jayaraman, 1983; Beckstead, 1983; Fisher et al., 1985; 
Spooren et al., 1991), monkey (Beckstead, 1983; Parent et al., 
1983; Smith and Parent, 1986; Spooren et al., 1996; Kita 
et al., 1999) and rat (Staines et al., 1981; Staines and Fibiger, 
1984; Takada et al., 1986; Shu and Peterson, 1988; Walker 
et al., 1989; Kuo and Chang, 1992; Groenewegen et al., 1993; 
Brog et al., 1993; Rajakumar et al., 1994; Shammah-Lagnado 
et al., 1996; Kita and Kita, 2001; Miwa et al., 2001). Labeling 
of passing fibers, the most likely source of error, could be 
excluded (for instance, see Staines and Fibiger, 1984).

All sectors of the ventral striatum – comprising ventral 
parts of the caudate-putamen (or, in non-rodents, caudate 
nucleus and putamen), nucleus accumbens and olfactory 
tubercle – have been successfully targeted with retrograde 
injections, except for the olfactory tubercle (Phillipson 
and Griffiths, 1985; Spooren et al., 1991; Kuo and Chang, 
1992; Groenewegen et al., 1993; Churchill and Kalivas, 
1994; Spooren et al., 1996). Both nucleus accumbens’ core 
and shell throughout their rostrocaudal extent and along the 
medial to lateral axis were found to be reached by inputs 
arising from the ventral pallidum and, in some cases, the 
GPe (Phillipson and Griffiths, 1985; Kuo and Chang, 1992; 
Churchill and Kalivas, 1994). Injections of retrograde trac-
ers in the caudate-putamen have all been placed at rostro-
caudal levels anterior to the decussation of the anterior 
commissure. At these levels, dorsal, central and lateral parts 
of the caudate-putamen have been injected and shown to 
receive pallidal fibers. This means that sensorimotor, asso-
ciative as well as limbic-associated territories of the cau-
date-putamen receive pallidal information (Staines et al., 
1981; Staines and Fibiger, 1984; Takada et al., 1986; Walker 
et al., 1989; Kita and Kita, 2001; Miwa et al., 2001).

Anterograde studies in rat confirm the widespread pro-
jections from pallidum to caudate-putamen and nucleus 
accumbens (Shu and Peterson, 1988; Kuo and Chang, 1992; 
Groenewegen et al., 1993; Rajakumar et al., 1994; Shammah-
Lagnado et al., 1996). In an elaborate study, with systemati-
cally placed deposits of anterograde tracers along the GPe’s 
anteroposterior and mediolateral axes, Shammah-Lagnado 
et al. (1996) describe that both rostral and caudal GPe send 
axonal projections to the caudate-putamen, in a topographic 
fashion. Caudal parts of the caudate-putamen, where no ret-
rograde injections have yet been reported, receive a slightly 
less dense pallidal innervation compared to rostral parts. 
With respect to the ventral striatum, Groenewegen et al. 
(1993) and Kuo and Chang (1992) show extensive, wide-
spread projections from both medial and lateral ventral pal-
lidum to nucleus accumbens, ventral caudate-putamen and 
olfactory tubercle. Both the dorsal and ventral pallidostriatal 
connections have been confirmed with electrophysiological 
methods in rat and guinea pig (Walker et al., 1989; Hakan 
et al., 1992; Nambu and Llinas, 1997; Bevan et al., 1998). 
It may be concluded that, in the rat, all pallidal regions emit 
fibers to the striatum and that all striatal regions are reached 
by these fibers although fiber densities may vary (see below).

Retrograde tracing in monkeys has produced partly con-
flicting data. Although studies agree that tracer deposits 
in putamen result in pallidal cellular labeling (Beckstead, 
1983; Parent et al., 1983; Smith and Parent, 1986; Kita et al., 
1999), this is not the case for the caudate nucleus. Whereas 
in the squirrel monkey few or no pallidal cells were labeled 
after injections in the caudate nucleus (Parent et al., 1983; 
Smith and Parent, 1986), Kita et al. (1999) did find evidence 
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for a pallidal projection to the body of the caudate nucleus 
in the macaque. This may point to a possible difference 
between old and new world monkeys as to how extensive the 
GPe to caudate nucleus connections are. However, at pres-
ent, data from anterograde tracing experiments that could 
validate these results are lacking, so that technical limitations 
cannot be ruled out. Anterograde tracing from ventral palli-
dum and central GPe in the macaque shows strong projec-
tions to the caudate nucleus, whilst tracer deposits in other 
parts of the GPe result in selective fiber labeling in putamen 
(Spooren et al., 1996). In addition, the latter study convin 
cingly demonstrates widespread projections from ventral 
pallidum and GPe to nucleus accumbens, olfactory tubercle, 
caudate nucleus and putamen using both anterograde and 
retrograde tracing. GPe projections to caudate nucleus and 
putamen have been confirmed in the macaque with electro-
physiology (Tremblay and Filion, 1989).

In the cat, retrograde labeling of pallidal neurons has 
been reported after tracer deposits in the head and body 
of the caudate nucleus and in rostral and “middle part” of 
putamen (Jayaraman, 1983; Beckstead, 1983; Fisher et al., 
1985). The early anterograde study of Nauta (1979) in the 
cat agrees with these data in showing widespread radioac-
tive labeling in head and body of caudate nucleus and in 
putamen. As regards the ventral striatum and ventral pal-
lidum, only data from anterograde experiments are avail-
able, showing a topographically organized projection from 
ventral pallidum to nucleus accumbens, olfactory tubercle 
and caudate nucleus (Spooren et al., 1991).

Taken together, the tracing data in monkey and cat present 
a very similar, albeit less detailed picture compared to the rat: 
the GPe and the ventral pallidum emit a substantial fiber con-
tingent to the putamen, caudate nucleus and ventral striatum.

III.  Topography

The pallidal inputs of the striatum obey a precise topo-
graphical arrangement. Two close but non-contiguous 
applications of different retrograde tracers along the med
iolateral extent of the rat caudate-putamen give rise to 
cellular labeling in medial and lateral parts of the GPe, 
respectively (Staines and Fibiger, 1984). No co-localization  
of the two tracers was seen in the GPe, revealing a purely 
parallel type of pallidostriatal organization that is similar to 
the striatopallidal organization. The study further shows a 
strict relationship with the substantia nigra in which labeled 
GPe territories reach only those sectors of the striatum and 
substantia nigra that are interconnected.
The comparison with the striatopallidal system is also 
made in other publications. By using immunostaining for 
calbindin, Kita and Kita (2001) were able to identify the 
injection site of retrograde tracer in either sensorimotor or 
associative sectors of the caudate-putamen and in doing so 
visualized projections to these areas from functionally cor-
responding regions in the GPe. Beckstead (1983) noticed 
in the cat that “the pallidostriatal projection reciprocates 
rather faithfully the topography of the striatopallidal pro-
jection”. The same appears to hold true for the ventral pal-
lidum (Phillipson and Griffiths, 1985; Spooren et al., 1991; 
Groenewegen et al., 1993; Spooren et al., 1996).

A clear, fine-grained rostrocaudal and dorsoventral 
topography has been revealed in the pallidofugal system in 
an extensive survey of anterograde labeling from all GPe 
districts (Shammah-Lagnado et al., 1996). For instance, 
from the caudal half of the GPe anteriorly placed antero-
grade tracer deposits result in fiber labeling in (more) ros-
trally located regions of the caudate-putamen compared to 
the caudal parts of the caudate-putamen that are reached by 
tracers coming from posteriorly placed deposits. In addition, 
tracer injections in dorsal or ventral territories of the GPe 
result in varicose axonal fiber labeling in dorsal and ventral 
parts of the caudate-putamen, respectively. As mentioned 
previously, the GPe projections to the caudate-putamen are 
less dense coming from the caudomedial part of the GPe 
compared to rostrolateral parts.

An important question is whether the pallidostria-
tal connection is truly a mirror image of the striatopallidal 
projection (Gerfen, 2004). On a gross scale such recipro 
city has been found, as outlined above, but detailed analysis of 
tracing data brings to light some discrepancies. In an antero-
grade study using PHA-l (Phaseolus vulgaris leucoagglutinin) 
in the rat GPe, Rajakumar (1994) noticed that pallidostriatal 
axons arrive in striatal regions that contain no retrogradely 
labeled striatopallidal cell bodies, suggesting that pallidostria-
tal projections target a wider field than the striatal area from 
which the pallidal inputs originate (Fig. 14.1). However, ret-
rograde transport of PHA-l should be interpreted with great 
caution. Retrograde axonal uptake of the tracer is highly vari-
able (Groenewegen and Wouterlood, 1990), precluding firm 
conclusions. Also, other experimental findings in the rat, 
as presented in the already mentioned report of Staines and 
Fibiger (1984) do not provide evidence for (strongly) overlap-
ping projection patterns from pallidal subregions. On the other 
hand, our own experimental data do support Rajakumar’s sug-
gestions of a non-reciprocal pallidostriatal projection. Using 
Biotin Dextran as a simultaneous retrograde and anterograde 
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tracer in the ventral pallidostriatal pathway, we observed over-
lap of nucleus accumbens regions with retrogradely labeled 
neurons and those with anterogradely labeled fibers, but the 
latter regions were much more extensive than the zones hold-
ing labeled cell bodies (Fig. 14.2).

The problem of strictly reciprocal connectivity between 
the striatum and the GPe in the rat may at present remain 
unresolved. In the monkey, however, there is evidence to 
suggest that the topographies of striatopallidal and pallidos-
triatal systems are different. Kita et al. (1999) observe the 
pallidal areas that contain neuronal cell bodies retrogradely 
labeled with WGA-HRP after tracer injection in the striatum 
to be much larger than those displaying dense anterogradely 
labeled axons (Fig. 14.1). Furthermore, in contrast to the find-
ings of Staines et al. (1981) in the rat, overlap of projection 
patterns arising from different locations in the GPe and the 
ventral pallidum indeed were seen in the monkey (Spooren 
et al., 1996). This leads to the conclusion that pallidal territo-
ries also emit fibers to striatal regions from which they do not 
receive afferents (Fig. 14.1). Clearly, this organization con-
sisting of both open and closed loops would not only enable 
feedback to the striatum but also large scale communication 
between otherwise segregated loops that connect the cortex 
with the basal ganglia and thalamus. Whether species differ-
ences indeed exist remains to be established in more detailed 
neuroanatomical experiments, particularly in rat.

IV.  Characteristics of 
pallidostriatal neurons

The main finding in the above reviewed retro- and antero-
grade anatomical tracer studies is that pallidal efferents to 

Striatum

GP/GPe

Figure 14.1  Schematic representation of pallidal efferents (dark 
brown arrows) which arrive in a region of the striatum (light green) that 
is larger than the striatal district from which emanate the striatopallidal 
projections (dark green patch and dark green arrows). Conversely, striatal 
sectors (dark green patch) receive information (light brown arrows) from 
pallidal sectors (light brown patch) that are larger than the pallidal field 
(dark brown patch) to which the striatal district (dark green patch) proj-
ects fibers (Rajakumar et al., 1994; Spooren et al., 1996; Kita et al., 1999). 
To view a color version of this image please visit http://www.elsevierdirect 
.com/companion/9780123747679
the striatum are widespread. This conclusion is corrobo-
rated by the observations on individually labeled pallidos-
triatal neurons showing pallidal axons that can be traced 
for the length of several millimeters in both rat and mon-
key (Bevan et al., 1998; Sato et al., 2000). However, more 
restricted axonal arborizations are also found. The popu-
lation of pallidostriatal neurons is quite heterogeneous. 
Differences have been reported in cell size, morphology, 
striatal projection patterns and collateralization.

Cell size averages 215  63.8 m2 in primate (Sato 
et al., 2000), while in rat mean sizes are 219  27.9 and 
152  21.9 m2 depending on whether cells were immu-
nopositive or immunonegative for parvalbumin, respectively 
(Kita and Kita, 2001). In ventral pallidum, cell sizes range 
from 75 to 525 m2 (Kuo and Chang, 1992).

Practically all cell shapes have been reported: round, oval, 
polygonal, triangular (Beckstead, 1983; Kuo and Chang, 
1992; Kita and Kitai, 1994; Sato et al., 2000). There is some 
consensus on the dendritic morphology of the pallidostriatal 
neurons. In both monkey and rat, the majority of neurons 
have thick, smooth dendrites that fan out in a discoid shape 
(Sato et al., 2000). A minority of pallidostriatal cells has a 
radial-shaped dendritic pattern with aspiny or moderately  
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Figure 14.2  Mapping of regions in rat nucleus accumbens that show 
labeling of retrogradely labeled cell bodies and anterogradely labeled 
axons after injection with Biotin Dextran in ventral pallidum. In A, 
micrograph inset of frontal section through rat brain shows outline of 
area that is charted in main figure. Red territory delineates region with 
high density of retrogradely labeled cells, blue indicates region with 
retrogradely labeled cells and anterogradely labeled fibers, green terri-
tory represents the area in which only fibers but no cells are seen. Note 
that green region with fiber labeling is larger than blue region with cell 
soma labeling. B. Photomicrograph showing cell bodies and varicose 
axons in nucleus accumbens in the small boxed area in A on the bor-
der between red and blue regions. Retrogradely filled cells (an indi-
vidual cell is indicated with an arrow) and anterogradely filled fibers 
(double arrow points to cluster of varicose fibers) are black, having 
been immunostained using nickel-enhanced DAB. The purple-blue 
stained cells in the section do not contain any retrograde tracer (arrow 
heads) and have been (counter)stained using Cresyl-violet. (From data 
kindly provided by Henk J. Groenewegen; rat # 98061). Bar in B rep-
resents 50 m. CA, anterior commissure; CP, caudate-putamen; LV, 
lateral ventricle; NAc, nucleus accumbens; OT, olfactory tubercle. To 
view a color version of this image please visit http://www.elsevierdirect 
.com/companion/9780123747679
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spined dendrites (Kita and Kitai, 1994). These cell types 
probably belong to the type I and type II classes of neu-
rons distinguished by Nambu and Llinas (1994) (Nambu 
and Llinas, 1994; Bevan et al., 1998). The location of the 
pallidostriatal subtypes may differ. The cells with radial den-
dritic patterns have been found in the central region of the 
GPe and along its medial border, whereas the (majority) type 
with discoid dendritic pattern is found scattered throughout 
the nucleus (Sato et al., 2000). This organization may be 
related to the complicated intrinsic pattern of connectivity 
that was recently described in the GPe (Sadek et al., 2007).

The axonal arborizations of the pallidostriatal neu-
rons are complex. Within the GPe, axons branch profusely 
and collaterals either remain within the boundaries of the 
dendritic tree or grow well beyond its limits (Bevan et al., 
1998; Sato et al., 2000). In coursing to the striatum, axons 
ramify into 1–5 main collaterals that enter the caudate-
putamen, caudate nucleus or putamen in rat and monkey, 
respectively (Bevan et al., 1998; Sato et al., 2000). From 
these main branches arborizations with different densities 
and differently sized territories develop. Bevan et al. (1998) 
in the rat show examples of a neuron with extensive axonal 
arborizations that cover a distance of several millimeters, 
and, in contrast, a neuron with much more restricted, i.e. 
several hundreds of microns, axonal ramifications. This 
difference was reflected in the number of boutons being 
about a third lower in the neuron with the restricted axonal 
projection pattern. Apparently, pallidostriatal neurons tar-
get either restricted or (very) large striatal territories.

Although somatodendritic morphology and axonal 
arborizations in rat and monkey pallidostriatal neurons 
are quite similar, there is a major species difference as 
regards axonal collaterals to other basal ganglia nuclei. 
Whereas in monkey the pallidostriatal neurons have been 
shown to belong to a separate population of pallidal pro-
jection neurons that does not project to other major GPe 
output targets (Sato et al., 2000), in rat it has been found 
that the pallidostriatal neurons may send axonal branches 
to the thalamus, STN, entopeduncular nucleus and sub-
stantia nigra pars reticulata and pars compacta (Staines and 
Fibiger, 1984; Takada et al., 1986; Kita and Kitai, 1994; 
Bevan et al., 1998). In cat, collaterals have been observed 
in the cortex (Fisher et al., 1985). The complexity of the 
collateralization is summarized in Figure 14.3. The impli-
cation of the species difference between rat and monkey 
is that in rat single GPe neurons can simultaneously con-
trol any number of basal ganglia components. In mon-
key, the same (pallidal) information may be distributed to 
several basal ganglia components, but it is conveyed by 
separate cells. Finally, given the difference in projection 
targets between rostral and caudal parts of the GPe in the 
rat – for instance, caudal GPe does not project to the STN 
(Shammah-Lagnado et al., 1996)-it is likely that the orga-
nization of multinuclear collaterals will be found to change 
along the rostrocaudal axis of GPe.

V.  Striatal targets of 
pallidostriatal neurons

The pallidostriatal neurons establish synaptic contacts with 
medium spiny projection neurons and with aspiny interneu-
rons (Bevan et al., 1998; Kita, 2007). The latter neurons 
belong to two populations, one expressing parvalbumin, 
the other containing nitric oxide (Bevan et al., 1998). The 
parvalbumin-expressing interneurons make up the largest 
population of GABAergic striatal interneurons. They are 
strongly interconnected through gap junctions and by way 
of their synaptic contacts with striatal projection neurons, 
they are able to command full control over striatal output 
(see Bolam et al., 2000, for review). Consequently, the pal-
lidostriatal neurons are in a position to mono- or disynapti-
cally regulate activity of the (two) striatal output pathways.

Figure 14.3  Summary diagram showing the pallidostriatal projections 
and collaterals to other basal ganglia components, thalamus and cortex 
in different species. See text for references. GPe, globus pallidus pars 
externa and rodent globus pallidus; GPi, globus pallidus pars interna; SN, 
substantia nigra; STN, subthalamic nucleus; Str, striatum; Thal, thalamus; 
VP, ventral pallidum; VS, ventral striatum. Brain diagram inspired by 
Nauta and Feirtag (1986).
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VI.  Chemical neuroanatomy and 
regulation of pallidostriatal 
neurons

Like all pallidal projection neurons, the pallidostriatal neu-
rons are GABAergic (Kita, 2007). The pallidostriatal neu-
rons have been shown to be immunopositive or -negative 
for the calcium-binding protein parvalbumin (Kita and Kita, 
2001). The majority of neurons are immunonegative for 
parvalbumin (Kita and Kita, 2001). The latter population 
also expresses enkephalin (Hoover and Marshall, 1999). 
However, not all pallidostriatal neurons are enkephalin-
ergic (Fig. 14.4); estimates range from 26% (Hoover and 
Marshall, 1999) to 54% and 56% (Voorn et al., 1999; Hoover 
and Marshall, 2004). Hoover and Marshall (1999) state 
that the pallidostriatal neurons are “more frequently pre-
proenkephalinergic” than the pallido-subthalamic neurons. 
A small minority of pallidonigral cells (6% of 537 pallido-
nigral cells) was found to contain preproenkephalin mRNA; 
no double-labeling was observed after retrograde injection 
in the cortex or entopeduncular nucleus (Voorn et al., 1999). 
Together, these findings provide evidence for a sizable popu-
lation of enkephalinergic pallidal neurons that issues fibers 
to only one of the major pallidal output targets.

Administration of dopamine D2 receptor antagonists 
has been shown to result in the induction of the immediate 
early gene c-fos (Ruskin and Marshall, 1997; Miwa et al., 
1998; Miwa et al., 2001; Billings and Marshall, 2003). In 
addition, such drug treatment or lesioning of the dopami-
nergic system with 6-hydroxydopamine causes upregu-
lation of pallidal GAD and enkephalin, which, as stated 
above, are expressed in pallidostriatal neurons (Schuller 
et al., 1999; Voorn et al., 1999). Other neuropeptides that 
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Figure 14.4  Presence and absence of preproenkephalin mRNA in 
retrogradely labeled pallidostriatal neurons in the rat. A. Fluorescent ret-
rogradely labeled cells (with Fluorogold) in GPe after tracer injection in 
anterior caudate-putamen. B. Outlines of retrogradely labeled neurons is 
superimposed on radioactive in situ hybridization visualization of prepro-
enkephalin mRNA. Enkephalinergic cell bodies are identified by aggre-
gates of silver grains. Arrows point to retrogradely labeled neurons that 
do not contain labeling for preproenkephalin mRNA. 10 magnification.
are affected by dopamine depletion are substance P and 
neurotensin (Martorana et al., 2003). These effects may be 
brought about via presynaptic mechanisms, via the striato-
pallidal route, and/or via postsynaptic processes involving 
the STN (Walker et al., 1989; Ruskin and Marshall, 1997; 
Miwa et al., 1998; Miwa et al., 2001). However, the fact 
that dopamine D2 receptor synthesis has been demonstrated 
in enkephalinergic pallidostriatal neurons (Marshall et al., 
2001) makes a direct effect of dopaminergic manipulation 
on pallidostriatal neurons very likely. Moreover, the above 
data imply that under conditions of altered dopamine neu-
rotransmission, as in Parkinson’s disease, the pallidostria-
tal connection will be severely affected. No stereological 
analyses have been carried out on the various populations 
of pallidostriatal neurons thus far. On the basis of the avail-
able data reviewed above, we may estimate that about 30% 
of pallidal neurons projects to the striatum. Approximately 
50% of the pallidostriatal neurons are enkephalinergic (and 
parvalbumin immunonegative) and ~40% of the enkepha-
linergic neurons express the dopamine D2 receptor so that 
they are under direct (postsynaptic) dopaminergic control 
(Hoover and Marshall, 2004). So far only one other mono-
amine receptor, 5HT-2 A receptor, has been observed in the 
pallidostriatal neurons (Bubser et al., 2001).

VII.  Functional considerations

As our understanding of the GPe function advances it 
becomes clear that this nucleus is more than a relay station in 
basal ganglia circuitry (see Chapter 13). However, to include 
the pallidostriatal connection in upgraded basal ganglia dia-
grams as a (mere) feedback system would be to overlook its 
importance. Two aspects are of interest in this respect: the 
role of the pallidostriatal projection in circuitry engaging  
the cortex and the STN and its integrative characteristics.

In recent years, much attention has focused on the 
direct cortical inputs to the STN and the partly recipro-
cal connections of the nucleus with the GPe and the GPi/
entopeduncular nucleus (Obeso et al., 2006). This implies 
that cortical information can reach the GPe via two path-
ways and it essentially puts the GPe in control over (the 
excitability of) basal ganglia output stations to the thala-
mus and cortex (Fig. 14.5). Upon cortical stimulation, the 
GPe neurons show facilitation via the excitatory output 
from the STN followed by inhibition via the inhibitory 
inputs from the striatum (see (Kita and Kita, 2001; Obeso 
et al., 2006). Evidently, these signals will be transmitted to 
the striatum via the pallidostriatal neurons, thus providing  
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not only feed-back but also feed-forward signals (Fig. 
14.5). The pallidal feed-forward input that arrives in the 
striatum at short latency will be capable of influencing 
corticostriatal inputs. It will affect, as reviewed above, 
both striatal projection neurons and interneurons, and set 
conditions for striatal processing of cortical signals. These 
conditions will depend on the nature of the pallidostriatal 
input, which, on basis of the somatodendritic and axonal 
morphology of the pallidostriatal neurons, may be argued 
to have strong integrative characteristics.

The morphology of the pallidostriatal neurons suggests 
important integrative capacities. Dendritic arborizations are 
elaborate and local axon collaterals may reach spectacu-
lar proportions (Bevan et al., 1998; Sato et al., 2000). The 
shape of the dendritic field and the stream-like organization 
of the striatopallidal projections have led Percheron et al. 
(Percheron et al., 1984) to propose a strong convergence of 
striatal information on pallidal neurons and, hence, a major 
integrative role for the GPe. Another morphological aspect 
concerning integration may be the degree of precision in the 
reciprocity of the striatopallidal and pallidostriatal projec-
tions. As illustrated in Figure 14.1, there is evidence to sug-
gest much wider projection fields from the pallidum to the 
striatum than the striatal field from which input to the pallidal 
subregions emanates. Finally, the fact that the pallidostria-
tal neurons reach the syncytium of parvalbumin-containing 
striatal interneurons allows for strong coordination and/or 

Figure 14.5  Diagram showing two pathways along which cortical 
information can reach GPe. Excitatory signals reach GPe via the “fast 
excitation” pathway from the cortex to the STN. Via the “slow inhibition” 
route, inhibitory signals reach GPe from the striatum, which, in turn, 
has been activated by cortical inputs. GPe, globus pallidus pars externa 
and rodent globus pallidus; GPi, globus pallidus pars interna; SN, sub-
stantia nigra; STN, subthalamic nucleus; Str, striatum. Adapted from  
Kita (2007).
synchronization of activity of striatal projection neurons over 
widely spaced striatal regions. The pallidostriatal neurons 
may thus play a role in the increased lateral connectivity in 
the striatum (and the pallidum) that is seen after cortical stim-
ulation, that is, during global activation (Magill et al., 2006). 
Synchronization of neuronal firing in and among basal gan-
glia components and the cortex is an important process, that 
is disturbed in Parkinson ‘s disease (Brown, 2003; Stoffers 
et al., 2007) (see also Chapters 25 and 38). The GPe-STN-
GPi circuit and the connection between the GPe and the stria-
tum may play key roles in this process (Bevan et al., 2002; 
Obeso et al., 2006). The fact that manipulation of the dopami-
nergic neurotransmission in the pathway connecting this cir-
cuit with the striatum (as mentioned above) induces clear cut 
(patho)physiological changes warrants further functional neu-
roanatomical investigations of the pallidostriatal connection.
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I.  Introduction

The purpose of this chapter is to give an overview of the 
functional properties of the subthalamic nucleus (STN) and 
to describe recent insights in its role in normal and patho-
logical brain processes, with emphasis on Parkinson’s dis-
ease (PD) and epileptic disorders. Due to its strategic 
position in the organization of the basal ganglia (Fig. 15.1A)  
(see Chapter 1), and its specific electrophysiological and 
synaptic properties, the STN has a cardinal and leading situ-
ation in basal ganglia functions. First, the STN provides,  
259

together with the striatum, the input stage of the basal gan-
glia, integrating and conveying the cortical and thalamic 
information to the basal ganglia output nuclei (Smith  
et al., 1998). Second, whereas 98.9% of neurons in the basal 
ganglia are GABAergic (Oorschot, 1996), the STN is com-
posed of glutamatergic projection neurons, and thus it has 
long been considered as “the driving force” of the basal gan-
glia. Finally, at the single-cell level, STN neurons possess a 
distinctive set of non-synaptic ion channels that drive vari-
ous autonomous activities and set the context in which the 
afferent synaptic inputs are integrated and converted into  
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Figure 15.1  Functional anatomy of the STN. (A) Afferent and efferent circuit anatomy of the STN. The STN can be subdivided into three main 
morphofunctional territories: a large dorsolateral motor region, a ventromedial associative territory, and a medial limbic sector. The dorsolateral sector 
receives excitatory inputs from various motor cortical areas, including the primary motor cortex (M1), premotor cortex (PM), supplementary motor area 
(SMA) and the cingulate motor area (CMA). The same STN region integrates monosynaptic excitatory afferents from the centromedian (CM) and the 
parafascicular (Pf) thalamic nuclei. Its conveys these cortical and thalamic information to the main output nuclei of the basal ganglia (SNr, substantia 
nigra pars reticulata; GPi, internal segment of the globus pallidus) and to the external segment of the globus pallidus (GPe), which sends back inhibitory 
projections to STN neurons. (B) Three-dimensional reconstruction of a STN neuron, which was juxtacellularly injected with neurobiotin. The cell body 
was located in the region of the STN receiving inputs from motor cortex. Note the numerous dendritic ramifications (in yellow) and the axon (in orange) 
that divides, close to the cell body, in anterior (Ant) and posterior collaterals directed to the GPe and SNr, respectively. (C) Distribution of synaptic  
contacts on STN neurons. The GABAergic synapses (GABA), arising from the GPe, are widely distributed on the soma, proximal and distal den-
drites, with the indicated percentage. In contrast, the glutamatergic connections (Glu) from thalamus and cortex are restricted to distal dendrites. 
The output activity of STN neurons is sculpted by subtle interactions between these synaptic inputs and various, non-synaptic, ion channels (volt-
age-gated Na channels, NaV; voltage-gated Ca2 channels, Ca2

V and small conductance Ca2-dependent K (SK) channels). (D) Typical responses 
of STN cells to cortical stimulation. Two excitatory peaks, with short- and long-latency onsets, are interrupted by a brief period of inhibition. (B) 
Modified from (Paz et al., 2007); (D), modified from (Maurice et al., 1998). To view a color version of this image please visit http://www.elsevierdirect 
.com/companion/9780123747679
firing patterns (Beurrier et al., 1999; Bevan and Wilson, 
1999; Beurrier et al., 2000; Song et al., 2000; Do and Bean, 
2003; Hallworth et al., 2003; Do and Bean, 2004).

Although the STN is a relatively small component of 
the basal ganglia, in terms of size and total number of neu-
rons (Oorschot, 1996), its participation in large-scale normal 
brain oscillations is now recognized (Magill et al., 2000, 
2001; Bevan et al., 2006) and causal links between aberrant 
activities in STN neurons and movement disorders, such 
as PD, are widely assumed (Bevan et al., 2002, 2006) (see 
Chapters 25, 38 and 39). More recently, it has been demon-
strated that the STN is also involved in generalized epilepsy 
(Deransart et al., 1998; Vercueil et al., 1998), by propagating 
paroxysmal oscillations to basal ganglia output structures 
and, subsequently, controlling thalamo-cortical excitability 
(Paz et al., 2005a, 2005b, 2006, 2007).
After a brief description of the input-output synaptic 
organization of the STN, we will detail the active mem-
brane properties of STN neurons, accurately described from 
in vitro experiments, which, after a complex interplay with 
synaptic inputs, subtly tune their firing patterns. We will 
then review the recent findings concerning the various types 
of normal spontaneous activities of STN neurons in vivo, 
and their relationships to cortical synchronization and vigi-
lance states. The role of the dopaminergic system, and of 
its alteration, in the modulation of activity in the STN and 
related networks will be addressed, with a special empha-
sis on the abnormal oscillatory neuronal pattern associated 
with PD. Finally, the functional implication of the STN in 
non-convulsive generalized epilepsy will be highlighted, 
based on the recent in vivo electrophysiological investiga-
tions performed in a genetic model of absence seizures.
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II.  Synaptic organization of the 
subthalamic nucleus and responses 
to cortical stimulation

The STN is a lens-shaped structure resting on the inter-
nal capsule (see Fig. 15.1B). It is principally composed 
of glutamatergic output neurons, having a soma of 20 m 
of diameter that gives rise to four to five primary den-
drites with spiny long-distance arborizations (Beurrier 
et al., 1999; Bevan and Wilson, 1999; Paz et al., 2005a)  
(Fig. 15.1B).

A.  Inputs

Like most other components of the basal ganglia, the STN 
is subdivided into different functional regions, including 
motor, associative and limbic territories, each with spe-
cific input-output connections (Parent and Hazrati, 1995). 
The large dorsolateral portion of the STN corresponds to 
the motor territory; the ventromedial portion to the asso-
ciative territory and the medial part to the limbic sector  
(Fig. 15.1A). Because abnormal activity of the STN is 
associated with profound movement disorders, the motor 
input-output circuit of the STN is the most investigated, 
and thus the best characterized (Bevan et al., 2006).

The motor sector of the STN receives somatotopi-
cally organized monosynaptic glutamatergic inputs from 
the primary motor cortex, pre- and supplementary motor 
areas and cingulate motor cortex (Afsharpour, 1985) (Fig. 
15.1A). The motor STN is also connected by glutamatergic 
afferents arising from the centromedian and parafascicular 
nuclei of the thalamus (Bevan and Bolam, 1995), which 
also project to the striatum and the cerebral cortex. Cortical 
and thalamic terminals make asymmetrical synaptic con-
tacts with the dendrites and spines of STN neurons (Bevan 
et al., 1995). The thalamic terminals contact larger post-
synaptic targets, and therefore presumably more proximal 
regions of dendrites, than do the cortical terminals (Bevan 
et al., 1995) (Fig. 15.1C).

The major GABAergic input to the STN is derived 
from the external segment of the globus pallidus (GPe) 
(see Chapter 13 by Kita). The pallidal projections are ipsi-
lateral, topographic (Smith et al., 1990; Shink et al., 1996; 
Bevan et al., 1997) and largely reciprocated by an excit-
atory synaptic feedback from the STN (Shink et al., 1996). 
In rats, all GPe neurons that spread within the basal gan-
glia innervate the STN but also project to other basal gan-
glia nuclei via axon collaterals (Bevan et al., 1998). The 
GABAergic pallidal projections are widely distributed on 
the STN neurons membrane. These inhibitory synapses, 
which are symmetric in nature (Smith et al., 1990), contact 
the somata (31%), the proximal (39%) and distal (30%) 
dendrites of STN neurons (Smith et al., 1990) (Fig. 15.1C). 
It is likely that the distal dendritic GABAergic projections 
have a particular functional impact on the integrative prop-
erties of STN neurons since they are co-aligned with corti-
cal and thalamic inputs (Smith et al., 1990; Bevan et al., 
1995). Minor GABAergic projections to the STN arise 
from the mesopontine tegmentum, forming asymmetric 
synapses (Bevan and Bolam, 1995). GABAergic type-A 
receptors are concentrated at GPe–STN synapses (Galvan 
et al., 2004) and are responsible for a phasic Cl-depen-
dent current at GPe–STN synaptic connections (Hallworth 
and Bevan, 2005). However, synchronous high-frequency 
firing in GPe neurons leads to the activation of peri- and 
extrasynaptic GABAergic type-B receptors (Galvan et al., 
2004), resulting in a long-lasting K-dependent postsyn-
aptic hyperpolarization and subsequent burst firing in STN 
neurons (Hallworth and Bevan, 2005).

Histochemical, morphological, pharmacological and 
electrophysiological studies have converged to provide 
definitive evidence for a direct dopaminergic pathway 
from the substantia nigra to the STN (Hassani et al., 1997; 
Francois et al., 2000; Cragg et al., 2004). Dopaminergic 
terminals form conventional symmetrical synaptic contacts 
with all parts of STN neurons (Cragg et al., 2004).

B.  Outputs

Most STN neurons are glutamatergic projection neurons 
and provide a powerful excitatory input to the GPe and to 
the two output structures of the basal ganglia, the internal 
segment of the GP (GPi), and the substantia nigra pars 
reticulata (SNr) (see Chapter 13). These output nuclei exert 
a tonic GABAergic inhibitory influence on thalamic relay 
neurons and brainstem targets (Parent and Hazrati, 1995). 
The firing of STN neurons is precisely regulated by pow-
erful feedback inhibition from the reciprocally connected 
GABAergic pallidal projections (Shink et al., 1996; Bevan 
et al., 2002, 2006), which interfere with complex post-
synaptic intrinsic membrane properties (see Fig. 15.1C). 
Recent findings indicate that STN can be also reciprocally 
connected with the cerebral cortex, with dense subtha-
lamo-cortical projections terminating in superficial cortical 
layers (Degos et al., 2008). The functional implication of 
these subthalamo-cortical projections remains unclear but 
they might amplify paroxysmal synchronized activities in 
the cortico-basal ganglia loop (see below).
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C.  Responses to Cortical Stimulation

Sequential activation of excitatory and inhibitory synapses 
on STN neurons has been unveiled in vivo by the extra-
cellularly recorded responses of STN units to electrical 
stimulations of the related cerebral cortex. Stimulation of 
ipsilateral frontal and prefrontal cortices typically leads to 
a short-latency triphasic response in STN neurons (Maurice 
et al., 1998) (Fig. 15.1D), which is initiated by an early 
monosynaptic excitation likely caused by the activation of 
glutamatergic AMPA and NMDA receptors at cortico-sub-
thalamic synaptic connections (Nakanishi et al., 1988). This 
initial excitation is shortly followed by feedback, probably 
Cl-dependent, inhibition from the GPe, which in turn is 
followed by a second phase of excitation resulting, at least 
in part, from inhibition of the GPe by striatum and subse-
quent disinhibition of the STN (Maurice et al., 1998; Magill 
et al., 2004). The post-inhibitory rebound of firing found in 
STN neurons may also result from interplay between their 
intrinsic electrical properties and inhibitory synaptic inputs. 
Indeed, the membrane hyperpolarization induced by GPe 
inhibitory synaptic inputs could lead to a de-inactivation of 
low-threshold Ca2 channels and a transient boost of volt-
age-gated Na current (Baufreton et al., 2005) in the post-
synaptic membrane, so that upon repolarization a rebound 
firing would be generated (Bevan et al., 2006). A similar 
sequence of synaptic and intrinsic events in STN neurons 
has also been described from in vivo intracellular record-
ings during spontaneous paroxysmal cortical synchroniza-
tion (Paz et al., 2005a) (see below).

III.  Cellular basis of single-spike 
and burst firing in subthalamic 
nucleus neurons in vitro

A.  Burst Firing

Approximately half of STN neurons recorded in brain slices 
exhibits two states of activity: a switch from a tonic single-
spike discharge to a burst firing mode depending on their 
membrane potential (Fig. 15.2A) (Beurrier et al., 1999;  
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Figure 15.2  Ionic currents underlying the burst firing mode of STN neurons in vitro. (A) Switch of firing mode according to membrane potential in a 
STN neuron recorded in current-clamp mode. When hyperpolarized to 62 mV, by intracellular injection of current, the neuron displays the burst firing 
mode and switches to the single-spike mode when depolarized to 52 mV. (B) The cascade of ionic currents involved in the different phases of the burst 
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recorded at the break of a hyperpolarizing current pulse (left). Its amplitude and rise time depend on the value of the membrane potential at the end of the 
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Baufreton et al., 2003). Burst firing is observed when 
the membrane potential is hyperpolarized, whereas tonic 
single-spike activity is triggered upon depolarization. 
Pharmacological investigations performed in whole-cell  
recordings in brain slices allowed identifying the ionic  
conductances involved in the different phases of the burst-
ing activity of STN neurons (Fig. 15.2B) (Beurrier et al., 
1999).

The burst plateau (Fig. 15.2B, c–d). The burst plateau 
is partly due to the activation of L-type Ca2 channels (IL). 
The relative long duration of the bursts and their blockade 
by a chelator of intracellular Ca2 suggest also the par-
ticipation of Ca2-dependent inward currents such as the 
nonspecific cationic current (ICAN). Voltage-dependent 
Na channels enable STN neurons to fire action potentials 
during the plateau but are not crucial for the burst firing 
mode as the rhythmic membrane depolarizations underly-
ing bursts are still observed in the presence of tetrodotoxin 
(TTX), a blocker of voltage-dependent Na channels. This 
also demonstrates that burst activity in STN neurons is an 
autonomous property generated in the absence of synaptic 
input. However, action potentials discharge amplifies Ca2 
entry during the plateau depolarization by activating more 
IL and, possibly, other types of high-threshold Ca2 cur-
rents present in STN neurons (Song et al., 2000).

The burst repolarization (Fig. 15.2B, d–a). The increase 
in intracellular Ca2 concentration during the plateau leads 
to the activation of Ca2-dependent K currents (IK,Ca). 
Blockade of IK,Ca by application of low concentration of 
tetraethylammonium and apamin prevents burst repolar-
ization and confirms a role of these channels in this phase. 
The balance between depolarizing (IL, ICAN) and hyper-
polarizing (IK,Ca ) currents, in favor of the latter, explains 
the repolarization of the membrane to the peak of the 
afterhyperpolarization.

The interburst (Fig. 15.2B, a–b) and burst depolariza-
tions (Fig. 15.2B, b–c). The membrane of STN neurons 
then spontaneously depolarizes as IK,Ca decays because of 
Ca2 clearance mechanisms (interburst depolarization). 
STN neurons also display a hyperpolarization-activated 
cationic current (Ih), which is an inward current activated 
by hyperpolarization (Beurrier et al., 1999; Bevan and 
Wilson, 1999; Do and Bean, 2003). The hyperpolariza-
tion of the membrane between two bursts may activate Ih. 
The decay of IK,Ca, combined to the possible activation of 
Ih, leads to membrane depolarization sufficient to activate 
a low-threshold Ca2 current known as the transient Ca2 
current (IT). IT activation depolarizes the membrane to the 
threshold potential of IL so that the cycle repeats.
In addition to its role in burst firing mode, IT enables 
STN neurons to generate a rebound discharge follow-
ing hyperpolarization: this discharge can be triggered by 
the intracellular injection of negative current (Fig. 15.2C) 
or by the natural occurrence of inhibitory postsynaptic 
potentials. Activation and inactivation of IT are voltage-
dependent: IT activates at membrane potentials positive to 
approximately 65 mV (Fig. 15.2C, left) and inactivates 
during a maintained depolarization. Deinactivation occurs 
only if the membrane is hyperpolarized for a sufficient 
amount of time (Fig. 15.2C, right). This latter property has 
a significant functional impact on STN neurons firing: it 
implies that IT can be activated only when STN neurons 
are depolarized from a relatively hyperpolarized membrane 
potential allowing its deinactivation. Therefore, tonic depo-
larization of the membrane potential results in the inactiva-
tion of IT and may explain in part the switch from burst 
discharge to tonic single-spike activity when STN neurons 
are depolarized.

B.  Single-Spike Activity

While burst firing mode is observed only in a subset of 
STN neurons, all of them are able to fire repetitively in sin-
gle-spike mode at around 5–17 Hz.Similarly to the burst 
firing mode, the single-spike mode is an intrinsic property 
of STN neurons that is not affected by the application of 
glutamatergic and GABAergic receptor antagonists (Bevan 
and Wilson, 1999; Beurrier et al., 2000). In these neurons, 
the persistent Na current (INaP), which activates below 
spike threshold, is the principal current responsible for the 
pacemaker depolarization that brings the membrane from 
the peak of the afterspike hyperpolarization to the spike 
threshold (Bevan and Wilson, 1999; Beurrier et al., 2000). 
The role of INaP in single-spike activity was mainly deduced 
from its voltage-dependence since drugs that block it are 
also blockers of the fast Na current underlying action 
potentials (Fig. 15.3A). Voltage-clamp experiments using a 
slow depolarizing ramp demonstrated that INaP is activated 
from approximately 55 mV, in a potential range crossed 
by the membrane during the interspike interval, and is com-
pletely blocked by application of TTX (Fig. 15.3B).

Although activation of INaP is likely sufficient to depo-
larize the membrane of STN neurons to reach action poten-
tial threshold during the interspike interval, another type 
of Na current, initially described in Purkinje cells, also  
promotes pacemaking firing of STN neurons (Do and Bean, 
2003, 2004). This current, called resurgent Na current,  
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(D) Ionic currents critical for single-spike activity of STN neurons.
is TTX-sensitive and displays unusual gating behav-
ior: at voltages around 50 to 60 mV, where classical  
Na channels are closed due to inactivation, a transient Na 
current can be detected in STN neurons. The unique proper-
ties of the resurgent Na current (slow inactivation combined 
to activation immediately after a spike) may explain the ability 
of STN neurons to fire rhythmically at very high frequency.

While Ih is not essential for the single-spike activ-
ity (Bevan and Wilson, 1999; Beurrier et al., 2000), it can 
favor this mode of discharge in some cells by maintaining 
the membrane potential at depolarized values where tonic 
activity is present (Beurrier et al., 2000).

Ca2 currents and Ca2-dependent currents do not play a 
significant role in the pacemaker depolarization during sin-
gle-spike firing in contrast to their involvement in the burst 
firing mode. Their voltage ranges of activation and recovery 
from inactivation are not traversed by the membrane during 
the tonic activity. However, high-threshold Ca2 currents 
activated during action potentials are responsible for a Ca2 
entry in STN neurons, which in turn activates a small-con-
ductance Ca2-dependent potassium channel (SKCa). SKCa 
currents underlie the medium duration of action potential 
afterhyperpolarization and are essential for the regularity of 
tonic activity. Specific blockade of SKCa by apamin does not 
prevent the spontaneous firing of STN neurons but greatly 
reduces afterhyperpolarization and disrupts the rhythmicity 
of spontaneous single-spike firing (Hallworth et al., 2003) 
(Fig. 15.3C). The ionic currents participating in the single-
spike mode are summarized in Figure 15.3D.

The properties of STN neurons we described above 
were all observed and characterized in brain slices. 
However, most of them, such as the rebound discharge and 
the burst firing mode, are also found in vivo (Paz et al., 
2005a), demonstrating that both normal and pathological 
activities of STN neurons are shaped by a complex inter-
play between intrinsic properties and network activity.
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Figure 15.4  In vivo spontaneous activity of STN neurons and its relationship to cortical synchronization. (A) Multiunit recording during ketamine 
anesthesia demonstrating that firing of STN neurons in close proximity is tightly correlated during rhythmic synchronizations in the ipsilateral electro-
corticogram (ECoG). The bottom two traces represent the unit activities as indicated by the corresponding numbers in the raw data. (B) Urethane anes-
thesia. Whereas neurons in the STN exhibit low-frequency rhythmic firing (1 Hz) during periods of slow-wave activity in the ipsilateral cortex (Intact 
cortex), ipsilateral cortical ablation results in a temporal disorganization of STN activity (cortical ablation). Same representation as in (A) except in 
the lower panel where the top trace corresponds to the ECoG contralateral to the STN recording. (C) Simultaneous recordings of a STN neuron, a GPe 
neuron and the corresponding ECoG during ketamine anesthesia. Whereas both cells exhibit correlated bursts during recurrent cortical synchrony, brief 
periods of reduction of cortical slow-wave amplitude and rhythmicity (under white bar) lead to a loss of correlated activity in the same neurons. (D) 
Polygraphic recordings (ECoG and EMG) and unit activity in the STN across the sleep-wave cycle. The activity of the STN neuron clearly shifts from 
a bursting pattern during slow-wave sleep to a more regular tonic-like firing during active waking. (A) and (C), modified from (Magill et al., 2000) (B), 
modified from (Magill et al., 2001). (D), modified from (Urbain et al., 2000).
C.  In Vivo Activities of STN Neurons and 
their Relation to Cortical Patterns

Recent in vivo electrophysiological recordings of rat STN 
neurons and related cortical field potentials demonstrated 
that the cerebral cortex can pattern activity in the STN, 
which thus provides a potent device to propagate cortical 
information within basal ganglia networks (Magill et al., 
2000, 2001; Bevan et al., 2002, 2006).

D.  Anesthesia-Dependent Slow Oscillations

Under ketamine and/or urethane anesthesia, generating slow 
cortical oscillations and rhythmic discharge in corticofugal 
neurons (Cowan and Wilson, 1994; Contreras and Steriade, 
1995; Mahon et al., 2001), action potential discharge prop-
erties of STN neurons are strictly related to the coincidental 
cortical activity (Magill et al., 2000, 2001) (Fig. 15.4A–C). 
During cortical slow oscillations (1 Hz), neighboring STN 
neurons fire correlated large bursts of action potentials (of 
several hundred milliseconds duration) with a periodicity 
that closely matches the cortical rhythm (Magill et al., 2000) 
(Fig. 15.4A), suggesting a powerful phasic excitation of 
basal ganglia output nuclei during repetitive cortical syn-
chronizations. Consistent with the massive glutamatergic 
innervation of STN neurons by cortical projections (Bevan 
et al., 1995), the in vivo removal of cortical synaptic inputs 
by ablation results in a slower, tonic, firing of STN neurons, 
which was similar to the discharge pattern found in brain 
slice preparations (Beurrier et al., 1999; Bevan and Wilson, 
1999) (see Fig. 15.2A). Slow oscillatory cortical activities 
can be also reflected by trains of action potentials in GPe 
neurons with frequencies very similar to that observed in 
STN neurons (Magill et al., 2000; Bevan et al., 2006). As 
suggested by simultaneous recordings of GPe and STN  
units, this correlated activity in the two nuclei is likely 
due to the periodic firing of the STN and subsequent feed- 
forward excitation of the GPe (Bevan et al., 2000) (Fig. 
15.4C). This is also supported by the loss of correlated activity  
in STN and GPe neurons during brief periods of spontane-
ous reduction of cortical slow-wave amplitude and rhyth-
micity (Magill et al., 2000) (Fig. 15.4C). However, in the 
rat anesthetized with ketamine, paired recordings also show 
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complex and variable firing patterns within the GPe, includ-
ing synchronized activity, inversely correlated burst-firing and 
even uncorrelated patterns (Magill et al., 2000, 2001). Under 
urethane anesthesia, resulting in slower cortical oscillations, 
GPe neurons can show regular tonic discharge, irrespective 
of slow-wave activity in the cortex, whereas coincident rhyth-
mic patterns in cortex and STN are simultaneously recorded 
(Magill et al., 2000, 2001; Bevan et al., 2002).

E.  Natural Patterns

The complex relationships between cortical patterns and 
the correlated activity in the STN-GPe network have been 
highlighted from in vivo extracellular recordings during 
the natural sleep–wake cycle (Urbain et al., 2000). In non-
anesthetized head-restrained rats, STN neurons activity 
shifts from a random pattern during wakefulness to recur-
rent bursting discharges in slow-wave sleep (Urbain et al., 
2000) (Fig. 15.4D). In contrast, GPe neurons recorded in the 
course of this study exhibit a relative regular firing whatever 
the state of vigilance. However, the activity of STN and GPe 
neurons displays, during voluntary or passive movement, 
spatiotemporal changes that are correlated to motor activ-
ity in a complex manner (reviewed in Bevan et al., 2002). 
During active movement, the activity in both nuclei is rarely 
correlated but it is highly structured with a precise somato-
topic specificity (reviewed in Bevan et al., 2002).

IV.  Subthalamic nucleus, dopamine 
and parkinsonism

As pointed out above, a substantial body of work demon-
strated that oscillatory activities are an important feature 
of the normal operation of STN and connected cerebral 
regions. Recently, it has been shown that dopaminergic den-
ervation of the basal ganglia profoundly affects the integra-
tion of excitatory cortical and GABAergic pallidal inputs to 
STN neurons, leading to abnormal neuronal patterns that 
resonate within the basal ganglia networks and propagate to 
other motor systems (see Chapter 25). A major challenge for 
future work will be to precisely determine how dopamine 
modulates the oscillatory activities generated in the STN 
and related nuclei and how the pathological oscillations of 
basal ganglia, induced by the alteration of the dopaminergic 
system, are causally linked with movement disorders.

A.  Dopaminergic Control of STN Activity

Multiple studies suggest that the mesencephalic dopaminer-
gic system regulates directly and indirectly the excitability  
and firing patterns of STN neurons. The presynaptic activa-
tion of D2-like receptors is responsible for a diminution of 
the release of both glutamate and GABA on STN neurons 
(Shen and Johnson, 2000). Consistently, chronic depletion 
of dopamine increases GABAergic and NMDA-depend-
ent currents in STN cells following application of GABA 
and glutamate (Shen and Johnson, 2005). The dopaminer-
gic system is also efficient for a robust control of intrinsic 
excitability of STN cells, leading to a modulation of fir-
ing rates and patterns. For instance, activation of type-5 
dopaminergic receptors (D5) potentiates the Ca2-depend-
ent component of the bursting discharges (Baufreton et al., 
2003), whereas activation of D1 and D2 receptors depo-
larizes and amplifies autonomous firing in STN neurons, 
partly due to the occlusion of a K current (Baufreton et 
al., 2003; Bevan et al., 2006).

The striatal–GPe synaptic transmission is also con-
trolled by dopamine and, consequently, provides potent 
indirect system influencing STN neurons activity. The 
excitability of striato-pallidal neurons is decreased by the 
activation of the somatodendritic D2 receptors (Hernandez-
Lopez et al., 2000). In addition, the initial probability of 
release at GABAergic striato-pallidal synapses is reduced 
by the stimulation of the same type of presynaptic receptors 
(Cooper and Stanford, 2001) and, as a synergistic inhibi-
tory effect, the activation of postsynaptic D4 receptors 
reduces GABA-mediated current in pallidal neurons (Shin 
et al., 2003). As a consequence of this complex dopaminer-
gic control of striatal–GPe transmission, a deficit in dopa-
mine will increase the excitability of striato-pallidal cells  
and enhances the GABAergic inhibition of pallidal cells, 
which would lead to a reduced pallidal inhibition of STN 
neurons (Bevan et al., 2006).

B.  Aberrant Oscillations in the GPe-STN 
Network in Parkinsonism

The motor disability in PD consists of poverty and slow-
ness of movement (akinesia and bradykinesia), tremor 
at rest, muscle stiffness (rigidity), as well as gait and bal-
ance abnormalities (see also Chapter 38). Some or all of 
these symptoms are likely due to a loss of dopamine in the 
basal ganglia resulting from degeneration of dopaminergic 
neurons of the substantia nigra pars compacta. Whereas 
normal information processing in the STN and GPe is char-
acterized by brain state-dependent spatiotemporal patterns 
of firing (see above), STN and GPe neurons display more 
correlated, synchronous and rhythmic patterns of activity 
in parkinsonian humans and animals (Bevan et al., 2002; 
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Gatev et al., 2006). This transformation in the pattern of 
activity in the STN and GPe in PD, which is mirrored by 
consistent changes in the activity of the basal ganglia out-
put nuclei, is likely to result in a profound alteration in 
the coding of information by the basal ganglia and might, 
therefore, contribute to the pathogenesis of the PD and the 
related motor symptoms.

Extracellular recordings of local field potentials and 
single-cell activities from parkinsonian patients undergo-
ing functional neurosurgery revealed an elevated rhythmic 
activity in the GPe, STN and cortex with various fre-
quency ranges including, the tremor frequency (4–10 Hz), 
the alpha (8–13 Hz) and beta activities (14–30 Hz) (Bevan 
et al., 2002; Gatev et al., 2006). When dopaminergic ago-
nists are administrated, the rhythmic activities below 30 Hz 
are relatively reduced in both cortex and basal ganglia and 
are subsequently replaced by higher frequency rhythms 
in the gamma range (30–70 Hz) (Bevan et al., 2002). The 
abnormal rhythmicity in cortex and basal ganglia associ-
ated with PD seems to be an ubiquitous electrophysiologi-
cal modification consecutive to dopamine depletion since 
it is encountered in monkeys treated with MPTP (Gatev  
et al., 2006) and rats with altered dopaminergic transmis-
sion (Degos et al., 2009).

Although the mechanisms of pathological rhythmic 
activities in the STN–GPe network in patients and experi-
mental models of PD remain unclear (see also Chapters 
25 and 38), two main and non-exclusive processes could 
be involved. Indeed, abnormal synchronized oscilla-
tions could emerge from endogenous properties of the 
STN–GPe circuitry and/or be driven by afferent rhythmic 
activity from the cortex. Hence, it has been demonstrated 
that the STN–GPe network can support in vitro correlated 
rhythmic discharges when isolated from the cortex and the 
striatum (Plenz and Kitai, 1999). This activity would be 
initiated from synchronous bursting activity in GABAergic 
GPe neurons, generating sufficient hyperpolarization in 
STN neurons for a post-inhibitory rebound burst activity 
which, in turn, drives bursting discharges in GPe neurons 
and leads to the maintenance of the rhythm (Plenz and 
Kitai, 1999). Alternatively, the cortex is a potent external 
source that can pattern rhythmic activity in the STN and 
GPe. The principal in vivo effect of dopamine depletion in 
the anesthetized rat is the expression by the GPe neurons of 
low-frequency oscillatory activity and a more intense oscil-
latory activity in the STN, both correlated with the cortical 
rhythm (Magill et al., 2001). Since the temporal and ampli-
tude properties of cortical slow-wave activity are not modi-
fied, it is likely that the STN and GPe under dopaminergic 
depletion are more sensitive to cortical synchronized oscil-
lations (Magill et al., 2001).

V. The subthalamic nucleus as 
a remote control system for 
cortical seizures

As stated above, motor symptoms of PD are associated with 
abnormal rhythmic activities in the STN and connected 
structures. Recent pharmacological and electrophysiologi-
cal investigations in genetic models of absence epilepsy 
(Deransart et al., 1998; Vercueil et al., 1998; Deransart 
and Depaulis, 2002; Paz et al., 2005a, 2005b, 2006, 2007) 
demonstrated that the STN is also critically involved in 
the modulation of cortical seizure activity, expanding the 
impact of this deep and central nucleus in the triggering and 
modulation of pathological brain oscillations.

The Genetic Absence Epilepsy Rats from Strasbourg, 
or GAERS, exhibit spontaneous behavioral arrests with 
apparent loss of consciousness coincident with wide-
spread spike-and-wave discharges (SWDs) in cortical and 
thalamic electroencephalograms, which closely resemble 
the electroclinical symptoms of typical absence epilepsy 
(Danober et al., 1998). Moreover, seizures are specifi-
cally abolished in GAERS by the anti-absence drugs used 
in patients, making this rats strain the more reliable ani-
mal model of the human absence epilepsy (Depaulis and 
van Luitjelaar, 2005; Polack and Charpier, 2009). We will 
examine the consistent pharmacological, deep-brain stimu-
lation and electrophysiological studies that strongly support 
the hypothesis that the STN actively propagates cortical 
paroxysms in the basal ganglia and could control the cor-
tical ictogenesis via the subthalamo-nigro-thalamo-cortical  
circuit.

A.  Pharmacological and Deep-Brain 
Stimulation Studies in Generalized Epilepsy

Pharmacological alteration of synaptic transmission at dif-
ferent levels of the basal ganglia circuits, as well as high 
frequency electrical stimulations of the STN, demonstrated 
that the subthalamo-nigral pathway provides a subcorti-
cal control system for seizure generation and/or generali-
zation. Specifically, the occurrence of absence seizures is 
significantly decreased in GAERS (Deransart et al., 1996, 
1998; Vercueil et al., 1998; Deransart and Depaulis, 2002) 
(Fig. 15.5A) by: (1) an alteration of the excitatory synaptic 
influence of the STN on the SNr; (2) a bilateral injection of 
a GABA agonist in the STN; (3) a blockade of subthalamic 
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Figure 15.5  Propagation of cortical epileptic discharges in basal ganglia networks. (A) Simplified representation of the changes in activity of the 
different structures of basal ganglia during pharmacological manipulations having antiepileptic effects in GAERS (adapted from Deransart et al., 1998; 
Vercueil et al., 1998). The agonists of different receptors are indicated, the stricken words represent the corresponding receptor antagonists (see text 
for details). In (A) and (B), the red and black arrows represent glutamatergic (Glu) excitatory () and GABAergic (GABA) inhibitory () projections, 
respectively. (B) Simplified diagram positioning the subthalamic nucleus (STN) in the processes of propagation of cortical paroxysms in the cortico-
basal ganglia loop. Cortical spike-and-wave discharges (SWDs) (top trace) propagate to the striatum and the STN with an imbalance (relative thickness 
of corresponding arrows) between the activity of corticostriatal (CStr) and corticosubthalamic (CSth) neurons. Striatal output neurons (Output) are 
silenced (black cross) via a feedforward inhibition, because of the activation of GABAergic striatal interneurons (Intern), whereas subthalamo-nigral 
neurons produce a rhythmic excitation of substantia nigra pars reticulata (SNr) neurons. In turn, nigral neurons inhibit ventromedial (VM) thalamo-
cortical neurons, which also receive excitatory inputs from cortico-thalamic (CThal) neurons. The red thick arrows represent the pathway by which the 
SWDs propagate actively from cortex to basal ganglia and their feedback to the cerebral cortex that could underlie the control of absence seizures by the 
basal ganglia. The scheme also indicates the in vivo simultaneous recordings of cortical EEG and intra- (intra) and/or extracellular (extra) activities of 
basal ganglia neurons, as illustrated in this and the following figure. (C,D) Rhythmic bursting in the corticosubthalamopallidal network during SWDs. 
(C1) Spontaneous intracellular activity of a CSth neuron (bottom trace) simultaneously recorded with the EEG (top trace). (C2) Spontaneous intracellu-
lar activity of a STN neuron (bottom trace) during a SWD (top trace). (C3) Simultaneous extracellular recordings of a GPe (gray) and of a STN (black) 
neuron during interictal and ictal periods. (D) Chronological scenario of propagation of SWDs in the cortico-subthalamo-pallidal networks. Examples 
of two successive EEG spike-wave complexes (top traces) and the corresponding intracellular activity of a CSth neuron, extracellular firing of an STN 
neuron (STNe), intracellular recording from an STN neuron (STNi), and extracellular firing of a GPe neuron. (1) The early discharge of the CSth neu-
rons promotes the early discharge in the STN neurons that (2) excite the GPe neurons, which in turn inhibit STN neurons (3). (4) The late firing of CSth 
neurons participates in maintaining the STN firing. (B–D) modified from (Paz et al., 2005a). Abbreviations: CSth, corticosubthalamic; CThal, cortico-
thalamic; EEG, electroencephalogram; Extra, extracellular; Intern, interneuron; Intra, intracellular; Glu, glutamate; GP, globus pallidus; SNr, substantia 
nigra pars reticulate; STN, subthalamic nucleus; VM, ventromedial thalamic nucleus. To view a color version of this image please visit http://www 
.elsevierdirect.com/companion/9780123747679
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or nigral glutamatergic NMDA receptors; (4) bilateral 
excitotoxic lesions of the STN; and (5) high-frequency 
stimulations (130 Hz) of the STN. Consistently, the cortical 
paroxysms are also suppressed by injection of GABAergic 
type-A receptor agonists into the SNr or by activation of 
GABAergic striatonigral neurons following intrastriatal 
injection of NMDA or dopaminergic D1 receptor agonists. 
Conversely, the pharmacological blockade of GABAergic 
type-A receptors in the SNr or the blockade of striatal D1 
receptors aggravates absence seizures (Deransart et al., 
2000, 2001) (Fig. 15.5A).

Taken together, these findings suggested that an altera-
tion in the balance between synaptic excitation (from the 
STN) and inhibition (from the striatum) of SNr neurons 
controls the occurrence of cortical seizures, a relative 
increase in inhibition or excitation having anti- or pro-epi-
leptic effects, respectively.

B.  Propagation of SWDs in Basal Ganglia 
Networks: Functional Imbalance Between 
Cortico-Subthalamo-Nigral and Cortico-
Striato-Nigral Pathways

In theory, the differential modulation of SWDs by the basal 
ganglia, which can aggravate or interrupt the seizure activ-
ity, could originate from specific patterns in the activity 
of the cortico-striato-nigral and cortico-subthalamo-nigral 
pathways, affecting the firing of nigral output cells and, 
consequently, the activity of thalamo-cortical neurons. A 
series of recent studies have been specifically designed 
to elucidate the electrical activity occurring in the differ-
ent neuronal elements of the basal ganglia during absence 
seizures in the GAERS and to unmask the mechanisms 
by which these subcortical nuclei can affect the cortical 
ictogenesis (Fig. 15.5B).

The occurrence of cortical SWDs is associated in the 
corticostriatal (CStr) neurons with rhythmic, sub- or supra-
threshold, depolarizations phase-locked with the parox-
ysmal cortical activity. The GABAergic striatal output 
neurons, which receive a large number of converging CStr 
inputs (Kincaid et al., 1998; Mahon et al., 2001), exhibit 
simultaneously large-amplitude rhythmic depolarizing syn-
aptic potentials, which however remain mostly subthresh-
old (Slaght et al., 2004). This inability of striato-nigral 
cells to generate action potential during the seizure is due 
to a feed-forward inhibition originating from the intense  
cortical activation of the intrastriatal GABAergic inter-
neurons (Slaght et al., 2004), which produce a powerful  
inhibitory shunting effect on synaptic depolarizations in 
striatal output cells (Slaght et al., 2004) (Fig. 15.5B).

In contrast with the silencing of the cortico-striato-nigral 
pathway during seizures, the excitatory cortico-subthalamo-
nigral pathway shows an intense activity, which wipes out 
the residual synaptic inhibition in the SNr. Cortical SWDs 
are concomitant with a sudden and drastic modification in 
the activity of cortico-subthalamic (CSth) neurons. Their 
interictal irregular firing is converted, during seizures, into 
a step-like behavior with rhythmic depolarizations generat-
ing repetitive discharges (Paz et al., 2005a) (Fig. 15.5C1). 
Interestingly, the firing rate of CSth neurons during SWDs is 
higher than that of CStr neurons (Fig. 15.5B), likely result-
ing from the expression in CSth neurons of a specific set of 
voltage-gated inward currents favoring bursting activity (Paz 
et al., 2005a). Since the axonal conduction velocity in CSth 
neurons (7 m/s) is higher than that of CStr neurons (1.5 m/s) 
(Mahon et al., 2001; Slaght et al., 2004; Paz et al., 2005a), 
the propagation of cortical influx in the cortico-subthalamic 
circuit appears more efficient and faster. This discrepancy 
between the two segregated corticofugal pathways project-
ing to the two basal ganglia entrances has likely a functional 
impact that remains to be elucidated in other, normal and 
pathological, brain processes.

C.  Rhythmic Bursting in STN and 
GPe Neurons During Seizures and its 
Repercussion on SNr Cells

The STN neurons recorded intracellularly in vivo in the 
GAERS (Paz et al., 2005a) display passive and active 
membrane properties similar to those described in vitro 
from normal rats (see above), strongly suggesting that 
the excitability of STN neurons in the epileptic rats is not 
altered. However, contrasting with that observed in striatal 
cells, the spontaneous activity of STN neurons doubles 
during SWDs and the corresponding firing profile switches 
from an irregular interictal pattern to high-frequency bursts 
of action potentials time-locked with the spike component 
of the SWD (Fig. 15.5C2, C3 and D). The rhythmic burst-
ing in the STN is often composed of an early action poten-
tial, usually preceding the corresponding surface spike, 
followed by a short electrical silence (25 ms) and then a 
high-frequency cluster of action potentials (Fig. 15.5C3). 
This pattern of electrical events in the STN is very simi-
lar to that observed after electrical stimulation of the 
frontal cortex (see Fig. 15.1D) (Maurice et al., 1998). In 
vivo intracellular recordings unveiled that the intra-burst  
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Figure 15.6  Blockade of the subthalamo-nigral transmission has an antiepileptic effect: cellular and network mechanisms. (A) Experimental design 
to investigate the role of the subthalamo-nigro-thalamo-cortical pathway in the control of cortical SWDs. Intranigral injection of kynurenate (kynu) 
blocks the subthalamo-nigral excitatory synaptic transmission. Pharmacological manipulations are made simultaneously with EEG, extracellular record-
ings of SNr and VM thalamic neurons and intracellular recordings of cortical neurons. (B) Histogram representing the mean firing frequency (freq.) 
of a VM thalamic neuron (bin, 20 s) at the indicated times before (t1) or after (t2, t3) injection of kynurenate in the SNr. Each vertical bar below the 
histogram indicates the occurrence of an SWD in the corresponding EEG. Note that the injection of kynurenate in the SNr blocks cortical paroxysms 
and concomitantly increases the VM thalamic cell firing rate. The top traces depict EEG records at the indicated times. (C) Simultaneous recordings of 
the cortical EEG (EEG cx) (top traces) and of the extracellular activity (bottom traces) of an SNr neuron (extra SNr), a VM neuron (extra VM) and the 
intracellular activity of a cortical neuron (intra Cx) before (control) and after kynurenate (kynu) injection in SNr. Intra-SNr injection of kynurenate sup-
presses cortical SWDs together with, a deactivation of SNr neurons resulting in a dramatic reduction in the firing rate, a disinhibition of VM thalamic 
neurons and an inhibition of cortical neurons. Adapted from (Paz et al., 2007). Abbreviations: CSth, corticosubthalamic; CThal, corticothalamic; cx, 
cerebral cortex; EEG, electroencephalogram; Extra, extracellular; Glu, glutamate; Intra, intracellular; SNr, substantia nigra pars reticulata; STN, subtha-
lamic nucleus; VM, ventromedial thalamic nucleus.
pattern in STN neurons is sculpted by a sequence of syn-
aptic and intrinsic events (Fig. 15.5D) including, an early 
depolarizing synaptic potential, followed by a short syn-
aptic hyperpolarization and a rebound of excitation, which 
is likely due to both the activation of IT (see Fig. 15.2C) 
concomitant with late discharge of CSth neurons (Paz 
et al., 2005a) (Fig. 15.5D). The transient hyperpolariza-
tion reverses in polarity at around 73 mV, suggesting the 
involvement of Cl-dependent conductance due to the acti-
vation of GABAergic type-A receptors. This hypothesis is 
supported by simultaneous extracellular recordings from 
STN and GPe neurons showing that GABAergic pallidal 
neurons exhibit, during SWDs, rhythmic clusters of action 
potentials (Fig. 15.5C3, D), which are correlated with the 
inhibitory synaptic potentials in STN neurons (Fig. 15.5D). 
Altogether, these findings suggest that cortical seizures 
impose rhythmic activity in STN neurons via a complex 
interplay between active membrane properties, CSth inputs 
and reciprocal synaptic connections with GPe cells.
The rhythmic bursting in the subthalamo-nigral neu-
rons (Paz et al., 2005a), together with the lack of action 
potential firing in striato-nigral neurons during ictal activ-
ity (Slaght et al., 2004), induces a change in the balance 
between excitation and inhibition in the basal ganglia 
output nuclei that leads to a sudden reinforcement of the 
synaptic excitation originating from the STN. This is 
responsible for a synchronized bursting in the SNr neurons 
during cortical SWDs (Deransart et al., 2003; Paz et al., 
2007) (see Fig. 15.6C, Control, extra SNr).

D.  Control of Ictogenesis by the Subthalamo-
Nigro-Thalamo-Cortical Pathway

The striatal output neurons being silenced during seizures 
(Slaght et al., 2004) (Fig. 15.5B), the SWDs will propa-
gate to the output nuclei of basal ganglia through a rhyth-
mic bursting in the glutamatergic STN neurons, recurring 
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with the frequency of cortical epileptic discharges (Paz  
et al., 2005a). Thus, the subthalamo-nigral pathway provides 
a potent network by which the basal ganglia can interfere 
with the seizure activity via the subsequent feed-back nigro-
thalamo-cortical pathway. Such a complex network mecha-
nism has been revealed by in vivo injection of kynurenate, 
a non-specific blocker of glutamatergic transmission, in 
the SNr (Paz et al., 2007) (Fig. 15.6A). This interruption of 
the transmission between STN and nigro-thalamic neurons  
produces a powerful antiepileptic effect together with a 
remarkable change in the activity of both SNr neurons and 
their targets in the ventromedial (VM) thalamic nucleus 
(Fig. 15.6B,C).

Desynchronized and random firing patterns of VM tha-
lamic neurons in the absence of paroxysms become highly 
correlated and time-locked to the cortical spikes during 
seizures (Paz et al., 2007) (Fig. 15.6C, Control, extra VM). 
Injection of kynurenate in the SNr suppresses cortical sei-
zures and concomitantly reduces dramatically the firing 
rate of SNr neurons (Fig. 15.6C, Kynu, extra SNr) and, 
consequently, increases the spontaneous activity of VM 
thalamic cells (Paz et al., 2007) (Fig. 15.6C, Kynu, extra 
VM), via a disinhibitory process (Chevalier and Deniau, 
1990). The subsequent temporal disorganization of the 
thalamic activity, resulting in a sustained arrhythmic firing 
pattern leads to a restoration of a desynchronized cortical 
activity. This is consistent with the thalamic tonic firing 
recorded during active waking, whereas rhythmic burst-
ing in the thalamus, as occurring during SWDs (Charpier  
et al., 1999; Polack and Charpier, 2006; Paz et al., 2007), 
is mainly correlated with cortical slow-waves associated 
with unconsciousness (Glenn and Steriade, 1982; Llinas 
and Steriade, 2006).

The cortical mechanisms underlying the control of 
seizures by the STN were revealed by the impact of the 
blockade of the subthalamo-nigral transmission on the 
intracellular activities of cortical neurons (Paz et al., 2007) 
(Fig. 15.6(A, C intra Cx). The antiepileptic effect of intra-
SNr injection of kynurenate results from a disappearance 
of oscillations in cortical neurons together with a mem-
brane hyperpolarization (  7 mV), leading to a dramatic 
reduction in the firing rate and a diminution of membrane 
input resistance and time constant (Fig. 15.6C, Kynu, intra 
Cx). These synergistic changes in cortical neurons activity 
and excitability may originate from an activation of corti-
cal GABAergic interneurons by the sustained arrhythmic 
firing pattern of the non-specific VM thalamo-cortical cells 
(Swadlow, 2003; Thomson and Bannister, 2003).
E.  Is There an On-line Control of Cortical 
Seizures by the STN?

Can the subthalamo-nigral pathway control on-line the 
cortical epileptic activities? The synchronized bursting of 
STN neurons, at once the start of seizure, induces repeti-
tive discharges in SNr cells (Deransart et al., 2003; Paz 
et al., 2007) and subsequent rhythmic synaptic inhibition 
in thalamic cells (Paz et al., 2007). The iterative synaptic 
hyperpolarizations in thalamic cells will favor intrinsic 
bursting in the thalamo-cortical projections (Llinas and 
Steriade, 2006), which could amplify, via a resonance 
mechanism, the cortico-thalamic abnormal oscillations 
(Paz et al., 2007). Moreover, the rhythmic bursting of STN 
neurons could be rapidly transmitted back to the cortex via 
subthalamo-cortical projections (Degos et al., 2008), which 
might reinforce the paroxysmal synchronized activity in 
the cortex.

As a potent mechanism for seizure termination by 
the cortico-basal ganglia loop, the firing of STN and SNr 
neurons is often reduced and becomes arrhythmic around 
500 ms prior to the end of the seizure (Deransart et al., 
2003; Paz et al., 2007). As a consequence, the attenuation 
of the activity of nigro-thalamic cells is coincident with a 
desynchronized activity in thalamic neurons, which leads 
to the decrease in cortical neurons excitability (Paz et al., 
2007) and, consequently, to the resolution of the cortical 
epileptic discharge.
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I.  Introduction

It has been more than three decades now since B.S. Bunney, 
G.K. Aghajanian and their colleagues at Yale published the 
first electrophysiological studies of midbrain dopamine 
(DA) neurons in vivo (Bunney et al., 1973a,b). These extra-
cellular single unit recordings revealed that DA neurons in 
the substantia nigra (SN) pars compacta (SNc) and ven-
tral tegmental area (VTA) of chloral hydrate-anesthetized 
rats fired spontaneously at low rates with occasional slow 
bursts. In addition, these investigators showed that DA 
neurons were powerfully inhibited by intravenous admin-
istration of amphetamine or apomorphine, effects that were 
completely reversed by administration of antipsychotic 
drugs. Moreover, the firing of DA neurons was also sup-
pressed by iontophoretic application of DA directly to DA 
neurons themselves, suggesting the presence of “presynap-
tic” receptors for dopamine, now known as somatodendritic  
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autoreceptors, on the DA neurons themselves. Subsequent 
studies revealed that the source of the DA that activated 
these autoreceptors was the dendrites of the DA neurons 
themselves (Groves et al., 1975; Geffen et al., 1976; Paden 
et al., 1976), and that these dendrites made synapses with 
other DA dendrites (Wilson et al., 1977a) thereby creating 
a self-inhibitory network of DA neurons. These pioneering 
studies were prompted, in large part, by a desire to under-
stand the sites and mechanisms of action of antipsychotic 
drugs and provided the impetus for a myriad of subsequent 
electrophysiological and anatomical experiments by labo-
ratories all over the world.

Over the succeeding 30 years, it has become clear that 
mesencephalic DA neurons and the DA innervation of the 
forebrain play crucial roles not only in the execution of 
voluntary movement and as sites of action for antipsychotic 
drugs and stimulant drugs of abuse, but also as core com-
ponents of neural systems regulating reward, reinforcement 
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and addiction, as well as several types of higher cognitive 
function including various forms of associative learning 
(Schultz, 1997, 2007). The number of papers published on 
DA neurons exceeds 25,000 (PubMed, February 2009), far 
too many for any one review to even attempt to cover. This 
chapter will limit itself to a review of the basic anatomy 
of the SN and the morphological and electrophysiological 
characteristics of SN DA neurons, and the control of these 
neurons by GABAergic inputs. Other aspects of the affer-
ent control of DA neurons have been reviewed elsewhere 
(Kitai et al., 1999; Diana and Tepper, 2002; Misgeld, 2004; 
Tepper and Lee, 2007; Lee and Tepper, 2009) (see also 
Chapters 23 and 31).

II.  Neurocytology of nigrostriatal 
dopamine neurons

Most of the cell bodies of origin of the nigrostriatal DA 
system are located in a densely packed, relatively thin 
shell, 300–500  m thick, the SNc (A9 in the terminology of 
Dahlstrom and Fuxe, 1964), dorsal to the larger and more 
diffuse substantia nigra pars reticulata (SNr) that comprises 
predominantly GABA projection neurons (Lee and Tepper, 
2007). There are approximately 25,000 DA neurons bilat-
erally in the rat SN (Oorschot, 1996; Nair-Roberts et al., 
2008). Smaller numbers of striatally projecting neurons are 
also found in the adjacent retrorubral field (A8) as well as 
in isolated patches in the SNr (Deutch et al., 1986). It is 
worth pointing out that many “nigrostriatal” DA neurons 
have been shown by retrograde labeling to collateralize to 
multiple regions including the cingulate and the prefrontal 
cortices (Fallon, 1981; Takada and Hattori, 1986).

Nigral DA neurons have been divided into dorsal and 
ventral tier groups (Fallon and Moore, 1978) (see also 
Chapter 1). The dorsal tier neurons express calbindin whereas 
the ventral tier neurons do not (Gerfen et al., 1987a,b; but 
see also Neuhoff et al., 2002). It has been argued on the 
basis of retrograde tracing that the dorsal tier neurons pref-
erentially innervate the striatal matrix compartment whereas 
the ventral tier neurons innervate the striosome/patch 
compartment (Gerfen et al., 1987a,b). However, a more 
recent study using a novel anterograde tracing technique 
shows quite clearly that single nigrostriatal neurons inner-
vate both patch and matrix compartments (Matsuda et al.,  
2009). Similarly, it has been claimed that the dorsal tier 
neurons have dendrites oriented principally mediolaterally 
in pars compacta whereas the ventral tier neurons extend 
dendrites ventrally into the pars reticulata (Fallon et al., 
1978). However, subsequent intracellular labeling studies 
suggest that many or most nigrostriatal neurons have den-
drites that arborize within pars compacta as well as one or 
two ventrally directed dendrites (Kita et al., 1986; Tepper 
et al., 1987; Grace and Onn, 1989; cf Fig. 16.1).

In rats, nigral DA neurons are medium to large sized, 
12–25  m in diameter and exhibit multipolar, fusiform 
or polygonal somata that emit three to five thick, smooth 
dendrites that taper rapidly to about 1  m or less in diam-
eter. Dendrites are aspiny, but occasionally emit sparse 
thorn- or spine-like appendages. There are usually one or 
two ventrally directed dendrites that course through SNr 
perpendicular to the surface of the SNc. These are often 
the largest and longest dendrites issued by the neuron, can 
exceed 1 mm in length and extend throughout the entire 
dorsoventral extent of the SNr where they often form 
dendritic fascicles (Juraska et al., 1977; Kita et al., 1986; 
Tepper et al., 1994; 1987; cf Fig. 16.1). Most of the dorsal 
dendrites are shorter than the ventrally directed dendrites 
but are similar in other respects, and arborize in, and some-
time extend beyond SNc, in all directions.

The earliest morphological descriptions of DA neu-
rons from histofluorescence material stressed the varicose 
nature of their dendrites and the possible implications of 
the varicosities for dendritic DA release (e.g., Bjorklund 
and Lindvall, 1975). However, material from intracellular 
labeling with HRP, biocytin or Lucifer Yellow (Kita et al., 
1986; Tepper et al., 1987, Grace and Onn 1989; Yung et al.,  
1991), or immunocytochemistry (Tepper et al., 1994) 
shows that most of the dendrites from DA neurons in 
mature animals are smooth, with some varicosities in the 
finer higher order dendrites. The previously observed vari-
cosities were probably attributable to areas of aggregation 
of histofluorescent material rather than changes in den-
dritic caliber (Tepper et al., 1987).

It is sometimes claimed that the axon most commonly 
emerges from a dendrite at a relatively great distance 
from the soma (up to 240  m; Hausser et al., 1995), but 
this observation may have arisen from a selection artifact 
for the largest neurons in vitro where dendritic record-
ing is easiest, since observations from several other stud-
ies indicate that the axon typically emerges from the soma 
or a proximal dendrite, usually within 30  m of the soma 
(Grace and Bunney, 1983a; Tepper et al., 1987; Grace and 
Onn, 1989; Matsuda et al., 2009; cf Fig. 16.1).

In marked contrast to the projection neurons of virtu-
ally all other basal ganglia nuclei, DA neurons of the SN 
do not emit local axon collaterals (Juraska et al., 1977; 
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Tepper et al., 1987; Matsuda et al., 2009). After emerg-
ing from the cell and exhibiting an often initially tortuous 
and recurving trajectory, the axons course medially and 
rostral to SN, coalesce into a tract often referred to as the 
medial forebrain bundle that traverses the fields of Forel 
and projects into the forebrain. As they ascend, the axons 
arborize sparsely in the subthalamic nucleus (STN; Cragg 
et al., 2004), and then continue rostral and anterior, fan-
ning out laterally through the globus pallidus (GP) where 

Figure  16.1  Neuroanatomical organization of substantia nigra and 
neurocytology of nigral DA neurons. A. Coronal section through rat mid-
brain immunostained for tyrosine hydroxylase, illustrating the densely 
packed DA neurons of the substantia nigra pars compacta (SNc) and the 
adjacent ventral tegmental area (VTA). Note the numerous DA fibers 
that penetrate deep into the pars reticulata (SNr). Substantia nigra is bor-
dered ventrally by the cerebral peduncles or crus cerebri (cc). B. Higher 
magnification micrograph of the area within the box in A illustrating the 
fasciculation of some of the ventral dendrites, coursing perpendicular 
to the surface of the SNc. Note that the dendrites are for the most part 
non-varicose. C. Photomontage of an electrophysiologically identified 
DA neuron in the pars compacta (SNc) of the substantia nigra filled with 
biocytin after whole cell recording in vitro. The dorsal dendrites arborize 
mostly within pars compacta and the neuron extends one thick, smooth 
and unbranched dendrite several hundred microns ventral through pars 
reticulata (SNr). D. A photomicrograph of an electrophysiologically iden-
tified DA neuron in substantia nigra in a 350  m coronal section stained 
with biocytin following in vitro whole cell recording. The axon (large 
arrow) could be followed (small arrows) as it coursed medially for several 
hundred microns in this single optical plane. Inset shows the axon emerg-
ing from a short, thick proximal dendrite approximately 25  m from the 
center of the soma. Source: 16.1C modified from Iribe et al. (1999); used 
with permission.
they form a small arborization (Lindvall and Bjorklund, 
1979; Matsuda et al., 2009) before reaching their principal 
target, the striatum. In the striatum the axons from single 
cells branch profusely and form large, dense arborizations 
of varicose processes that occupy an average volume of 
approximately 0.5 mm3 (Matsuda et al., 2009). Nigrostriatal 
axons form Gray’s Type II symmetrical synapses, mainly 
on the dendrites or the necks of the dendritic spines of the 
striatal spiny projection neurons. Interestingly, although 
some of the DA synapses are made by terminal boutons or 
en passant varicosities, many of the synapses very small 
and are formed by thinner intervaricose segments of the 
axons (Pickel et al., 1981; Freund et al., 1984; Groves et al., 
1994). These are easy to miss in single electron microscopic 
thin sections, especially if one is concentrating on varicosi-
ties, and almost certainly have contributed to the confusion 
about whether DA terminals actually form typical morpho-
logically defined synapses in the striatum or not (see, e.g., 
Groves et al., 1994; Descarries et al., 1996 for discussion).

III.  Electrophysiological properties 
of nigrostriatal dopamine 
neurons

A.  Extracellular Recordings

In in vivo extracellular recordings from anesthetized adult 
rats or mice, nigral DA neurons fire spontaneously between 
approximately 2–8 spikes/sec, with a mean firing rate around 
4 spikes/sec (Bunney et al., 1973a,b). Estimates of the pro-
portion of mesencephalic DA neurons that are spontane-
ously active in vivo in anesthetized rats vary widely, with 
some authors claiming that up to 50% of the neurons are 
normally silent (e.g., Chiodo, 1988; Floresco et al., 2003) 
to others who claim that the large majority of the neurons 
are spontaneously active under normal conditions (e.g., Dai 
and Tepper, 1998). Spontaneous action potentials are unusu-
ally wide, between 2.5 and 4 ms long in duration depending 
on filter settings and electrode characteristics (Bunney et al., 
1973a,b).

Nigrostriatal DA neurons are readily identified by anti-
dromic activation following stimulation of the striatum, GP 
or medial forebrain bundle. Like other monoaminergic neu-
rons nigrostriatal DA neurons exhibit slow conduction veloc-
ities in the range of 0.4–0.5 m/sec. Antidromic responses of 
nigrostriatal DA neurons usually consist of a small spike, 
termed the initial segment (IS) spike, even when antidromi-
cally activated at low rates. Very often when the antidromic 
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response is a “full” spike consisting of both the IS and the 
somatodendritic (SD) spike, there is a marked delay between 
the IS and SD components causing a notch in the initial 
positive part of the extracellularly recorded waveform. The 
same IS-SD break is often observed in spontaneous action 
potentials as well (Bunney et al., 1973a,b; Guyenet and 
Aghajanian, 1978; Deniau et al., 1978; Tepper et al., 1982, 
1984a,b, 1997; Grace and Bunney, 1983a,b, 1984a,b; Trent 
and Tepper, 1991; cf Fig. 16.2).
DA neurons recorded in vivo in anesthetized rodents 
exhibit three distinct modes or patterns of firing that are 
clearly distinguishable from inspection of their autocorre-
lation histograms (Tepper et al., 1995). The most common 
pattern of activity is a random, or irregular mode of firing, 
characterized by an initial prolonged trough in the auto-
correlation function representing a long post-firing inhi-
bition. The next most common firing pattern is a regular, 
pacemaker-like firing, characterized by constant interspike 
Figure 16.2  Basic electrophysiological characteristics of rodent nigral DA neurons. A. In vivo intracellular recording of an antidromically identified 
nigrostriatal neuron in a urethane-anesthetized rat. Note long, slow spike afterhyperpolarization and regular spontaneous firing pattern. The 4th spike 
in the train misses, revealing the underlying LVA Ca2 membrane potential oscillation that drives spontaneous pacemaker spiking. B. Extracellularly 
recorded antidromic responses of a nigrostriatal neuron in a urethane-anesthetized rat. The asterisk marks a collision extinction in the 3rd sweep. 
Antidromic responses consist almost exclusively of the IS spike except for the red trace in the 4th sweep that is a full IS-SD spike. The arrow points to 
the IS-SD break. C. Extracellularly recorded action potentials from two different nigrostriatal neurons in a chloral hydrate-anesthetized mouse illustrate 
the typical long duration spike and IS-SD break (arrow). Each spike is the overlay of five spikes averaged from 10 consecutive spontaneous action 
potentials. D. Distribution of spontaneous firing rates of nigral DA neurons in a chloral hydrate-anesthetized rat. E. Extracellularly recoded spontaneous 
spike trains recorded from three different antidromically identified nigrostriatal neurons in chloral hydrate-anesthetized mice illustrating the three differ-
ent patterns of spontaneous activity seen in vivo. F. Autocorrelograms generated from spike trains (insets) of three different nigrostriatal neurons illus-
trating the distinct histogram shapes that characterize the three firing patterns in urethane-anesthetized rats. G. In vitro whole cell recordings from SNc 
DA neurons in mice. G1. Hyperpolarizing current injections result in a slowly developing sag in the voltage response due to activation of Ih. that results 
in a time dependent inward rectification that reduces the input resistance of the neuron by about 67% (G2). G3. Depolarizing current injection in a DA 
neuron hyperpolarized to 75 mV results in an LTS and subsequent HVA Ca2 spike as well as a rebound LTS. G4. Relaxation following hyperpolar-
izing current injections of varying durations show that the rebound spike is all-or-none. G5. Addition of a low concentration of Ni2 blocks the rebound 
slow spike identifying it as an LTS. Source C: redrawn from Brazhnik et al. (2008). Copyright 2008 by the Society for Neuroscience; D: reprinted from 
Dai and Tepper (1998), used with permission; F: redrawn from Tepper et al. (1995). Copyright 1995 by the Society for Neuroscience. To view a color 
version of this image please visit http://www.elsevierdirect.com/companion/9780123747679
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intervals, a low coefficient of variation, and a lack of burst-
ing. The third and least common mode (but the one that 
has generated the most interest) is burst firing, character-
ized by stereotyped bursts of 2–8 action potentials in which 
the first intraburst interspike interval is typically around 
60 ms, followed by progressively increasing interspike 
intervals and progressively decreasing spike amplitudes 
(Grace and Bunney, 1984a,b; Tepper et al., 1995; Paladini 
and Tepper, 1999; Brazhnik et al., 2008; cf Fig. 16.2). The 
maximal instantaneous intraburst firing rate in anesthetized 
rodents is typically in the range of 12–15 Hz (Grace and 
Bunney, 1984b; Tepper et al., 1990) although significantly 
higher maximal intraburst firing rates have been observed 
in unanesthetized behaving rats (e.g., Kiyatkin and Rebec, 
1998; Hyland et al., 2002).

The same three patterns of activity are observed in 
unanesthetized and immobilized (Wilson et al., 1977b) 
and/or freely moving rats (Freeman et al., 1985; Diana  
et al., 1989; Hyland et al., 2002) although in general a 
higher proportion of nigrostriatal neurons in vivo exhibit 
burst firing whereas a lower proportion exhibit pacemaker-
like firing in unanesthetized preparations. Single DA 
neurons can spontaneously change firing patterns, or be 
induced to change by various experimental manipulations 
and SN DA neuron firing patterns can best be thought of 
as a existing along a continuum, with the pacemaker-like 
firing on one end and bursty firing on the other (Tepper  
et al., 1995; Paladini and Tepper, 1999; Celada et al., 1999;  
Lee et al., 2004).

The mechanisms controlling the firing patterns are 
of great interest to basal ganglia researchers for many 
reasons. Different firing patterns could lead to qualita-
tively different effects with respect to dendritic release of 
DA in SN (Bjorklund and Lindvall, 1975; Groves et al., 
1975; Cheramy et al., 1981) and/or release of DA in stria-
tum. Experimentally induced burst firing (Suaud-Chagny 
et al., 1992; Lee et al., 2004) or electrical stimulation of 
the medial forebrain bundle that mimics burst firing (e.g., 
Gonon and Buda, 1985, Gonon, 1988, Bean and Roth, 
1991, Manley et al., 1992; Chergui et al., 1994) leads to 
increased extracellular DA levels in striatum and/or cor-
tex compared to pacemaker-like firing. This results from 
saturation of the DA transporter that is responsible for 
regulating extracellular DA levels (Chergui et al., 1994; 
Miller and Abercrombie, 1999; but see also Rice and 
Cragg, 2008) rather than from increased release per pulse. 
Higher extracellular levels of DA could lead to qualita-
tively different effects than lower levels if, for example, 
a significant fraction of striatal D1 receptors were located 
predominantly extra- or perisynaptically (Caille et al., 
1996; Gonon, 1997). Under most conditions, firing rate 
and pattern appear to regulate somatodendritic and axon 
terminal DA release in parallel. Under some conditions 
however, IS and/or axonal and SD activity become disso-
ciated (e.g., Grace, 1990, Trent and Tepper, 1991) leading 
to independent regulation of DA release in SN and axon 
terminal regions (Cobb and Abercrombie, 2003). Perhaps 
most importantly, a number of studies have shown that DA 
neurons respond to reward, or stimuli that predict reward 
by firing a short burst (e.g., Schultz, 1997, 2007).

B.  Intracellular Recordings

There have only been a handful of in vivo intracellular record-
ing studies of nigral DA neurons due to substantial techni-
cal challenges including the depth of the substantia nigra, 
the need to traverse several heavily myelinated regions, the 
anatomical organization of the SNc, and the responses of the 
neurons to intracellular penetration. As such, these record-
ings, mostly obtained by Grace and Bunney in the early to 
mid 1980s, represented a technical tour de force and were 
extremely valuable. The results from their earlier record-
ings confirm those from the earliest extracellular recordings 
described above. In addition they revealed that nigral DA 
neurons exhibit a prolonged spike after hyperpolarization 
and a slowly developing depolarizing sag in the membrane 
potential in response to strong hyperpolarizing current injec-
tions, identified the presumed IS spike seen in extracellular 
recordings, and showed the first intracellularly recorded syn-
aptic responses in DA neurons (Grace and Bunney, 1983a,b; 
1984a,b; 1985; Tepper et al., 1987).

Virtually all subsequent intracellular recordings of 
DA neurons have been obtained in vitro, first with sharp 
electrodes (Kita et al., 1986; Grace, 1990; 1991) and more 
recently with whole cell recordings. These have confirmed 
and extended the in vivo recordings and showed that the 
sag in nigrostriatal neurons is due to activation of a hyper-
polarization activated cation channel (HCN) that mediates 
the depolarizing current, Ih. The prolonged spike afterhy-
perpolarization is due to activation of the apamin-sensitive 
calcium-activated K channel, SK (Shepard and Bunney, 
1991). Finally these neurons express a variety of calcium 
channels enabling both low and high threshold Ca2 spikes 
as well as a slow oscillatory potential that drives rhythmic 
single spiking in vitro and probably in vivo as well (Grace, 
1991; Kang and Kitai, 1993a,b; Nedergaard et al., 1993; 
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Galarraga and Bargas, 1995; Wilson and Callaway, 2000). 
Nigrostriatal neurons were also shown to possess somato-
dendritic DA D2 autoreceptors that hyperpolarize the neu-
ron by opening an inwardly rectifying K (GIRK) channel 
(Lacey et al., 1987, 1989).

IV.  Neuroanatomy of GABA 
afferents to nigral dopamine 
neurons

Most of the afferents to the SN are GABAergic and at 
least 70% of the synapses formed on nigral DA neurons 
are GABAergic (Rinvik and Grofova, 1970; Gulley and 
Smithberg, 1971; Ribak et al., 1976; Bolam and Smith, 
1990). The SN is rich in both GABAA and GABAB 
receptors. These display regional segregation, with in 
situ hybridization and immunostaining showing that the 
GABABR1 and GABABR2 subunits (Charara et al., 2000) 
are expressed at significantly greater abundance in nigral 
DA neurons than in SNr GABA neurons, or in any other 
basal ganglia nucleus. Conversely, mRNA levels (Lu et al., 
1999) and immunostaining for virtually all GABAA recep-
tor subunits, particularly 1 and 2 subunits, are greater in 
the SNr than in the SNc. Most or all of the GABAA subu-
nit immunostaining is constrained to postsynaptic spe-
cializations of symmetric synapses (Fujiyama et al., 2000), 
whereas GABAB subunits label both presynaptic termi-
nals, where they serve as inhibitory GABA autoreceptors, 
as well as dendrites (for review, see Boyes and Bolam, 
2007). Interestingly, a large proportion of the postsynap-
tic GABAB subunits appear to be located extrasynaptically 
(Boyes and Bolam, 2003). Although nigrostriatal DA and 
SNr GABA neurons express both GABAA and GABAB 
receptors, the responses of nigral neurons to GABA 
released from afferents is complex and varies depending on 
the nature of the afferent stimulation (Celada et al., 1999; 
Lee et al., 2004; cf Fig. 16.4).

The densest and best-characterized GABAergic inputs 
arise from the spiny projection neurons of the striatum 
(Grofová and Rinvik, 1970; Grofová, 1975; Hattori et al., 
1973a,b; Somogyi et al., 1981; Bolam and Smith, 1990) 
and the GP (Hattori et al., 1975; Smith and Bolam, 1990). 
Striatonigral efferents colocalize substance P and dynor-
phin and arise from both the patch and matrix compart-
ments (Gerfen and Young, 1988), which preferentially 
or selectively innervate the SNc and SNr respectively 
(Gerfen, 1984). However, DA and GABA dendrites overlap 
extensively in SNr, and the striatal inputs to DA neurons  
terminate mostly on distal dendrites (Bolam and Smith, 
1990), so the degree of segregation of patch inputs to 
nigrostriatal neurons and matrix inputs to GABA neurons 
is probably not as clear-cut as is often assumed.

Striatal inputs to SN form symmetric Gray’s Type II 
synapses (Grofova and Rinvik, 1970) and, as mentioned 
above, target the more distal dendritic regions of nigros-
triatal and SNr neurons making only a relatively small 
proportion of synapses onto DA cell bodies (Bolam and 
Smith, 1990). This anatomical arrangement suggests that 
individual striatonigral neurons probably do not exert pow-
erful inhibitory effects on nigrostriatal neurons and there-
fore simultaneous activation of a number of striatonigral 
neurons would be required to produce a substantial effect 
on a postsynaptic nigrostriatal neuron. Given the phasic 
and episodic nature of the spontaneous activity of striatal 
spiny projection neurons, and their very low overall mean 
firing rate (Wilson, 1993), it is unlikely that the striatum 
provides a significant GABA afferent tone to the nigros-
triatal neurons.

Pallidal inputs to SN are also dense, with single GP 
GABA projection neurons often forming terminal arbo-
rizations in both SNc and SNr and innervating both DA 
and GABA neurons (Grofová 1975; Hattori et al., 1975; 
Totterdell et al., 1984; Smith and Bolam, 1989, 1990; Bevan 
et al., 1998). Pallidal boutons tend to be larger than striatal 
boutons, and form symmetric synapses on the cell bodies 
and proximal dendrites of nigrostriatal neurons, sometimes 
forming multiple repeated contacts and/or pericellular bas-
kets around somata (Smith and Bolam, 1990). GP neurons 
typically fire spontaneously at 50–80 spikes/second in vivo 
in anesthetized rats (Celada et al., 1999) and can exceed 200 
spikes/second (Kita, 2007). In contrast to the striatal inputs, 
given the electrotonically favored location of their synaptic 
inputs and high tonic firing rate, GP is likely a main con-
tributor to the significant GABA tone that exists in SN in 
vivo (see below).

A third source of GABAergic inputs to nigrostriatal 
neurons arises locally (Grace and Bunney, 1979, 1985; 
Nitsch and Riesenberg, 1988) and is comprised of the 
local axon collaterals of the SNr GABA projection neurons 
(Tepper et al., 1995). These neurons emit a large diameter 
axon that issues several locally arborizing collaterals that 
exhibit varicosities en passant as well as terminal varicosi-
ties in SNr and SNc (Deniau et al., 1982; Grofova et al., 
1982; Mailly et al., 2003; Lee and Tepper, 2009) before 
ascending to their principal sites of termination in the thal-
amus and tectum. Electron microscopic analyses reveal that 
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the varicosities are large boutons that form symmetric syn-
apses with the somata and proximal dendrites of DA neu-
rons in SNc and SNr. Individual collateral branches often 
form proximal multiple en passant synapses or pericellular 
baskets (Tepper et al., 2003; Lee and Tepper, 2007), similar 
to those formed by pallidal terminals (Smith and Bolam, 
1990). SNr projection neurons typically fire spontane-
ously around 15–30 spikes/second in vivo and can exceed 
100 spikes/second (Deniau et al., 2007). The SNr collateral 
input provides a crucial source of GABA to nigrostriatal 
neurons and plays a particularly important role in the mod-
ulation of their firing pattern and response to excitatory and 
inhibitory afferent inputs as described below.

V.  Neurophysiology of GABA 
Afferents

A.  Responses to Striatal Stimulation

Both DA and GABA SN neurons in vivo respond to ipsilat-
eral striatal stimulation with monosynaptic IPSPs (Yoshida 
and Precht, 1971; Grace and Bunney, 1983a, 1985) that 
lead to inhibition of spontaneous activity (Collingridge and 
Davies, 1981; Tepper et al., 1990). The latency to the onset 
of striatal-evoked inhibition is relatively long, (in rats and 
mice exceeding 10 ms; Tepper et al., 1990; Paladini et al.,  
1999a; Brazhnik et al., 2008), consistent with the rela-
tively slow conduction velocity and long latency antidro-
mic responses of striatonigral neurons (10 ms) following 
nigral stimulation in rats (Ryan et al., 1986).

Interestingly, some nigrostriatal neurons respond to 
weak striatal stimulation with an increase in firing rather 
than a decrease (Collingridge and Davies 1981; Grace and 
Bunney, 1985). This is due to a preferential inhibition of 
the GABA SNr projection neurons by the weaker striatal 
stimuli. This occurs because DA neurons are considerably 
less sensitive to GABAA receptor activation than the SNr 
GABA neurons (Grace and Bunney, 1979, 1985; Waszczak 
et al., 1980, 1981; Collingridge and Davies 1981; Tepper 
et al., 1986; Gulacsi et al., 2003) and thus there is little or 
no monosynaptic inhibition in the nigrostriatal neurons 
to the weaker stimulation whereas the SNr neurons are 
potently inhibited. Because of this difference in sensitiv-
ity to GABAA receptor activation (see below) coupled 
with the fact that the SNr GABA projection neurons are 
tonically active at a high rate and innervate the nigrostria-
tal neurons at proximal locations, the end result of weak 
striatal stimulation is a disinhibition of the nigrostriatal 
neuron from the tonic SNr input. This disinhibition is a 
key factor in the functioning of nigrostriatal neurons and 
their response to many afferent inputs, discussed at greater  
length below.

B.  Responses to Pallidal Stimulation

Nigrostriatal neurons respond to stimulation of ipsilateral 
GP with a short latency monosynaptic IPSPs (Tepper et al.,  
1986) and inhibition of spontaneous activity (Paladini 
et al., 1999), consistent with the anatomical findings. 
However, if the GP is stimulated chemically by local infu-
sion of bicuculline (which increases the mean firing rate of 
GP neurons by 55%), nigrostriatal neurons respond with a 
modest but statistically significant increase in firing rate 
but a dramatic increase in burst firing (Celada et al, 1999; 
Lee et al., 2004; cf Fig. 16.4). The opposite occurs if mus-
cimol is infused into GP. Under these conditions GP activ-
ity is almost completely suppressed and the nigrostriatal 
neurons respond with a modest decrease in firing rate and 
a shift away from bursty or random firing to a pacemaker-
like firing pattern (Celada et al., 1999).

These effects are clearly opposite to what one expects 
from excitation or inhibition of a monosynaptic inhibitory 
input. The explanation for these seemingly incompatible 
results is the same as that for striatal-induced excitation 
of nigrostriatal neurons and depends again on the differ-
ent sensitivities of DA and SNr GABA neurons to stimula-
tion of GABAA receptors. When GP neurons are activated 
by an electrical stimulus, all the neurons within the field 
of the stimulating electrode are depolarized and induced 
to fire simultaneously. This causes a massive and nearly 
synchronous release of GABA in the SN a few ms later. 
The synchronous nature of electrically stimulated release 
probably leads to greater extracellular levels of GABA 
than those that result from the chemical stimulation of the 
GP which, although exciting large numbers of GP neurons, 
does so in an asynchronous manner. Thus, the extracellu-
lar levels of GABA that are controlled almost exclusively 
by diffusion and uptake into presynaptic terminals and glia 
(Schousboe and Waagepetersen, 2007; Kirmse et al., 2008) 
are likely to be lower following chemical stimulation 
of GP where the asynchronous release allows the uptake 
mechanisms to clear the released GABA more efficiently 
than after electrical stimulation when all of the GABA is 
released simultaneously putting a much greater load on the 
uptake system. This leads to the situation where following 
chemical stimulation, there is a much greater inhibitory 
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response from the SNr projection neurons than from the 
less sensitive DA neurons, resulting in a selective inhibi-
tion of the SNr GABA neurons and a consequent disinhi-
bition of the DA neurons. Conversely, following electrical 
stimulation of GP, the synchronous release of GABA is 
sufficient to inhibit both the nigrostriatal neurons as well 
as the SNr GABA neurons and so the monosynaptic inhi-
bition of the DA neurons becomes apparent, although it is 
no doubt opposed by simultaneous disinhibition from the 
SNr neurons.

Evidence in support of this hypothesis comes from in 
vivo recordings of SNr GABA projection neurons follow-
ing infusions of muscimol or bicuculline into GP. Whereas 
such infusions cause modest disinhibition and inhibition 
of nigrostriatal neuron firing rates, respectively, in anti-
dromically identified nigrothalamic neurons such infusions 
lead to greater than a doubling or a complete cessation of 
spontaneous activity, respectively (Celada et al., 1999; Lee  
et al., 2004).

This is almost certainly the same mechanism that is 
responsible for the paradoxical excitatory effects of locally 
or systemically administered muscimol on nigrostriatal 
neuron activity (MacNeil et al., 1978; Walters and Lakoski, 
1978; Grace and Bunney, 1979) and striatal DA release 
(Martin and Haubrich, 1978; Santiago and Westerink, 
1992), or the excitatory effects of  opioids on DA neurons 
that lack  receptors (Lacey et al., 1989) and illustrates the 
crucial role that the SNr neurons play in the responses of 
nigrostriatal DA neurons to many different drugs and affer-
ent inputs.

A similar sort of “paradoxical” response occurs in 
nigral DA neurons to activation of an extra-basal ganglia 
afferent, the lateral habenula. Stimulation of the lateral 
habenula produces potent inhibition in nigral DA neurons 
in rodent and monkey whereas lesions of this area lead 
to increased forebrain DA release (Ji and Shepard, 2007; 
Matsumoto and Hikosaka, 2007; Hikosaka et al., 2008). 
The paradox arises from the fact that the output of the lat-
eral habenula appears to be glutamatergic and would be 
expected to produce excitation of nigral DA neurons. There 
are a number of possible explanations for this, but a disyn-
aptic loop involving lateral habenular projections to SNr 
projection neurons and feed forward inhibition of nigros-
triatal neurons remains a distinct possibility.

As one final example of the complexity of the interac-
tions of nigral afferents with intranigral microcircuitry, it 
has been reported that chemical or electrical stimulation of 
the STN produces excitation and burst firing in nigrostriatal 
DA neurons in vivo (Smith and Grace, 1992; Chergui et al.,  
1994). This should not be surprising since the STN is a glu-
tamatergic nucleus and sends a monosynaptic projection 
to the SN (Hammond et al., 1978). Remarkably, however, 
in both of the experiments just referred to, the predomi-
nant initial response to chemical or electrical stimulation 
of STN was either no effect or inhibition of nigral neurons. 
Excitation and/or burst firing were only seen in a minority 
of the neurons. Once again, this was almost certainly due to 
preferential activation of pars reticulata GABA projection 
neurons by the subthalamic input, since 90% of the syn-
apses made by subthalamic afferents synapse onto GABA 
dendrites in SNr and only about 10% synapse directly onto 
DA dendrites (Lee and Tepper, 2009). Subsequent in vitro 
intracellular recordings showed that nigral DA neurons 
respond to STN stimulation with a depolarizing synaptic 
potential (DPSP) that exhibits a reversal potential around 
38 mV, a value very close to spike threshold (Iribe et al., 
1999). Pharmacological dissection of the DPSP revealed it 
to be the result of near-simultaneous activation of a mono-
synaptic glutamatergic input with a reversal potential near 
0 mV, presumably originating from STN, and a GABAA 
IPSP. The IPSP resulting from electrical stimulation of STN 
could have come from inadvertent activation of descending  
GABA fibers from striatum or GP, but this was ruled out 
when the IPSP survived knife cuts just anterior to STN sev-
eral days before the recordings, and by the demonstration 
that blocking the glutamatergic input pharmacologically 
completely eliminated the IPSP (Iribe et al., 1999). These 
data showed that chemical or electrical stimulation of STN 
simultaneous activates a monosynaptic EPSP and a disyn-
aptic GABAA-mediated IPSP from the SNr projection neu-
rons that together produce mixed, but initially inhibitory 
effects on DA neurons, as first reported by Robledo and 
colleagues (Robledo et al., 1988; Robledo and Feger, 1990). 
It also cannot be ruled out that the STN-elicited burst fir-
ing of nigrostriatal neurons is meditated in part through a 
monosynaptic excitation of GP neurons that then preferen-
tially inhibit SNr neurons and produce bursting in nigros-
triatal neurons via disinhibition just as chemical stimulation 
of the GP does (Celada et al., 1999; Lee et al., 2004).

Thus, under many conditions, the responses of nigros-
triatal neurons to inhibitory and excitatory afferents are 
filtered by parallel innervation of the SNr GABA projec-
tion neurons, whose powerful inhibitory or disinhibi-
tory effects on nigrostriatal neurons are a major factor 
in the response of the nigrostriatal neurons to afferent  
input.



Figure 16.3  Inhibitory responses of nigral DA neurons following stimulation of GABAergic afferents. A. Raw spike trains recorded extracellularly 
illustrating responses to single pulse electrical stimulation of A1, dorsolateral striatum, A2, GP, and A3, ventromedial thalamus (which antidromically 
activates SNr GABA projection neurons) in mice. Each trace consists of the overlay of 25–37 consecutive sweeps at 0.67 Hz. Note the slow onset and 
long duration of the striatal-evoked inhibition compared to the rapid onset and shorter duration following activation of GP and SNr afferents. B. Typical 
PSTHs showing thalamic (SNr) elicited inhibition (B1) is eliminated when the recording pipette contains the GABAA selective antagonist, bicuculline 
(BIC) (B2). C. Inhibition elicited by single pulse GP stimulation (C1) is completely blocked by pressure application of BIC using multibarrel pipettes (C2). 
After recovery from BIC (C3), subsequent pressure application of the GABAB-selective antagonist, CGP55845A (CGP) not only fails to block inhibition, 
but actually produces a slight augmentation and prolongation of the inhibition as well as a slight reduction in spontaneous firing rate (see text for explana-
tion). D. PSTHs showing pharmacologically distinguishable early and late components of the inhibitory response of a nigral DA neuron to single pulse 
striatal stimulation in mice. D1. Control stimulation (660  A pulse delivered at 0 msec) elicits a long duration (200 ms) inhibition with a delayed onset. 
D2. Pressure application of CGP eliminates the late component of the inhibition but not the early component that is augmented by blockade of presynaptic 
GABAB autoreceptors. D3. Subsequent simultaneous application of CGP plus the GABAA antagonist, picrotoxin (PTX) eliminates both components of 
the evoked inhibition except for the small post-excitation inhibition following the PTX-induced increased firing. E. Same as D for a different cell but the 
order of drug application is reversed. E1. Striatal train stimulation elicits stronger inhibition than the single pulse stimulation in D1. E2. Application of PTX 
eliminates the early part of the inhibition but has no effect on the later portion. E3. Subsequent simultaneous application of PTX and CGP eliminates all 
inhibition. Note presence of similar excitatory response to stimulation in the presence of PTX as seen in D3. (See Paladini et al. (1999a) for explanation.) F. 
Simultaneous pre- and postsynaptic GABAB effects. F1. Striatal train stimulation elicits only a minimal early inhibition but a significant late inhibition (blue 
line). F2. Following CGP application, the same stimuli now evoke a clear early inhibition (red arrows) and the late inhibition is substantially attenuated. G. 
Facilitation of GABAergic inhibition is blocked by GABAA antagonists in mice. G1. GP train stimulation evokes inhibition with a weak early and strong 
late component. G2. Local CGP application greatly strengthens the early inhibition while completely eliminating the late inhibition. G3. Subsequent appli-
cation of CGP and PTX eliminates all inhibitory responses. H. Presynaptic effects of GABAB antagonists. H1. Control PSTH with single pulse thalamic 
stimulation set to subthreshold current elicits no response. H2. Local application of CGP unmasks a clear inhibitory response to the identical stimulus. 
Note that there is a slight decrease background firing rate H3. Subsequent simultaneous application of the GABAB antagonist and the GABAA antagonist, 
bicuculline, eliminates the unmasked inhibition. I. Blocking GABA uptake greatly enhances the late component of the evoked inhibition. I1. Single pulse 
striatal stimulation elicits a strong early inhibition and a weaker late inhibition. I2. Local application of the selective GABA uptake inhibitor, nipecotic acid 
(UPT), selectively augments the late inhibition. I3. Subsequent application of CGP and UPT completely blocks the late component of the inhibition but not 
the early component. Data in A, D, G and I taken from extracellular recordings chloral-hydrate anesthetized mice. Data in B, C and H taken from extracel-
lular recordings in urethane-anesthetized rats. Source B: redrawn from Tepper et al. (1995). Copyright 1995 by the Society for Neuroscience. C, H: redrawn 
from Paladini et al. (1999a), used with permission; D–G, I: redrawn from Brazhnik et al. (2008). Copyright 2008 by the Society for Neuroscience. To view 
a color version of this image please visit http://www.elsevierdirect.com/companion/9780123747679
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C.  Responses to SNr Stimulation

A reciprocal relation between the spontaneous activity of 
SNc DA neurons and an unidentified population of non-DA 
SNr neurons was first described by Grace and colleagues 
(Grace and Bunney, 1979, Grace et al., 1980) on the basis of 
simultaneous extracellular recordings. This was a landmark 
observation. Although Grace and Bunney (1979) were care-
ful to consider several possibilities for the identity of the 
non-DA neuron, including the idea that it might be a SNr 
projection neuron, subsequent reports identified the SNr 
neuron as a unique “zona reticulata interneuron” located 
just ventral to the SNc on the basis of electrophysiologi-
cal characteristics including lack of antidromic responding 
from thalamus, superior colliculus or striatum, an excitatory 
response to noxious stimuli and great sensitivity to GABA 
(Grace and Bunney, 1985; Bunney et al., 1991; Smith and 
Grace, 1992). From then on, the idea that there is a SNr 
GABA interneuron that engages in a feedforward inhibi-
tory circuit with nigrostriatal DA neurons became firmly 
entrenched in the literature (e.g., Mereu and Gessa, 1985; 
Johnson and North, 1992; Santiago and Westerink, 1992; 
Zhang et al., 1992, 1993; Cameron and Williams, 1993, 
Yung and Hausser, 1993; Bontempi and Sharp, 1997).

There had been reports of presumed local circuit or 
interneurons in SNr based principally on Golgi studies 
(Gulley and Wood, 1971; Juraska et al., 1977; Schwyn 
and Fox, 1974; Francois et al., 1979), but for the most part 
these appeared to be smaller versions of the projection 
neurons whose size and dendritic orientation are known to 
vary with location in the SNr (Juraska et al., 1977). These 
neurons were not reported to be present in great abundance 
in SNr and there is little known about their afferent or 
efferent connectivities or even whether they truly represent 
a cell type distinct from the SNr projection neurons. There 
have also been reports of a small proportion of GABA 
neurons recorded in rostral SNc in vitro that were physi-
ologically similar but not identical to SNr projection neu-
rons (Yung et al., 1991), and a small population of GABA 
neurons in a restricted rostro-caudal region of the SNc has 
been shown to increase c-fos expression in response to 
DAergic stimulation (Hebb and Robertson, 2000). There 
are little or no data concerning the efferent connectivities, 
or function of these SNc neurons, but it is important to not 
overlook the potential importance of a neuronal population 
simply because it makes up a small proportion of the total 
cell number in a nucleus (Tepper et al., 2004, 2008; Tepper 
and Bolam, 2004).
However, it had been recognized for some time that 
SNr projection neurons emit axon collaterals, both in SNr 
as well as in SNc (Deniau et al., 1982; Grofova et al., 
1982). Stimulation of the SNr in vitro produces IPSP/Cs 
in nigrostriatal neurons (Yung et al., 1991; Johnson and 
North, 1992; Hajós and Greenfield, 1993, 1994; Hausser 
and Yung, 1994) but it was impossible to determine if these 
arise from activation of a population of interneurons or  
by activation of SNr projection neurons that innervate  
DA neurons via their axon collaterals.

One approach to address this question in vivo was to 
record from nigrostriatal DA neurons while stimulating the 
ipsilateral ventral thalamus or superior colliculus (Tepper 
et al., 1995). Although there were no known monosynaptic 
projections from these nuclei to the nigrostriatal neurons, 
such stimuli would be expected to antidromically activate 
a population of SNr GABA projection neurons selectively 
without driving any putative GABA interneurons. Such 
stimuli would produce inhibition in nigrostriatal neurons 
if they were directly innervated by SNr collaterals, excita-
tion if the nigrostriatal neurons were innervated by GABA 
interneurons that were themselves innervated by the SNr 
projection neurons, and no effect if there were no con-
nection at all between the SNr projection neurons and the 
nigrostriatal neurons. The results were clear-cut, with tha-
lamic or tectal stimulation producing strong inhibition of 
the nigrostriatal neurons at latencies only a little longer 
than the SNr neuron antidromic conduction times (Tepper 
et al., 1995; Paladini et al., 1999a; Brazhnik et al., 2008).

The SNr GABA axon collaterals were subsequently 
carefully mapped (Mailly et al, 2003), and electron micro-
scopic evidence was provided for the existence of syn-
apses formed by collaterals of SNr projection neurons 
onto nigrostriatal neurons (Tepper et al., 2002; Lee and 
Tepper, 2009). Results from a subsequent experiment 
where non-DA SNr neurons were recorded in vitro, stained 
with biocytin and reconstructed in order to compare their 
somatodendritic and axonal morphology with their elec-
trophysiological characteristics revealed a morphologi-
cally and electrophysiologically homogenous population 
of neurons in SNr, differing only in co-expression of either 
parvalbumin or calretinin (Lee and Tepper, 2007). Thus the 
SNr GABAergic input to nigrostriatal DA neurons arises 
predominantly or exclusively from the axon collaterals of 
the SNr principal cells, which play a dual role as both pro-
jection neurons and the source of intranigral GABAergic 
inhibition (Deniau et al., 2007).
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D.  Why are SNr Neurons so Much More 
Sensitive to GABA than Nigrostriatal 
Neurons?

As mentioned earlier, SNr GABA neurons exhibit appar-
ently greater sensitivity to inhibition by GABA or GABAA 
agonists than nigral DA neurons. There are several pos-
sible reasons. First, there is a differential distribution of 
GABAA subunits on DA and SNr GABA neurons (Boyes 
and Bolam, 2007), and different subunit combinations gen-
erate receptors with markedly different biophysical proper-
ties (for recent review see Goetz et al., 2007).

Second, there are markedly different chloride regula-
tory mechanisms in nigrostriatal and SNr neurons. SNr 
projection neurons express KCC2, the typical K-Cl  
co-transporter found in most mature CNS neurons (Rivera  
et al., 1999) that is responsible for maintaining the [Cl]i low 
enough so that GABAA IPSPs are hyperpolarizing (Farrant 
and Kaila, 2007). These IPSPs exhibit a reversal potential 
around – 71 mV measured with gramicidin perforated patch 
recordings in vitro. In contrast, DA neurons lack KCC2 
and exhibit a significantly more depolarized GABAA IPSP 
reversal potential around – 63 mV (Gulácsi et al., 2003). 
Furthermore, the reversal potential in DA neurons, but not 
in SNr GABA neurons, is highly dependent on the pres-
ence of bicarbonate indicating that DA neurons depend on 
a less efficient Na- dependent Cl/bicarbonate exchanger 
(NDAE; see Farrant and Kaila, 2007 for review) in order 
to extrude [Cl]i and be capable of generating a hyperpo-
larizing IPSP. Thus, GABAA receptor activation produces a 
significantly smaller hyperpolarization in DA neurons than 
in SNr GABA neurons, and this is likely to account, at least 
in part, for their relative insensitivity to GABA compared to 
SNr output neurons (Gulácsi et al., 2003).

The difference in sensitivity to GABA of the two nigral 
neuron types is at the heart of much of the circuit-level 
phenomena that occur in SN including the increase in burst 
firing in nigrostriatal neurons triggered by disinhibition 
from the SNr neurons following chemical stimulation of 
the GP described above.

E.  Pharmacology of GABAergic Synaptic 
Responses in Nigrostriatal Neurons In Vivo

In in vitro experiments, local stimulation in SN elicits 
biphasic IPSP/Cs in nigral DA neurons. The early compo-
nent shows a rapid onset, relatively brief duration, exhibits 
a reversal potential near the Cl equilibrium potential, and 
is blocked by selective GABAA receptor antagonists, bicu-
culline or picrotoxin. The later component has a slower 
onset, a greatly increased duration, and is unaffected by 
GABAA antagonists but is blocked by selective GABAB 
receptor antagonists (Johnson and North, 1992; Cameron 
and Williams, 1993; Hajós and Greenfield, 1993, 1994; 
Hausser and Yung, 1994). The GABAB component is most 
consistently observed following stimulation with brief 
high frequency train stimuli (e.g., Hausser and Yung, 1991; 
Johnson and North, 1992; Saitoh et al., 2004).

However in vivo in rats, single pulse stimulation of stria-
tum, GP or antidromic activation of SNr projection neu-
rons with stimuli up to 1 mA produces inhibition of nigral 
DA neurons that is completely blocked by local application 
of GABAA antagonists (Tepper et al., 1995; Paladini et al., 
1999a). The GABAB antagonists CGP35348 or CGP55845A 
not only fail to block the inhibition, but in many cases lead 
to an augmented inhibitory response (Fig. 16.3). Train stim-
uli similar to those used in the in vitro experiments elicited 
longer duration, more powerful inhibition from striatum or 
GP. In some of these cases bicuculline or picrotoxin com-
pletely blocked the augmented inhibition. In other cases 
only the early part of the inhibition was blocked and the 
later portion remained. However, as with single pulse stimu-
lation the GABAB antagonists, saclofen or CG-55845A, did 
not block any of inhibition resulting from train stimulation 
nor did the SK channel blocker, apamin or the D2 receptor 
antagonist, eticlopride (Paladini et al., 1999a).

If the stimulus intensity is adjusted to be just below 
threshold for evoking inhibition, application of GABAB 
antagonists unmasks an inhibitory response that can then 
be blocked by application of picrotoxin or bicuculline 
(Paladini et al., 1999a; cf Fig. 16.3. Thus in vivo in rats, 
inhibition in nigral DA neurons evoked from all three prin-
cipal GABA afferents appears to be mediated predomi-
nantly or exclusively through stimulation of postsynaptic 
GABAA receptors. The potentiation of the inhibition by 
application of GABAB antagonists arises from blockade of 
presynaptic inhibitory GABAB autoreceptors located on the 
terminals of striatal, pallidal and SNr neurons that synapse 
onto DA neurons (Giralt et al., 1990; Hausser and Yung, 
1994; see Misgeld et al., 2007 for review). This block-
ade results in increased stimulus-evoked GABA release 
that produces larger GABAA receptor-mediated inhibition 
that can be completely blocked by GABAA antagonists 
(Paladini et al., 1999a).

It is rather puzzling that it is so difficult to elicit 
GABAB inhibition in DA neurons in vivo when the neurons  
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clearly have abundant expression of GABAB receptors and 
exogenous application of GABAB agonists both in vivo 
(Engberg et al., 1993; Ehrhardt et al., 1998, 2002) and in 
vitro (Lacey et al., 1988) result in strong hyperpolarization 
and inhibition. One explanation is that a significant frac-
tion of postsynaptic GABAB receptors on SNc neurons is 
located at extrasynaptic sites some distance from the site of 
GABA release (e.g., Boyes and Bolam, 2003). Activation 
of these receptors would require particularly intense stim-
uli in order to evoke enough GABA release to overcome 
the uptake mechanisms and allow diffusion away from the 
synapse to reach the extrasynaptic GABAB receptors. This 
is precisely the case in hippocampus where interneuronal 
inhibition of pyramidal cells is mediated exclusively by 
GABAA receptors except when the interneuron is stimu-
lated by high frequency trains or when a large population 
of interneurons is firing synchronously (Scanziani, 2000). 
Therefore it may simply be that most previous in vivo 
experiments with intact uptake mechanisms have been 
unable to stimulate striatum, GP or SNr neurons strongly 
enough for this synaptic overflow to occur.

Indeed this seems to be the case. Recent experiments 
in vivo in mice reveal that stimulation of striatum, GP or 
antidromic activation of SNr projection neurons with sin-
gle pulses delivered at amplitudes similar to those used in 
previous experiments in rats evoked inhibitory responses 
of significantly greater duration than those observed in 
rats (Brazhnik et al., 2008). Furthermore, the inhibitory 
responses could be seen to be composed of two discrete 
components, an early inhibition that could be selectively 
blocked by GABAA receptor antagonists and a later com-
ponent, not usually seen in rats, that was unaffected by 
bicuculline or picrotoxin but that was blocked by the selec-
tive GABAB antagonist, CGP55845A. Although the late 
component could be blocked by CGP55845A, as in rats, 
there was no evidence for a tonic GABAB mediated inhibi-
tory tone (Brazhnik et al., 2008; cf Fig. 16.3).

Local application of CGP55845A not only potentiated 
the early GABAA-mediated inhibition following activation 
of striatal, pallidal or SNr inputs as in rats, but also resulted 
in a significant decrease in spontaneous firing rate, a  
trend that was evident but not statistically significant in the 
previous studies in rats. Both of these effects were attrib-
utable to action at inhibitory presynaptic GABAB terminal 
autoreceptors, as in rats.

GABA uptake blockers had relatively little effect on the 
early part of the evoked inhibition but greatly augmented the 
late component, an effect that was selectively antagonized  
by GABAB antagonists (Brazhnik et al., 2008; cf Fig. 16.3).  
Masked postsynaptic GABAB inhibitory effects that can 
be revealed by the application of GABA uptake blockade 
have also been shown to occur in striatum (Kirmse et al., 
2008). In all other respects, the responses to GABA affer-
ent inputs were identical in rats and mice.

F.  Why are Postsynaptic GABAB Responses 
Seen in Response to Stimulation of GABA 
Afferents in Mice In Vivo, but not in Rats?

There are several possible explanations for the appearance 
of GABAB postsynaptic effects in vivo in mice when pre-
vious experiments failed to see them in rats. Anesthetic 
differences is one possibility – most of the rat experi-
ments were done under urethane anesthesia whereas the 
mice were anesthetized with chloral hydrate. Another 
possibility is that there is significant species difference in 
GABAergic signaling in SN between rats and mice, but 
that seems highly unlikely especially given the ready elici-
tation of GABAB IPSP/Cs in vitro in rat slices. Rather, the 
most likely explanation is simply the difference in size 
between rat and mouse brains. Neuronal packing density 
varies inversely with brain volume (Tower, 1954). This 
causes identical stimuli delivered in rat and mouse brain to 
stimulate a much larger number of neurons in the mouse. 
Further, since the mouse brain is smaller, a given volume 
of brain tissue corresponds to a greater proportion of all 
the cell in a given nucleus so stimulating equal volumes 
in rat and mouse would not only activate a larger number 
of neurons in the mouse but also a larger fraction of the 
total population of efferents, a variable that seems likely to 
be related to the maximum total receptor binding, uptake 
capacity and strength of synaptic response. Stimulation in 
a smaller brain is thus likely to result in greater extracellu-
lar levels of GABA some of which escapes the synapse and 
is available to diffuse to extrasynaptic GABAB receptors.

There are observations that support this hypothesis.  
A study of the postnatal changes in nigrostriatal neurons in 
rats showed that striatal evoked inhibition was especially 
potent in neonatal rat pups, lasting for several hundred ms, 
but by the time the rats had reached 21 days of age, the 
average duration of inhibition did not differ from that in 
adults. (Tepper et al., 1990). Three weeks of age is well 
before the rat striatum has fully matured anatomically or 
physiologically (Tepper and Trent, 1993; Tepper et al., 
1998) but is a period when the size of the brain is close to 
that of adult rats. Additional support comes from in vitro 
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release studies where field stimulation of cortical or stria-
tal slices released 80% more norepinephrine and 300% 
more DA in mouse slices than in rat slices using the same 
stimuli, indicating that identical stimuli released far more 
transmitter in mouse than in rat. Finally, in the in vivo 
mouse studies just described, electrical stimulation of stria-
tum, GP or thalamus evoked much longer duration inhibi-
tion than identical stimulation in rats (Tepper et al., 1995, 
Paladini et al., 1999a; Brazhnik et al., 2008).

G.  Effects of GABA Receptor Antagonists 
on Spontaneous Activity in Nigrostriatal 
Neurons

In addition to blocking striatal, pallidal or SNr-evoked 
inhibition of nigrostriatal neurons, GABA receptor antag-
onists also affected both the firing rate and firing pattern 
of the spontaneous activity of nigrostriatal neurons. Local 
application of bicuculline methiodide produced a mod-
est but statistically significant 25% increase in firing rate 
(Tepper et al., 1995, Paladini and Tepper, 1999). Two other 
GABAA antagonists that do not block the SK channel as 
does bicuculline methiodide (Johnson and Seutin, 1997), 
picrotoxin and gabazine, exerted smaller, less consist-
ent excitatory effects on firing rate (Paladini and Tepper, 
1999). Local application of the selective GABAB receptor 
antagonists, 2-OH-saclofen or CGP55845A, exerted even 
more modest, but opposite effects on firing rate, produc-
ing small decreases in spontaneous activity (Tepper et al., 
1995; Paladini and Tepper, 1999; cf Figure 16.3 C).

In marked contrast to the relatively modest effects 
on nigrostriatal neuron firing rate, GABAA antagonists, 
exerted consistent and dramatic effects on the firing pat-
terns of SNc DA neurons. Local application of bicucul-
line methiodide produced a dramatic increase in the CV, 
the proportion of neurons firing in bursts and the percent-
age of spikes fired in bursts (Tepper et al., 1995; Paladini 
and Tepper, 1999). Other GABAA antagonists that lack 
the SK channel blocking ability of bicuculline methiodide 
(Johnson and Seutin, 1997), picrotoxin and gabazine, mim-
icked the potent effects of bicuculline at switching neurons 
from pacemaker or random firing to burst firing. (Paladini 
and Tepper, 1999; Brazhnik et al., 2008; cf Fig. 16.4). 
Regardless of the initial firing pattern, all the GABAA 
antagonists caused the majority of nigrostriatal neurons 
to shift to a bursty firing pattern. There was no correlation 
between the effects of GABAA antagonists on firing pat-
tern and baseline firing rate or drug-induced changes in 
firing rate (Paladini and Tepper, 1999). This suggests that 
the mechanisms that modulate firing pattern and firing rate 
are different, and at least partially independent, and further, 
that altering GABAergic input to DA neurons has a greater 
effect on firing pattern than on firing rate.

In contrast, GABAB antagonists produced opposite 
effects on firing pattern. Although these effects were usu-
ally less dramatic then those of the GABA antagonists, 
local application of CGP35348 or CGP 55845A led to a 
shift along the firing pattern continuum away from burst 
firing towards the pacemaker-like pattern. The regulariza-
tion in firing pattern was evident in a number of indices 
including a decreased CV, a decrease in the percentage of 
spikes fired in bursts, and increase in the mean number of 
peaks in the autocorrelation histogram, and decrease in 
the numbers of neurons firing in the bursty mode and an 
increase in the proportion of neurons firing in the pace-
maker pattern (Tepper et al., 1995; Paladini and Tepper, 
1999; Brazhnik et al., 2008).

These results indicated that in vivo there exists a 
GABA tone on nigrostriatal neurons that produces a tonic 
activation of GABAA receptors. The level of activation of 
nigrostriatal GABAA receptors seems able to modulate the 
firing pattern in a very effective and rapid way. One could 
imagine that momentary decreases in GABAergic input 
resulting from brief pauses in the high tonic firing rate of 
the SNr neurons would reduce the GABAA tone, and, like 
brief applications of GABAA antagonists, produce a burst. 
On the other hand increases in GABAergic input resulting 
from increased SNr activity would increase the level of 
GABAA receptor stimulation and suppress burst firing.

In contrast, there is no tonic stimulation of the postsyn-
aptic GABAB receptors on nigrostriatal neurons, consis-
tent with findings in other brain regions including striatum 
and hippocampus (Scanziani, 2000; Kirmse et al., 2008, 
but see Erhardt et al., 1999). The effects of the GABAB 
antagonists result from action at presynaptic GABAB auto-
receptors on the terminals of the GABA afferents that lead 
to increased GABA release and increased GABAA recep-
tor stimulation. The modest inhibitory effects of GABAB 
antagonists on spontaneous activity and the facilitation of 
GABAA-mediated afferent induced inhibition suggest that 
unlike the postsynaptic GABAB receptors, the presynaptic 
GABAB autoreceptors, that are located on GABA affer-
ents from striatum, GP and SNr, are tonically stimulated in 
vivo, albeit to a relatively small degree.

For reasons discussed above, the GABAA tone is 
unlikely to originate from the striatum, but could arise 
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from either GP or SNr or both. However if we recall that 
pallidal-evoked inhibition of nigrostriatal neurons is only 
seen following the relatively strong, synchronous GABA 
release that occurs with electrical stimulation whereas the 
GABA release that accompanies pharmacological stimula-
tion that causes asynchronous activation of GP produces 
disinhibition by preferentially inhibiting the SNr neurons, 
it seems most likely that the major source of the GABAA 
tone that modulates the firing pattern of the nigrostriatal 
neurons is the local axon collateral system of the SNr pro-
jection neurons.

The mechanism of the GABAA-mediated burst sup-
pression is not completely understood, but NMDA-induced 
burst firing of nigral DA neurons in vitro can be blocked 
by the selective GABAA agonist, isoguvacine. The block-
ade is independent of membrane polarization but is asso-
ciated with a large conductance increase (Paladini et al., 
1999b). This effect has been simulated in compartmental 
models of DA neurons by a few groups where it has been 
explained by alterations in the interactions of membrane 
potential, conductance and dendritic coupling (Canavier, 
1999; Komendatov et al., 2004; Kusnetsov et al., 2006).

H.  Afferent Regulation of Burst Firing in 
Nigrostriatal Neurons

The burst firing of DA neurons only occurs spontaneously 
in vivo, suggesting that in addition to intrinsic conductances, 
intact afferents are required for burst initiation and/or mainte-
nance (Kita et al., 1986; Lacey et al., 1989, Grace and Onn, 
1989). Bursts cannot be elicited by simple intracellular cur-
rent injection but can be evoked by local electrical stimula-
tion under appropriate conditions in vitro and/or pressure 
application of glutamate or NMDA (Morikawa et al., 2003; 
Blythe et al., 2007). Bursting can also be elicited by blocking 
the SK channel (Shepard and Bunney, 1988; Ji and Shepard, 
2006), and stimulation of either nicotinic or muscarinic 
cholinergic receptors on DA neurons leads to depolarization 
and an increase in firing rate as well as to an increase in burst 
firing (Calabresi et al., 1989; Sorenson et al., 1998; Kitai 
et al., 1999). It is not inconceivable that there are multiple 
mechanisms interacting and/or acting independently to pro-
duce burst firing in nigral DA neurons in vivo (e.g., Canavier 
and Landry, 2006; Canavier et al., 2007).

Nevertheless, it is often assumed that the trigger for burst 
firing in vivo in SNc neurons is an excitatory glutamatergic 
input as it often is in other brain regions. Stimulation of nigral 
glutamate receptors in vivo, particularly NMDA receptors, 
induces burst firing whereas blocking NMDA receptors leads 
to a suppression of burst firing and a regularization of fir-
ing pattern (Grace and Bunney, 1984b, Charlety et al., 1991, 
Overton and Clark, 1992, 1997; Chergui et al., 1993, 1994). 
The principal glutamatergic afferents to SN come from the 
STN (Hammond et al., 1978), frontal cortex (Sesack and 
Carr, 2002) and pedunculopontine nucleus (that also pro-
vides cholinergic input to substantia nigra, Mena-Segovia et 
al., 2008) and electrical or chemical stimulation of these areas 
can increase burst firing in nigral DA neurons (but see above).

There is no little doubt that NMDA receptor stimula-
tion, increases or causes burst firing in DA neurons in 
vivo although the mechanism remains controversial. An 
early hypothesis for this action identified a sodium-based 
mechanism dependent on an electrogenic sodium pump 
(Johnson et al., 1992) that was subsequently simulated in 
a compartmental model (Li et al., 1996; Canavier, 1999). 
However, the experimental data and the simulations repli-
cate sustained plateau depolarizations far better than they 
do the burst itself, and both the experimental data and the 
model result in prolonged bouts of high frequency firing 
displaying reverse spike frequency adaptation riding on 
large plateau potentials that do not resemble in vivo bursts. 
Further the hypothesis cannot explain why NMDA receptor 
stimulation specifically promotes burst firing while depo-
larization of the membrane by non-NMDA glutamatergic 
agonists or current injection do not.

A more recent hypothesis, based on whole cell record-
ing and calcium imaging studies of nigrostriatal neurons in 
vitro and supported by neuronal simulations suggests that 
DA neurons can be thought of as a series of coupled Ca2/
Ca2-activated K channel oscillators with the soma and 
proximal dendrites oscillating at a lower frequency than 
the thinner, more distal dendrites due to the difference in 
calcium clearance time as a function of surface area to vol-
ume ratio (Wilson and Callaway, 2000; Kusnetsov et al., 
2006). Because the amplitude of the subthreshold dendritic 
oscillation is small compared to that of the soma and the 
compartments are tightly coupled, the neuron normally 
oscillates near the low frequency of the soma. NMDA 
receptor activation, because of its voltage dependence, leads  
to an increase in amplitude of the fast dendritic oscillation 
allowing it to become larger than the somatic oscillation  
and compete with or completely suppress the slower 
somatic oscillation, setting up the subthreshold condi-
tions for a high frequency burst. It is the hyperpolarizing 
phase of the amplified subthreshold dendritic oscillation 
that allows the repolarization necessary for high frequency 
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spiking, something that does not occur with depolar-
izing current injection or AMPA receptor stimulation 
(Kusnetsov et al., 2006). Among the strengths of the model 
are that it incorporates the obviously important crucial role 
of Ca2 in burst firing and explains why NMDA recep-
tor stimulation, but not depolarization by injected current 
or AMPA receptor stimulation is capable of including a 
burst. Finally, simulations with the model generate bursts 
that more closely resemble natural bursts in vivo in terms 
of the maximum firing frequency and the appearance of 
spike frequency adaptation during the burst (Kusnetsov  
et al., 2006) than other current models (Komendatov et al., 
2004; Canavier and Landry, 2006; Canavier et al., 2007).

But a model that successfully explains the mechanism 
by which NMDA receptor activation leads to burst firing 
in nigrostriatal neurons need not necessarily imply that 
phasic glutamatergic afferent activity input is the only, or 
even the principal trigger for burst firing in vivo. As men-
tioned above, the overwhelming majority of afferents that 
contact neurons in the substantia nigra, perhaps up to 90%, 
make symmetric inhibitory GABA synapses (Rinvik and 
Grofova, 1970, Gulley and Smithberg, 1971) [note that 
this applies specifically to substantia nigra; the situation 
appears to be different in the VTA where the most com-
mon type of synaptic input is glutamatergic and excit-
atory (Smith et al., 1996)]. As reviewed above, blockade 
of GABAA receptors on nigrostriatal neurons or interrup-
tion of GABAergic input from the SNr causes almost all 
nigrostriatal neurons to fire bursts. Conversely, exoge-
nously applied GABAergic agonists or increases in firing 
rate of SNr projection neurons can completely suppress 
burst firing occurring spontaneously in vivo or induced by 
NMDA in vitro. Given the overwhelming predominance of 
GABA synapses on nigral DA neurons, the rapid kinetics 
of most GABAA receptors, and the remarkable effective-
ness of stimulation or blockade of GABAA receptors on 
nigrostriatal neurons in modulating firing pattern, it seems 
not only possible but rather likely that one important trig-
ger for eliciting a burst in a nigrostriatal neuron is a tran-
sient interruption in SNr firing.

As a tentative hypothesis, assume that the glutamatergic 
afferents to nigrostriatal neurons, arising principally from 
the pedunculopontine nucleus and also the subthalamic 
nucleus are tonically active and provide a more or less 
constant input to DA neurons, keeping them “primed” and 
burst-capable. They do not burst fire all the time because of 
substantial GABAA tone provided by the GABA afferents, 
the most crucial of which is the SNr projection neuron.  
The GABA tone suppresses the bursting, perhaps by altering 
the coupling between compartments as a result of increased 
membrane conductance. The SNr neuronal activity  
is tightly controlled by input from the GP. A transient 
increase in the activity of pallidonigral afferents (due to 
reduced striatal inhibition and/or increased STN input?) 
will lead to a similarly timed transient decrease in SNr 
GABAergic output, thereby disinhibiting the nigrostriatal 
neuron and allowing a burst. In contrast, brief decreases in 
output of pallidonigral neurons will disinhibit the SNr neu-
rons, thereby increasing their activity and their GABAergic 
output to re-establish burst suppression in nigrostria-
tal neurons. In this model the glutamatergic/NMDA 
inputs are absolutely essential for burst firing, but do not  
trigger it.

VI.  Concluding remarks

The normal functioning of nigrostriatal DA neurons is cru-
cial to a large array of behaviors ranging from voluntary 
motor function to higher cognitive processes. This remark-
able variety of functions is even more impressive when 
one considers how few SN DA neurons there are (~25,000; 
Nair-Roberts et al., 2008) relative to, say, the striatum 
(2.9 Million; Oorschot, 1996). Nigrostriatal neurons in 
vivo fire in three distinct patterns, but unlike many other 
CNS neurons that exhibit multiple firing patterns in vitro, 
nigrostriatal neurons in vitro exhibit only a very regular, 
pacemaker-like pattern. This suggests that while the cellu-
lar mechanisms capable of generating the different firing 
patterns seen in vivo are intrinsic, afferent input is required 
to manifest the different firing patterns. The sustained fir-
ing rate of nigrostriatal neurons is low, and constrained to 
a limited range, below 10 spikes/sec, and it seems likely 
that much or most of the important functional variability in 
these neurons is carried by firing pattern rather than firing 
rate. The most numerous afferents to nigral DA neurons 
are GABAergic, and manipulation of GABA receptors on 
nigrostriatal neurons, principally GABAA receptors, pro-
duces dramatic effects on firing pattern, and more mod-
est effects on firing rate, in vivo. The GABA afferent that 
seems to be most efficacious at modulating the firing pat-
tern of nigrostriatal neurons comes from the axon collat-
erals of the SNr projection neuron. Many or most of the 
afferents to SN contact both the DA and the GABA neu-
rons, providing the basis for a complex series of mono- and 
polysynaptic responses to both excitatory and inhibitory 
afferents.
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I.  Introduction

This review deals with one central question: How is the 
discharge activity of dopamine neurons translated into a 
chemical signal, i.e., into dynamic changes in the extra-
cellular dopamine level? The extracellular dopamine level 
results from an equilibrium between dopamine release and 
dopamine clearance. In the first section, we discuss how 
dopamine release is achieved and regulated. The second 
section focuses on dopamine reuptake, which is the main 
mechanism of dopamine clearance. Finally, both release 
and reuptake are integrated to describe the relationship 
between the firing of dopamine neurons and the extra-
cellular dopamine level. We do not discuss here how the 
discharge activity of dopamine neurons is generated and 
regulated (recently reviewed in Grace et al., 2007; see 
Chapter 16).
297

II.  Regulation of dopamine release

Dopamine neurotransmission is generally initiated by syn-
aptic vesicle fusion, which can be modulated at different 
levels including dopamine synthesis, uptake and vesicular 
transport as well as Ca2 homeostasis and exocytotic pro-
teins. In addition, dopamine autoreceptors expressed on 
dopamine neurons and presynaptic axon terminals provide 
feedback and regulate dopamine release.

A.  Exocytotic Processes

1.  Quantal Dopamine Release

In 1950, Bernard Katz and Paul Fatt at University College 
London published recordings of random electrical “noise” 
consisting of spontaneous small, rapid “action potentials” 
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at the frog neuromuscular junction they compared to “fluc-
tuations in the number of light quanta which strike the 
[photo]receptor cells” (Fatt and Katz, 1950). These “mini-
ature end plate potentials” required extracellular calcium 
and were exacerbated in high osmolarity solution (Fatt and 
Katz, 1952). The events fitted well with a Poisson distri-
bution, which simulates the probability of random occur-
rences of a multiple basic event (Del Castillo and Katz, 
1954), indicating that neurotransmission occurs in multi-
ples of a basic “quantal” unit. From these data and others, 
Fatt conjectured that “the apparatus for the release of ace-
tylcholine at a junction is subdivided into a large number 
of units (at least 100), each of which is able to operate 
independently of the rest” (Fatt, 1954).

While adrenal cell extracts provided the subject of 
the original studies of secretory transmission (Oliver and 
Schafer, 1895), catecholamines activate G protein-coupled 
receptors that do not produce rapid potential changes, and 
four decades transpired until the measure of the quantal 
catecholamine release event. In 1990, Mark Wightman and 
colleagues (Leszczyszyn et al., 1990) used carbon fiber 
electrodes, originally designed by Gonon et al. (1978), to 
provide amperometric detection of quantal catecholamine 
release from adrenal cells. In contrast to postsynaptic record-
ing, amperometric recordings directly measure the number 
of molecules released and the duration of the quantal release 
event, which in adrenal chromaffin cells were found to 
release about 106 molecules over the course of 101 sec.

Amperometric recordings were adapted to record from 
the axonal terminals of cultured midbrain dopamine neu-
rons, which produced quantal events that were about three 
orders of magnitude smaller and of shorter duration than 
that from adrenal cells (Pothos et al., 1998a; Staal et al., 
2004). The material measured by the amperometric record-
ings was identified as dopamine based on (1) reserpine 
blockade; (2) colocalization with tyrosine hydroxylase 
immunolabel; (3) dependence on sufficient oxidation poten-
tial; (4) absence of events recorded in neurons that lack 
dopamine; (5) elevation of quantal size following l-DOPA 
or increased vesicular catecholamine transporter (VMAT2) 
expression. The shape of the majority of quantal dopamine 
events in neurons closely fit a simulation of transmitter dif-
fusion through a pore (Sulzer and Pothos, 2000), but there 
are events that deviate from such simple shapes (see below).

In cultured dopamine neurons, quantal events have been 
observed to date in axons and not from cell bodies, but 
similar events have been recorded from acutely dissociated 
substantia nigra neuronal cell bodies (Kim et al., 2008), 
which may represent either normal dendritic quantal release 
events or synaptic vesicles that would have otherwise been 
trafficked to axons. Similar events have been found in acute 
midbrain slices, although it is difficult to exclude release 
from nearby dopamine or serotonergic terminals (Jaffe et al., 
1998). In any case, while dopamine is well established to be 
released from dendrites, normal dendrites have few obvious 
synaptic vesicles in electron microscopy, and VMAT2 is 
mostly found in tubular structures (Nirenberg et al., 1996b). 
Quantal dopamine release from synaptic vesicles has also 
been recorded by amperometry from retinal bipolar cells 
(Puopolo et al., 2001) and invertebrate neuronal cell bodies 
(Chen et al., 1995; Sulzer et al., 1995).

2.  The Synaptic Vesicle Cycle

The fundamental difference between the quantal release of 
catecholamines from adrenal and other secretory glands and 
central dopamine neurons is due to differences in the storage 
vesicle. In adrenal medullary cells, the large (150–300 nm 
diameter) “chromaffin granules” (Cramer, 1918) that accumu-
late catecholamines (Blaschko and Welch, 1953; Hillarp et al., 
1953) fuse with the plasma membrane to exocytose transmit-
ter, but do not recycle locally to produce new storage vesicles.

In contrast, the relatively complex “cycle” of synap-
tic vesicles leads to a range of means to regulate synaptic 
transmission. Soon after early electron microscope images 
of synapses demonstrated the presence of small (40 nm 
diameter) “synaptic vesicles” in axonal terminals (Palade, 
1954; De Robertis and Bennett, 1955), Sanford Palay made 
a link between Fatt’s conjecture from quantal recording, 
writing, “The heretofore unrecognized structure demanded 
by these physiological data may be the small vesicles which 
crowd the axon terminals, cluster at the junctional sur-
face, and open onto the intrasynaptic space” (Palay, 1956). 
Indeed, catecholamine synaptic vesicles played an impor-
tant role in confirming the hypothesis that synaptic vesi-
cles store and release neurotransmitter, as they accumulate 
osmophilic catecholamine reaction products (Wood, 1966) 
and the osmophilic false transmitter 5-hydroxydopamine  
(Tranzer and Thoenen, 1967).

Eric Holtzman (Holtzman et al., 1971) and subsequently 
Bruno Ceccarelli (Ceccarelli et al., 1972) showed that fluid 
phase endocytotic tracers such as horseradish peroxidase are 
accumulated by synaptic vesicles during stimulation, and that 
after the tracer is removed, further stimulation eliminates the 
label. This demonstrated that small synaptic vesicle mem-
brane was endocytosed from the plasma membrane following 
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full fusion and that synaptic vesicles were reformed (i.e., recy-
cled) and then underwent further bouts of fusion to release the 
tracer. Early studies indicated that some vesicles may fuse 
transiently via a fusion pore without full fusion (Ceccarelli  
et al., 1973; Heuser and Reese, 1973; Valtorta et al., 2001), a 
process typically known as ‘kiss-and-run” fusion, and although 
clearly demonstrated for large dense core vesicles (Williams 
and Webb, 2000), this continues to be controversial for small 
synaptic vesicles (Klyachko and Jackson, 2002; Gandhi and 
Stevens, 2003; Mitchell and Ryan, 2004; Staal et al., 2004; 
Zhang et al., 2009a), although amperometric recordings of 
quantal dopamine release are consistent with “flickering”  
reversible fusion pore formation (see following section).

The synaptic vesicle cycle introduced by Holtzman 
and Ceccarelli can be modeled as a series of kinetic steps, 
including the uptake of neurotransmitter by specific trans-
porters that utilize an energy gradient formed by an ATP 
driven proton pump, trafficking of vesicles to a presynap-
tic release site, a “docking” step which tethers the vesicle 
to its eventual site of fusion with the plasma membrane, a 
“priming” step during which the docked vesicle is placed 
in a fusion-ready state, a fusion step which may proceed 
via full fusion with the membrane or transient fusion, and 
a series of recycling steps leading to vesicle reformation 
(Edwards, 2007).

3.  Dopamine Vesicle Fusion Events and 
Quantal Size

Amperometric recordings from chromaffin and mast cells 
suggest that the fusion pore during large dense cored vesi-
cle fusion can exist in at least two states, a “foot” that rep-
resents a reversible fusion pore, and a full event that often 
indicates full fusion (Alvarez de Toledo and Fernandez, 
1990; Chow et al., 1992; Albillos et al., 1997; Xu and Tse, 
1999). Such findings suggest that fusion pore modulation 
is capable of affecting the amount and kinetics of transmit-
ter release.

Amperometric recordings at high time resolution 
(50 sec) demonstrate that dopamine small synaptic 
vesicle fusion pores flicker either once (simple events) or 
multiple times in rapid succession (complex events), with 
each flicker releasing on average 25–30% of total vesicu-
lar dopamine. The type of event is apparently regulated 
by PKC activity (Staal et al., 2004), as drugs that enhance 
PKC activity increase the number of events per stimulus but 
decrease the fraction of complex events, whereas staurospo-
rine, a broad spectrum kinase inhibitor, decreases the num-
ber of events but enhances the fraction of complex events. 
Complex events may provide a means by which neurons 
can rapidly reuse vesicles without undergoing the compara-
tively slow process of recycling. As complex events release 
a higher quantal size, complex events could regulate the 
spillover of neurotransmitter (see below). Transient flick-
ering of the fusion pore also appears to occur in adrenal 
chromaffin and other large dense cored vesicles (Alvarez 
de Toledo and Fernandez, 1990; Zhou et al., 1996) but the 
duration of dopamine synaptic vesicles subunits is consid-
erably shorter (100–150 s vs. 10,000–500,000 s respec-
tively), occurs at a much higher frequency than in LDCVs 
(4000 Hz vs. 170 Hz) (Zhou et al., 1996), and releases a far 
greater fraction of the vesicle’s neurotransmitter (25–30% 
vs. 1%) (Zhou et al., 1996).

B.  Regulation of Quantal Size

In addition to the mode of fusion, a variety of means to 
regulate steps in synaptic vesicle cycling that modify the 
quantal size of dopamine neurotransmission have been 
identified: detail is provided in extensive reviews (Sulzer 
and Pothos, 2000; Edwards, 2007). Pertinently, there has 
been a long-standing parallel effort on the part of William 
Van der Kloot to detail presynaptic mechanisms that lead 
to altered quantal size in the neuromuscular junction, and 
his reviews, which precede the advent of amperometric 
quantal detection in the CNS, are highly recommended 
(Van der Kloot, 1991; Van der Kloot and Molgo, 1994).

1.  Altered Free Energy for Vesicular  
Dopamine Sequestration

In the 1980s, work by several groups characterized how chro-
maffin granules maintain high levels of monoamines against 
a large concentration gradient (Njus et al., 1986; Johnson, 
1988). In isolated chromaffin granules, monoamines  
(A) distribute according to the electrochemical gradient 
composed of the voltage gradient DY and pH gradient as:

	
log([ ] [ ] )A / A F/RT pHin out    2 	

In chromaffin granules, granule pH is often estimated 
to be 5.6, the cytosolic pH 7.2, and DY   80 mV. 
Assuming RT/F  59 mV, this indicates an equilibrium 
transvesicular catecholamine gradient of 36,000:1.

This relationship hints at multiple interventions that 
might alter quantal size. First, we will discuss effects on 
the right hand side of the equation the pH and electrical 
gradients. Then, we will discuss effects of the left side of 
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the equation, the dopamine concentration gradient across 
the membrane.

2.  pH, Electrical Gradients, and Amphetamines

The pH gradient is provided by the vacuolar H-ATPase, 
which consists of V0 and V1 subunits (Drory and Nelson, 
2006; Nakanishi-Matsui and Futai, 2006). [Some data 
implicate the V0 domain in the process of vesicle fusion as 
well (Peters et al., 2001; Hiesinger et al., 2005).]

Mani and Ryan have used “synaptopHlorin”, a fluores-
cent pH sensitive mutation of the synaptic vesicle protein 
synaptobrevin, to determine that the internal pH of dopa-
mine synaptic vesicles in situ is about 5.6 (Mani and Ryan, 
2009): while the pKa of the protein is neutral, they took 
advantage of the dependence of total fluorescence on the 
contribution of plasma membrane synaptopHlorin to solve 
a simultaneous equation that would describe changes due 
to weak base induced synaptic vesicle pH collapse and 
quenching of the external signal using acidic buffer.

Exposure of isolated catecholamine vesicles to protono-
phores collapses the pH gradient and rapidly redistributes 
transmitter from inside to outside the vesicle (Johnson, 1988; 
Sulzer and Rayport, 1990), while the proton pump inhibitor 
bafilomycin reduces quantal size in chromaffin cells (Pothos 
et al., 2002). Lipophilic weak bases such as chloroquine are 
distributed across membranes according to the pH gradient 
(Maron et al., 1983). As their concentration becomes suffi-
ciently high, they exceed the buffering capacity of the ves-
icle interior and collapse the pH gradient. Thus, lipophilic 
weak bases collapse the pH gradient, leading to decreases 
in quantal size (Sulzer et al., 1995). The amphetamines are 
weak base compounds that are the only widely used class 
of drugs that elicit transmitter release by a non-exocytic 
mechanism (Sulzer et al., 2005). It seems likely that as both 
VMAT and DAT substrates (Amara and Kuhar, 1993; Pifl  
et al., 1995), amphetamines are effectively sequestered in 
vesicles. Amphetamine provided a first instance of pharma-
cological manipulation of dopamine quantal size, as seen in 
an adrenal derived cell line (PC12 cells) (Sulzer et al., 1995). 
Cyclic voltammetry (CV) recordings in the acute striatal 
slice strongly suggest that similar actions occur in intact tis-
sue (Jones et al., 1998a; Schmitz et al., 2001). Interestingly, 
two classes of dopamine vesicles are detected in the giant 
dopamine neuron of Planorbis corneus, and they are differ-
entially depleted by amphetamine (Anderson et al., 1998).

An unexpected effect of prolonged amphetamine 
or weak base exposure, at least in adrenal vesicles, is a 
delayed rebound hyperacidification that eventually leads to 
an enhanced quantal size (Markov et al., 2008), although 
this has not been explored for small synaptic vesicles. 
Likewise, extensive depolarization also acidifies chromaf-
fin vesicles (Pothos et al., 2002) and increases quantal size 
(Finnegan and et al., 1996; Pothos et al., 2002), in tandem 
with a greater proportion of larger “active” vesicles that 
contain a halo around the dense core (Colliver et al., 2000; 
Pothos et al., 2002), [see also (Han et al., 1999; Elhamdani 
et al., 2001; Camacho et al., 2006; Camacho et al., 2008)]. 
The means by which prolonged weak base exposure or 
stimulation regulate enhanced acidification are unknown, 
although PKA and PKC effects on quantal size and exo-
cytosis (Machado et al., 2001; Staal et al., 2008) may be 
involved, as these kinases can be regulated by activity, via 
by calcium-dependent mechanisms. Calcium gradients 
may further regulate vesicle trafficking (Camacho et al., 
2008).

It appears that additional regulation of ionic conduc-
tances, particularly via chloride channels (Jentsch et al., 
2005), trp channels (Krapivinsky et al., 2006) and glutamate 
accumulated by a vesicular vGluT transporter (R.H. Edwards 
et al., under submission) across the synaptic vesicle also con-
trol the net accumulation of dopamine, by regulating the elec-
trical gradient, although this has to date been explored mostly 
in adrenal chromaffin and other large dense cored vesicles 
(Barasch et al., 1988; Tamir et al., 1996; Pothos et al., 2002).

3.  Transmitter Concentration Gradients

If the electrochemical gradient is unchanged, a 2-fold 
increase in cytosolic levels of transmitter should produce a 
2-fold increase in quantal size. Typically, the synthesis of 
l-DOPA from tyrosine via tyrosine hydroxylase provides 
the rate-limiting step in catecholamine synthesis, and so 
the dopamine precursor l-DOPA is the most widely used 
clinical intervention for Parkinson’s disease. Amperometric 
recordings demonstrate that l-DOPA rapidly elevates quan-
tal size in midbrain neurons (Pothos et al., 1998a; Puopolo 
et al., 2001; Kim et al., 2008) and secretory cells (Pothos  
et al., 1996) (Pothos et al., 2002). The effects on quantal size 
appear consistent with in vivo cyclic voltammetry results, 
where l-DOPA rapidly increased evoked dopamine release 
(Garris et al., 1994). Tyrosine hydroxylase activity appears to 
underlie changes in quantal size mediated by D2 autorecep-
tors in PC12 cells (Pothos et al., 1998b) in addition to autore-
ceptor-mediated effects on the number of events released 
(see below).
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4.  VMAT2 Activity

The level of VMAT expression further regulates dopamine 
accumulation. As originally reported by Carlsson and 
Kirshner in chromaffin vesicles, inhibition of VMAT1 with 
reserpine decreases catecholamine content (Carlsson et al., 
1962; Kirshner, 1962), and consistently, amperometry showed 
that it decreased quantal size (Kozminski et al., 1998). More 
surprisingly, reserpine decreased the volume of large dense 
cored vesicles, while l-DOPA exposure increased the vesi-
cle volume, with the resulting catecholamine concentration 
apparently remaining constant (Colliver et al., 2000; Pothos 
et al., 2002; Gong et al., 2003). The means by which large 
dense cored vesicle volume changes occur remain obscure.

Expression of the CNS transporter, VMAT2, can convert 
even hippocampal neurons to secrete dopamine in the pres-
ence of l-DOPA (Li et al., 2005). In cultured dopamine neu-
rons, overexpression of VMAT2 markedly increases quantal 
size, and also increases the number of events per stimulus, 
likely by revealing events that were otherwise buried in the 
noise (Pothos et al., 2000). While quantal recordings have 
not been conducted in neurons underexpressing VMAT2, 
mutants with low VMAT2 activity release less dopamine 
(Patel et al., 2003; Croft et al., 2005), whereas VMAT2 over-
expressing mice release more (H. Zhang, R. Edwards, et al., 
unpublished results), suggesting that corresponding changes 
in quantal size occur. Interestingly, VMAT2 knockout mice 
appear to recycle synaptic vesicles in dopamine terminals 
normally, indicating that recycling steps may be independent 
of the rate of transmitter accumulation (Croft et al., 2005).

5.  Growth Factors

Exposure to glial-derived neurotrophic factor (GDNF) 
increases the quantal size of dopamine release neurons 
(Pothos et al., 1998a), although whether this occurs by 
altering energy or substrate concentration gradients, trans-
porter activity, vesicle fusion, or vesicle volume remains 
unknown.

6.  Regulation of the Number of Quanta 
Released

As apparent from the steps involved in the synaptic vesicle 
cycle, there are likely to be multiple presynaptic means to reg-
ulate the number of dopamine quantal events evoked per stim-
ulus. As demonstrated by Fatt and Katz (1952), extracellular 
calcium regulates quantal release; the role of presynaptic cal-
cium channels in dopamine release has been characterized in 
axon terminals (Phillips and Stamford, 2000), which contain 
N and P/Q type calcium channels, as well as dendrites (Chen 
et al., 2006b; Beckstead et al., 2007), where CaV1.3 channels 
in the substantial nigra (Nedergaard et al., 1993; Chan et al., 
2007) regulate pacemaking. A variety of heteroreceptors and 
the D2 autoreceptor appear to regulate these calcium currents 
(Cardozo and Bean, 1995) (see below).

While there has been little analysis of the regulation of 
dopamine synaptic vesicle recycling and reacidification, 
there is evidence suggesting that this occurs at somewhat 
higher rates than for hippocampal terminals under high stimu-
lus (Mani and Ryan, 2009). The fusion of chromaffin large 
dense cored vesicles is regulated by the adaptor protein AP-3 
(Grabner et al., 2005; Grabner et al., 2006) and over-expression  
of the neuronal isoform reduces quantal size while the loss 
of AP-3 increases quantal size with consistent changes in 
vesicle volume. Although AP-2 and AP-3 are involved in 
synaptic vesicle recycling (Voglmaier et al., 2006) their 
effects on dopamine quantal size are unreported.

A relatively surprising means to regulate quantal 
dopamine release is via alpha-synuclein, which inhib-
its dopamine release. The inhibition of dopamine release 
by alpha-synuclein is attenuated with high activity and 
high calcium (Abeliovich et al., 2000; Yavich et al., 2004; 
Yavich et al., 2005), possibly as high calcium redistributes 
alpha-synuclein away from synaptic vesicles (Fortin et al., 
2004). In chromaffin cells, this inhibitory effect appears 
to take place at a late pre-fusion “priming” step (Larsen  
et al., 2006).

Relatively little research has examined quantal dopa-
mine release for mutations of proteins directly involved in 
exocytosis, such as the SNARE proteins or synaptotagmin, 
as most efforts have examined such roles in adrenal cells 
or the adrenal-derived PC12 cell line (Wang et al., 2003). 
Examination of synapsin I/II/III triple knock-out mice, 
however, revealed that these proteins regulate dopamine 
synaptic vesicle “reserve pools” (Venton et al., 2006).

C.  Regulation of Release by Autoreceptors

Dopamine autoreceptors expressed on dopamine neurons and 
presynaptic axon terminals provide feedback and regulate 
dopamine release. While activation of dopamine autorecep-
tors decrease release by inhibiting dopamine synthesis and 
enhancing dopamine reuptake by the dopamine transporter as 
well as regulating VMAT expression (Schmitz et al., 2003), 
here we specifically review data on effects on the probability 
of release events.
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Dopamine autoreceptors belong to the D2-family (D2, 
D3, D4) of dopamine receptors that are coupled to inhibi-
tory G proteins and modulate ion channel activity and/or 
inhibit adenylyl cyclase. D2 receptors are expressed along 
the somatodendritic extent of midbrain dopamine neurons, 
as well as at their axon terminals in the striatum and nucleus 
accumbens (Sesack et al., 1994). Roles for D2 autoreceptors 
in presynaptic regulation are clearly established, but a role 
for D3 autoreceptors has been controversial. D3 immunore-
activity was found in almost all midbrain dopamine neurons, 
but is undetectable in the terminal regions (Diaz et al., 2000). 
While it has been suggested that both D2 and D3 receptors 
function as autoreceptors (Sokoloff et al., 1990; Gainetdinov 
et al., 1994; Tepper et al., 1997; Zapata et al., 2001), no defi-
cits in autoreceptor functions were apparent in D3 receptor 
knockout mice, although extracellular dopamine was elevated 
in the ventral striatum (Koeltzow et al., 1998). D2 receptor 
knockout mice exhibited no detectable autoreceptor response 
to D2-class receptor agonists in firing rate, dopamine release 
or dopamine synthesis. Thus, results implicated the D2 
receptor as the only functional autoreceptor in the D2-family 
(Mercuri et al., 1997; L’Hirondel et al., 1998; Benoit-Marand 
et al., 2001; Schmitz et al., 2002). Nevertheless, one study of 
D3 KO mice using CV in striatal slices has demonstrated a 
small D3 role for regulation of secretion, but not synthesis, 
in the striatum (Joseph et al., 2002).

Studies on transfected cells demonstrated that D3 recep-
tors can modulate the same ion channels G protein-activated 
inwardly rectifying potassium channels (GIRKs) as D2 
receptors (Kuzhikandathil et al., 1998; Kuzhikandathil and 
Oxford, 1999, 2000), and have the potential to affect dopa-
mine release (Tang et al., 1994). However, a study on acutely 
dissociated midbrain neurons from D2 receptor knockout 
mice did not find evidence for D3 receptor-activation of 
GIRK currents (Davila et al., 2003).

There is little evidence supporting a role of D4 recep-
tors as autoreceptors beyond an immunohistochemistry 
study that demonstrated presynaptic D4 receptor localiza-
tion in a subset of mesoaccumbal terminals in the nucleus 
accumbens shell (Svingos et al., 2000).

In summary, it appears that dopamine autoreceptor func-
tion is predominantly carried out by D2 receptors. In recent 
studies, it has been suggested that of two isoforms of the D2 
receptor generated by alternative splicing, D2S and D2L, 
D2S serves presynaptic autoreceptor functions regulating 
dopamine release while D2L acts mainly at postsynaptic 
sites (Usiello et al., 2000; Wang et al., 2000; Centonze et al., 
2002; Rouge-Pont et al., 2002).
1.  In Vitro Studies

The regulation of dopamine release by dopamine autore-
ceptors was initially studied in vitro with neurochemical 
approaches (Starke et al., 1989). D2 autoreceptor activa-
tion inhibits axon terminal (Starke K et al., 1978; Cubeddu 
and Hoffmann, 1982; Dwoskin and Zahniser, 1986; Mayer 
et al., 1988; Palij et al., 1990; Kennedy et al., 1992; Cragg 
and Greenfield, 1997) and somatodendritic dopamine 
release (Cragg and Greenfield, 1997).

The molecular mechanism underlying the inhibition 
of dopamine release through terminal D2 autoreceptor is 
unknown. One possibility is that D2 autoreceptors inhibit 
the voltage-gated Ca2 channels in axon terminals, thus 
directly inhibiting Ca2 -dependent release of dopamine. 
Patch clamp studies on dopamine midbrain neurons in vitro 
have revealed a D2 receptor regulation of voltage-gated cal-
cium currents (Cardozo and Bean, 1995) and axon terminal 
dopamine release is dependent on N and P/Q type calcium 
channels (Phillips and Stamford, 2000; Chen et al., 2006a). 
This has not been proven directly, however, and a study 
on autapses (i.e., synapses that a neuron makes on itself) 
of midbrain neurons in culture found no evidence for a D2 
autoreceptor regulation of calcium influx (Congar et al.,  
2002) but that 4-aminopyridine-sensitive K channels  
acting downstream from calcium influx are involved. 
Autapses of cultured dopamine neurons are glutamatergic 
(Sulzer et al., 1998), however, and it is not known whether 
this finding can be extrapolated to dopamine release. 
Nevertheless, the broad-spectrum K channel blockers  
4-aminopyridine and tetraethylammonium limit quinpirole 
ability to inhibit evoked dopamine release in slices (Cass 
and Zahniser, 1991), supporting a role for presynaptic K 
channels.

2.  In Vivo Studies

The regulation of dopamine autoreceptors was subse-
quently shown in vivo with microdialysis. Indeed, systemic 
administration of D2 antagonists enhances the extracel-
lular dopamine level (Imperato and Di Chiara, 1985). 
Moreover, intrastriatal infusion of D2 agonists or antago-
nists decreases or enhances extracellular dopamine, respec-
tively (Imperato and Di Chiara, 1988). This autoregulation 
acts on the impulse flow-dependent dopamine release 
(Imperato and Di Chiara, 1985) and is not mediated by an 
indirect action on striatal neurons (Westerink and De Vries, 
1989). However, the extracellular dopamine level results 
from a dynamic equilibrium between dopamine release and 
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dopamine reuptake, and microdialysis is not suitable for 
distinguishing between changes in release and reuptake.

In vivo electrochemical studies have shed light on the 
D2 autoregulation of dopamine release and of dopamine 
reuptake. These studies confirmed that the tonic level of 
extracellular dopamine concentration is high enough to 
exert a tonic stimulation of D2 autoreceptors, which inhib-
its the impulse flow-dependent dopamine release (May and 
Wightman, 1989; Suaud-Chagny et al., 1991). However, 
the electrochemical techniques used in these initial studies 
were too slow to describe the kinetics of the D2 autoregu-
lation. The use of a faster technique and of control experi-
ments with mice lacking D2 receptors made it possible to 
describe the dynamic characteristics of D2 autoregulation 
(Benoit-Marand et al., 2001). The amplitude of the dopa-
mine release per pulse was tested with brief electrical stim-
ulations (three pulses at 100 Hz) and the inhibitory effect of 
conditioning stimulation on the response to the test stimula-
tion was investigated. The onset of the D2 effect is between 
50 ms and 100 ms. The D2 inhibition reaches a maximum 
between 150 and 300 ms after the end of the conditioning 
stimulation and disappears within 800 ms (Benoit-Marand 
et al., 2001). Similar kinetics have been described with in 
vitro experiments (Phillips et al., 2002; Schmitz et al., 2002) 
with the maximum effect around 500 ms and a duration of 
less than 5 sec. The slightly longer time course determined 
in the in vitro studies is likely due to the larger amount of 
dopamine released per stimulation in slice preparations.

D.  Regulation of Release by Heteroreceptors

In addition to D2 autoreceptors, there are additional neuro-
transmitter receptors on dopamine cell bodies and terminals, 
but their modulatory roles in dopamine release are less well 
characterized. Although modulation of dopamine transmis-
sion can occur at both the midbrain dopamine cell bodies and 
at the presynaptic terminals, we focus this discussion on the 
terminal level. For effects on cell bodies, we refer to other 
studies (e.g., Bonci et al., 2003; Mansvelder et al., 2003; 
Margolis et al., 2003; Cruz et al., 2004) (see also Chapter 16).

Most drugs including nicotine, ethanol, opioids, mor-
phine, and cannabinoids enhance dopamine neuronal activ-
ity by acting directly on dopamine neurons or indirectly on 
GABA interneurons through the mechanism of disinhibition 
(Cheer et al., 2004). Electron microscopic demonstration of 
heteroreceptor immunolabel in dopamine terminals is invalu-
able for establishing their presence, but there are relatively 
few studies in this area due to technical difficulties. To date, 
only the GDNF receptor (Araujo et al., 1997), nicotinic 
receptors (nAChRs) (Wonnacott et al., 2000), delta and kappa 
opioid receptors (Svingos et al., 1999; Svingos et al., 2001), 
the metabotropic receptor mGluR1 (Paquet et al., 1997), and 
possibly the GABA(B) receptor (Charara et al., 2000) have 
been observed by ultrastructural immunolabel in dopamine 
terminals. Although the presence of other presynaptic recep-
tors in dopamine terminals remains to be fully elucidated, 
studies using synaptosome preparations, microdialysis, and 
CV recordings in vivo and in vitro suggest important roles 
for heteroreceptor modulation on dopamine release, albeit 
with some conflicting results.

1.  Glutamate Receptors

While microdialysis studies indicated a stimulatory effect 
for ionotropic glutamate receptors on dopamine release, 
CV recordings demonstrated an inhibitory role on evoked 
dopamine release in the terminal region (Wu et al., 2000; 
Kulagina et al., 2001; Avshalumov et al., 2003). The effects 
of ionotropic glutamate-receptor activation on dopamine 
release are most likely indirect given that dopamine terminals 
lack these receptors (Bernard and Bolam, 1998; Chen et al., 
1998). Recent studies by Margaret Rice’s group suggest that 
glutamatergic regulation of dopamine release are indeed indi-
rect and mediated by AMPA receptors on striatal cells, which 
is in turn mediated through retrograde signaling by diffusible 
H2O2 generated in striatal cells, rather than in dopamine axons 
(Avshalumov et al., 2008). In contrast to ionotropic gluta-
mate receptors, the metabotropic receptor mGluR1 has been 
detected by ultrastructural immunolabel on striatal dopamine 
terminals (Paquet and Smith, 2003), and evoked dopamine 
release can be inhibited via metabotropic glutamate receptors 
on dopamine terminals (Zhang and Sulzer, 2003).

2.  GABA Receptors

By local infusion of GABA(A) and GABA(B) receptor ago-
nists and antagonists in the striatum of intact and kainic acid 
lesioned rats, microdialysis data support a direct influence of 
GABA on the dopamine terminals via presynaptic GABA(B) 
receptors, while the effects via the GABA(A) receptor seem 
to be postsynaptic and mediated by striatal interneurons 
(Smolders et al., 1995). The direct effect of GABA(B) recep-
tors on dopamine release is further supported by a study using 
CV recordings, which shows that GABA(B) receptor ago-
nists inhibit single pulse evoked dopamine release in the stri-
atal slice with kinetic parameters similar to those of the D2 
autoreceptor (Schmitz et al., 2002). There is ultrastructural 
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evidence consistent with expression of GABA(B) receptors 
on dopamine terminals (Charara et al., 2000).

Functional studies suggest that GABA(A) receptors 
might be colocalized on the dopamine terminals. Muscimol, 
a GABA(A) receptors agonist, inhibits the evoked dopa-
mine release in striatal synaptosomes (Ronken et al., 1993) 
and muscimol also inhibits evoked dopamine release by 
single pulse stimulation measured by CV in striatal slices 
(Zhang and Sulzer, unpublished observations).

3.  Acetylcholine Receptors

Classical pharmacological studies of the effects of muscarinic 
acetylcholine receptors (mAChRs) on dopamine release in 
the striatum have led to contradictory results (Lehmann and 
Langer, 1982; Raiteri et al., 1984; Schoffelmeer et al., 1986; 
Kemel et al., 1989; Xu et al., 1989; De Klippel et al., 1993; 
Smolders et al., 1997), likely due in part to the diversity of 
the mAChR subtypes involved in this activity and the limited 
receptor subtype selectivity of the muscarinic agonists and 
antagonists used in these studies (Wess, 1996). Activation 
of mAChRs was shown to inhibit dopamine release in slices 
examined by CV (Kudernatsch and Sutor, 1994). A human-
brain imaging study indicated a tonic muscarinic inhibition 
of dopamine release (Dewey et al., 1993). A study using 
genetically altered mice that lacked functional M1–M5 
mAChRs provides evidence of the different physiological 
roles of individual AChRs in a direct manner (Zhang et al., 
2002). The results show that M3 receptors inhibit release, 
whereas M4 and M5 receptors facilitate release, and M1 
and M2 receptors had no effect on dopamine release. It 
seems that the modulating effects of M3 and M4 recep-
tors are mediated via striatal GABA release. M5 receptor 
mRNA is the only mAChR subtype mRNA detectable in the 
dopamine-containing cells of the substantia nigra pars com-
pacta (Vilaro et al., 1990; Weiner et al., 1990), strongly sug-
gesting that the dopamine release-facilitating M5 receptors 
are located on dopamine nerve terminals.

Nicotinic acetylcholine receptors (nAChRs) are expressed 
on dopamine terminals in the striatum (Wonnacott et al., 
2000; Zoli et al., 2002). Nicotine enhanced the extracellular 
dopamine level by microdialysis (Pontieri et al., 1996) and 
results in vivo indicate that nicotine, like cocaine and alcohol, 
increase the frequency of non-evoked dopamine transients 
in the nucleus accumbens (Cheer et al., 2007). CV studies 
demonstrated an inhibition of evoked dopamine release in 
slices by nicotinic agonists (Kudernatsch and Sutor, 1994; 
Zhou et al., 2001). Because nAChRs antagonists also inhibit 
dopamine release, it appears that nicotine is excitatory for 
dopamine release, but the receptor is rapidly desensitized 
by nicotine application (Zhou et al., 2001; Rice and Cragg, 
2004; Zhang and Sulzer, 2004).

4.  Opioid Receptors

Kappa opioid receptors are located on dopamine axon 
terminals (Svingos et al., 2001), while mu opioid recep-
tors are not expressed on striatal dopamine axon terminals 
(Trovero et al., 1990). Using CV, Schlosser et al. (1995) 
demonstrated that mu, delta, and kappa opioid receptors 
exerted an inhibitory control on striatal dopamine release 
(see also Chapter 29). It seems that the effect of kappa 
opioid receptors on dopamine overflow is likely to be 
direct, while the influence of mu opioid receptors is indi-
rect, mediated by an inhibition of cholinergic interneuron 
activity (Svingos et al., 2001; Britt and McGehee, 2008). 
Whether the effect of delta opioid receptors on dopamine 
release is direct remains unclear since ultrastructural 
studies show that delta opioid receptors are present on 
dopamine terminals (Svingos et al., 1999).

5.  Adenosine Receptors

It is unclear whether there is a direct heteroreceptor modu-
lation by adenosine on dopamine release. Activation of A1 
receptors inhibits dopamine release (Jin et al., 1993; Quarta 
et al., 2004) and activation of A2A receptors increases 
dopamine release in the striatum (Golembiowska and 
Zylewska, 1998). CV studies also demonstrate that A1 
receptor agonists decrease single pulse evoked dopamine 
release in vitro, but the inhibition is dependent at least in 
part on the simultaneous activation of D1 dopamine recep-
tors. While the mechanism underlying this interaction 
remains to be determined, it does not appear to involve an 
intramembrane interaction between A1 and D1 receptors 
(O’Neill et al., 2007). To date, the morphological evidence 
of presynaptic localization of A1 receptors on dopamine 
terminals is still indirect (Mahan et al., 1991; Rivkees  
et al., 1995; Glass et al., 1996). Furthermore, the lesion of 
glutamatergic, but not dopamine, striatal afferents signifi-
cantly decreases striatal A1 receptor function and agonist 
binding (Alexander and Reddington, 1989). In addition, there 
are no A2A receptors on dopamine terminals (Hettinger et 
al., 2001; Rosin et al., 2003). Therefore, the main mecha-
nism underlying adenosine-mediated modulation of striatal 
dopamine release may be indirect (see also Chapter 11).
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6.  Cannabinoid Receptors

CV studies have not identified a direct presynaptic modu-
lation of dopamine release by type 1 cannabinoid (CB1) 
receptors (Szabo et al., 1999; Zhang and Sulzer, 2003; Sidlo 
et al., 2008), in agreement with the lack of anatomical evi-
dence of CB1 receptor on dopamine terminals (Matsuda 
et al., 1993; Romero et al., 1997; Fusco et al., 2004). 
Nevertheless, there are indirect effects by cannabinoids on 
dopamine release. Ventral tegmental area dopamine neurons 
are thought to produce the cannabinoids (Riegel and Lupica, 
2004; Lupica and Riegel, 2005; Matyas et al., 2008), which 
would be expected to activate local receptors. CB1 agonists 
decrease evoked dopamine release while increasing the fre-
quency of non-evoked dopamine concentration transients 
in rat striatum, responses that may be related to effects on 
neuronal firing (Cheer et al., 2004). Additional effects can 
be seen in striatal slices, where a CB1 agonist decreased 
DA released over trains of stimuli, suggesting cannabi-
noids exert indirect changes via a local striatal circuit. Rice 
and colleagues have suggested this could occur via a non-
synaptic mechanism involving inhibiton of GABA release, 
generation of hydrogen peroxide, and activation of KATP 
channels to inhibit DA release (Sidlo et al., 2008).

In addition, there are additional ionotropic and  
G-protein-linked receptor candidates that may act as het-
eroreceptors on dopamine terminals, and elucidation of 
their effects is fundamental for understanding their roles in 
modulating dopamine transmission.

E.  Relationship Between Impulse Flow and 
Vesicular Release

1.  Frequency Dependent Modulation of 
Dopamine Release

As detailed above, numerous studies provide evidence for 
heteroreceptor regulation of dopamine release, although 
some results are controversial due in large part to differ-
ent preparations, stimulation and recording paradigms. In 
vivo and in vitro data in slices with local stimulation can-
not exclude circuit effects. There are striking differences 
between such results in the slice preparation where there 
is significant paired pulse depression, and in vivo, where 
there is typically no detectable depression. While the basis 
for these differences remain unclear one factor is presum-
ably due to the loss of most ongoing synaptic activity in 
the slice. Furthermore, most voltammetry studies in stri-
atal slice only examine the effects evoked by single pulse 
stimuli mimicking the tonic firing mode, while recent stud-
ies have demonstrated the frequency dependent modulation 
of dopamine release by nAChRs (Rice and Cragg, 2004; 
Zhang and Sulzer, 2004; Zhang et al., 2009b).

Nicotine shifts VTA neurons from tonic to burst firing 
modes (Grenhoff et al., 1986; Mansvelder et al., 2003) and 
enhances extracellular dopamine as measured by microdial-
ysis (Pontieri et al., 1996). On the other hand, nicotine at lev-
els thought to be experienced by smokers (250–300 nM) 
desensitizes nAChRs so rapidly that tonic ACh activation is 
blocked and evoked dopamine release is potently inhibited 
(Kudernatsch and Sutor, 1994; Zhou et al., 2001).

In order to resolve the question of how nicotine both 
elevates extracellular dopamine and depresses evoked dopa-
mine release, the effect of nicotine on the modulation of 
evoked dopamine release were compared under different 
firing patterns and found to be dependent on the firing pat-
tern of dopamine neurons. While desensitization of nAChRs 
indeed curbs dopamine released by stimuli emulating tonic 
firing, it allows a rapid rise in dopamine from stimuli emu-
lating the phasic firing patterns associated with incentive/
salience paradigms. Nicotine may thus enhance the contrast 
of dopamine signals associated with behavioral cues (Rice 
and Cragg, 2004; Zhang and Sulzer, 2004) (Fig. 17.1). 
Interestingly, mu opioid agonists also inhibit dopamine 
overflow elicited with single-spike stimuli while leaving that 
produced by burst stimuli unaffected, but these differential 
effects are mediated by nAChRs and caused by inhibition of 
cholinergic interneurons (Britt and McGehee, 2008).

Remarkably, most heteroreceptors studied to date have 
been found to depress dopamine release. Therefore, in addi-
tion to D2 autoreceptors, most heteroreceptors in vivo may 
maintain the dopamine release probability at a low level, 
which may then provide a marked and rapid increase in dopa-
mine concentration during phasic firing. A range of drugs that 
affect the dopamine system may exert their actions via altering 
the signal/noise ratio of dopamine by affecting heteroreceptors 
on dopamine terminals as well as on cell bodies (Zhang and 
Sulzer, unpublished observations).

2.  Failure of Vesicular Release at Individual 
Dopamine Terminals

In the sympathetic nervous system the release of noradrena-
line exhibits a very low probability per release site (about 1%)  
(Msghina et al., 1993). In other words, although electrically 
evoked action potentials always reach sympathetic terminals, 
very often they do not trigger noradrenaline release. Despite 
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this very high rate of failure (99%), the contraction of cer-
tain smooth muscles (e.g. the rat tail artery) is entirely due 
to the stimulation of extracellular noradrenergic receptors by 
the impulse flow-dependent noradrenaline release. Indeed, 
robust contraction is achieved by a burst of action potentials, 
which triggers an extracellular accumulation of released 
noradrenaline because noradrenaline reuptake is too slow to 
clear noradrenaline during this burst (Gonon et al., 1993).

The high rate of failure at single sympathetic termi-
nals has been precisely estimated with electrophysiologi-
cal techniques but similar data are not available regarding 
the dopamine transmission. The use of a fluorescent dopa-
mine analog as a fluorescent false neurotransmitter shows 
that the fraction of total presynaptic dopamine released per 
action potential is far less than 1% and is regulated by the 
frequency of activity (Gubernator et al., 2009). This, how-
ever, does not directly indicate the failure rate of vesicular 
release at individual terminals because each terminal con-
tains hundreds of vesicles (Hersch et al., 1995).

However, it is likely that the rate of failure of dopamine 
terminals is much lower than regarding the sympathetic 
terminals. First, failure of noradrenaline release has been 
also observed with carbon fiber electrodes coupled with 
electrochemical techniques, which monitored the noradren-
aline released from some tens of terminals (Msghina et al., 
1993). In contrast, with a similar approach no failure of 
dopamine release was observed in the rat nucleus accum-
bens (Garris et al., 1994). Second, the averaged amplitude 
of the noradrenaline overflow evoked in a sympathetic 
preparation by a single pulse stimulation is about 50 times 
smaller than that of the dopamine overflow evoked in vivo 
in the striatum by a single pulse stimulation (compare data 
from (Gonon et al., 1993) with those from (Benoit-Marand 
et al., 2000)).
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Figure 17.1  Modulation of evoked dopamine (DA) release by nAChRs depends on firing pattern. (A, B) Voltammetric responses before and after 
10-min bath application of nicotine (Nic, 300 nM) or mecamylamine (Meca, 2 M) at different stimuli. The inhibition of evoked release was not blocked 
by D2 dopamine, GABA(A), GABA(B) or ionotropic glutamate receptor antagonists. (C, D) Frequency modulation of nicotine and mecamylamine 
effects on dopamine release (mean  s.e.m, n  8 for control; n  5 for nicotine, n  4 for mecamylamine; *P  0.05 compared with respective con-
trol values by Student’s t-test). Top panels: evoked dopamine release normalized to that elicited by 1p stimulation under control condition. Bottom pan-
els: relative evoked dopamine release after nicotine and mecamylamine at different stimulation frequencies. (E–H) Effects of number of pulses, nicotine 
and mecamylamine on dopamine release at 20 Hz (E, F) and 100 Hz (G,H) (mean  s.e.m., n  4–8, *P  0.05 compared with respective control values 
by Student’s t-test). Data from Zhang and Sulzer (2004), copyright by Nature Publishing Group.
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III.  Dopamine reuptake

During the 1960s it was shown that dopamine neurons are 
equipped with a dopamine transporter (DAT) and it was 
hypothesized that DAT might control the intensity and dura-
tion of the dopamine transmission. Here, we focus on this 
functional role of dopamine reuptake, while other aspects 
of DAT are reviewed elsewhere (Uhl, 2003).

Microdialysis and voltammetric techniques coupled with 
carbon fiber electrodes were developed during the 1980s 
and enabled monitoring the extracellular level of dopamine  
in vivo. Both technical approaches showed that in resting 
conditions, this level was low (10–20 nM) and that dopamine 
reuptake strongly contributed to clearing dopamine from the 
extracellular space. Indeed, pharmacological inhibition of 
dopamine reuptake potently enhanced the extracellular dopa-
mine level (Gonon and Buda, 1985; Church et al., 1987) and 
this enhancement was no longer observed after blocking the 
impulse flow-dependent dopamine release (Carboni et al., 
1989). These approaches, however, were too slow to accu-
rately describe the kinetics of dopamine clearance and could 
not distinguish between an increase in dopamine release and 
a decrease in dopamine clearance. Both issues were resolved 
with improvements in voltammetric techniques (Wightman 
and Zimmerman, 1990; Dugast et al., 1994). Moreover, the 
design of mice lacking DAT (Giros et al., 1996) made it pos-
sible to investigate the relative contribution of dopamine 
reuptake to dopamine clearance versus extracellular degrada-
tion, non-neuronal uptake and diffusion.

A.  Reuptake Replenishes the Releasable Pool

In dopamine terminals, dopamine is synthesized from  
l-DOPA by a decarboxylase and l-DOPA is synthesized 
from tyrosine by tyrosine hydroxylase (TH), an enzyme 
that is specifically expressed by catecholaminergic neurons. 
However, pharmacological inhibition of TH activity by 
alpha-methyl-para-tyrosine (AMPT) only partly and very 
slowly depresses the dopamine tissue content (Jones et al., 
1998b) and in vivo dopamine release (Benoit-Marand et al., 
2000) in wild-type (WT) mice. In DAT  / mice, although 
TH activity is doubled, AMPT induces a profound and rapid 
decrease of the dopamine tissue content (Jones et al., 1998b) 
and of in vivo dopamine release (Benoit-Marand et al., 
2000). These observations demonstrated that in brain struc-
tures densely innervated by dopamine terminals, recycling of 
released dopamine by reuptake plays a major role in replen-
ishing the releasable pool of dopamine.
B.  Extracellular Elimination of the Released 
Dopamine is Achieved by Reuptake

Electrical stimulation of the dopamine axons either with a 
single pulse or with a brief train (e.g. four pulses at 100 Hz) 
induces a brief dopamine overflow that can be detected with 
rapid electrochemical techniques either in vitro (Schmitz et al., 
2001) or in vivo (Dugast et al., 1994; Garris et al., 1994). The 
decay phase of this evoked dopamine overflow reflects the 
clearance of released dopamine. Dopamine reuptake inhibitors 
slow down the clearance kinetics by one order of magnitude 
(Garris et al., 1994; Suaud-Chagny et al., 1995; Schmitz et al., 
2001). However, in the striatum of DAT / mice the decay 
phase is slowed down by two orders of magnitude both in vitro 
(Giros et al., 1996; Jones et al., 1998b) and in vivo (Benoit-
Marand et al., 2000). Pharmacological inhibition of dopamine 
degradation does not further slow the decay phase in DAT /  
mice in vitro. However, in vivo, inhibition of dopamine deg-
radation by monoamine oxidase slightly slows the decay 
phase in the striatum of DAT / mice but not in WT mice. 
Therefore, in brain structures densely innervated by dopamine 
terminals, dopamine reuptake represents the only mechanism 
responsible for the clearance of released dopamine (Jones et al.,  
1998b; Benoit-Marand et al., 2000). The roles of extracel-
lular dopamine degradation and of non-neuronal uptake are 
negligible compared to dopamine reuptake. In DAT /  
mice, dopamine clearance is mainly due to dopamine diffu-
sion (Jones et al., 1998b; Benoit-Marand et al., 2000).

In brain structures weakly innervated by dopamine termi-
nals, such as the amygdala, the prefrontal cortex (PfC) and the 
cingulated cortex (CgC), the clearance of released dopamine 
is much slower than in the striatum (Garris and Wightman, 
2004). Indeed, the half-life for dopamine uptake is about 2 sec 
in these structures whereas it was estimated to be 60 ms in the 
striatum (Garris and Wightman, 1994). Moreover, inhibitors 
of dopamine reuptake are less efficient at slowing dopamine 
clearance in these brain structures than in the striatum (Garris 
and Wightman, 1995; Mundorf et al., 2001). At least in PfC 
and CgC, the released dopamine is partly cleared by the nor-
adrenergic transporter (Mundorf et al., 2001).

C.  Reuptake Limits Dopamine Diffusion in 
the Extracellular Fluid

1.  Diffusion and Reuptake of Dopamine 
Quanta in the Extracellular Fluid

In the striatum, most dopamine terminals form small sym-
metrical synaptic contacts on the neck of dendritic spines 
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of medium sized spiny neurons (Freund et al., 1984)  
(Fig. 17.2A). Striatal postsynaptic dopamine receptors are 
either of the D1 or of the D2 type and are not located in front 
of the dopaminergic contacts (Hersch et al., 1995; Caille  
et al., 1996) but are distributed along the dendritic mem-
brane with a higher density in the perisynaptic zone of the 
asymmetric synapses formed by corticostriatal glutamater-
gic terminals on the head of the dendritic spine (Fig. 17.2A). 
Moreover, reuptake sites are evenly distributed on the mem-
brane surface of dopamine fibers and are rarely observed 
on the dopaminergic synaptic membrane (Nirenberg et al., 
1996a; Pickel et al., 1996; Hersch et al., 1997). These sub-
cellular observations strongly suggest that the dopamine 
transmission is mainly extrasynaptic (Pickel et al., 1996) and 
that dopamine diffuses from release sites within the synap-
tic cleft to extrasynaptic dopamine receptors. Moreover, all 
dopamine receptors belong to the family of G-protein cou-
pled receptors. Stimulation of G-protein receptors requires 
a minimal level of neurotransmitter, which depends on the 
receptor affinity, present for several tens of milliseconds 
(Hille, 1992). In the striatum D1 receptors appear to be in 
a low affinity state (1 M) whereas D2 receptors are in the 
high affinity state (10 nM) (Richfield et al., 1989). Indeed, 
the basal extracellular dopamine level due to the tonic dis-
charge activity of dopamine neurons is in the range of 
10–20 nM and is high enough to exert a tonic stimulation 
of presynaptic (Gonon and Buda, 1985) and postsynaptic 
(Svenningsson et al., 1999) D2 receptors.

Cragg and Rice (2004) have thoroughly investigated the 
diffusion of dopamine in the extracellular space. Assuming 
that a quantal release event of dopamine occurs at time 
t  0 they calculated the change in extracellular dopamine 
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concentration at variable distances from the release site  
(Fig. 17.2B). They showed that at short distance (1 and 
2 m) diffusion entirely governs the dopamine overflow, 
whereas at increasing distance from release site (5 to 20 m) 
dopamine reuptake increasingly limits the dopamine over-
flow both in term of maximal amplitude and duration. 
However, in the latter distance range, the maximal ampli-
tude of the dopamine overflow is below 100 nM. Therefore, 
Cragg and Rice suggested that dopamine transmission 
mediated by D1 receptors occurs at a maximal distance of 
2 m from the release site and is not affected by dopamine 
reuptake. In contrast, the dopamine transmission mediated 
by D2 receptors might be effective at a distance of 7 m 
from release sites. This distance as well as the duration of 
effective D2 stimulation (i.e. time during which the extra-
cellular dopamine concentration exceeds 10 nM) is limited 
by dopamine reuptake (Cragg and Rice, 2004).

This view that released dopamine escapes the extrasyn-
aptic cleft and that its diffusion is not strongly affected by 
dopamine reuptake in the vicinity of release sites (i.e. at a 
distance 5 m) has been experimentally supported by 
electrochemical measurements of the electrically evoked 
dopamine overflow. Indeed, inhibition of dopamine reup-
take strongly slows dopamine clearance but only moderately 
enhances the maximal amplitude of the dopamine overflow 
evoked by a single pulse (Fig. 17.2C) (Garris et al., 1994; 
Gonon, 1997; Schmitz et al., 2001). This is due to the fact 
that diffusion at short distance (5 m) is faster than dopa-
mine reuptake. Indeed, the half-life for dopamine clearance, 
which has been calculated from in vivo recordings, is about 
30 ms (Garris et al., 1994; Gonon et al., 2000).

2.  Extracellular Summation of Multiple  
Quanta: Role of Reuptake

In the striatum, the density of dopamine terminals is very 
high and the average distance between two terminals is about 
4 m (Doucet et al., 1986). If single pulse stimulation triggers 
dopamine release in a small fraction of dopamine terminals, 
every active single release site and its sphere of influence 
must be considered independently as discussed by Gragg 
and Rice (2004). Alternatively, if most terminals synchro-
nously release single dopamine quanta in response to single 
pulse stimulation, the extracellular dopamine level largely 
results from a spatial summation of released quanta. As dis-
cussed above under the section on Failure of vesicular release  
(p. 305), it is likely that the failure rate of vesicular release is 
low regarding dopamine terminals in vivo.
This view that the extracellular dopamine level largely 
results from a spatial summation of quanta from neighboring  
terminals is further supported by in vivo estimates. Indeed, 
the maximal amplitude of the dopamine overflow evoked by 
a single pulse in the rodent striatum and measured in vivo 
by a carbon fiber electrode, is in the range of 100–400 nM 
(Fig. 17.2C) (Dugast et al., 1994; Garris et al., 1994; Benoit-
Marand et al., 2000; Venton et al., 2003). However, this 
observed value represents an underestimate of the genuine 
change in the intact tissue. Models of electrochemical moni-
toring assume that between the intact tissue and the elec-
trode surface, there is a dead zone with a thickness of 6–8 m 
(Gonon et al., 2000; Schmitz et al., 2001; Venton et al., 
2003). This estimate is consistent with an electron micros-
copy study showing the extent of the tissue damage gener-
ated by the implantation of a carbon fiber electrode for 4 h 
in the striatum of anesthetized rats (Peters et al., 2004). This 
dead zone slows the kinetics of the evoked dopamine over-
flow and diminishes their maximal amplitude. Therefore, the 
dopamine overflow recorded by a carbon fiber electrode is 
much larger than expected by Cragg and Rice’s calculation 
unless dopamine overflow summation from several dopamine 
terminals is taken into account (compare Figs 17.2B and C). 
Nevertheless, this apparent spatial summation from multiple 
release sites is limited by dopamine reuptake (Gonon, 1997).

In summary, dopamine overflow evoked in the striatum 
by single pulse stimulation exhibits two phases. The rising 
phase is rapid and mainly reflects dopamine release. The 
decay phase is slower and reflects dopamine reuptake. The 
kinetics of release and reuptake can be obtained by simu-
lation taking into account the diffusion of dopamine from 
the intact tissue to the electrode surface through the dead 
zone. These simulations show that the half-life of released 
dopamine in the striatum in vivo is about 30 ms (Garris  
et al., 1994; Gonon et al., 2000; Schmitz et al., 2001; 
Venton et al., 2003). In this period of time the diffusion 
distance for dopamine is about 7 m. Therefore, in a given 
point of the extracellular space, release sites at a distance 
7 m do not significantly contribute to the dopamine over-
flow. Thus, in the striatum and other brain structure densely 
innervated by dopamine terminals the dopamine transmis-
sion is extrasynaptic but, nevertheless, spatially constricted  
by dopamine reuptake.

In brain structures with a much lower DAT density, 
such as the PfC and CgC, diffusion plays a larger role in 
the clearance of released dopamine. However, even in these 
regions, pharmacological inhibition of DAT strongly slows 
the clearance of released dopamine (Mundorf et al., 2001).
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D.  Regulation of Dopamine Reuptake  
by D2 Autoreceptors

In vivo studies (Cass and Gerhardt, 1994; Rothblat and 
Schneider, 1997) show that D2 antagonists slow the clearance 
of exogenously applied dopamine. Moreover, D2 antagonists 
decrease the rate of elimination of endogenous dopamine 
released in vivo by electrical stimulation (Benoit-Marand 
et al., 2001; Wu et al., 2002). Kinetics analysis of reuptake 
parameters shows that haloperidol reduces the Vm but does 
not affect Km (Wu et al., 2002). This inhibition of dopamine 
reuptake is not due to the direct effect of D2 antagonists on 
DAT activity because it is not observed in mice lacking D2 
receptors (Dickinson et al., 1999).

The stimulation of D2 autoreceptors by the basal extracel-
lular dopamine level exerts a tonic inhibition of the impulse 
flow-dependent dopamine release and, therefore, D2 antago-
nists facilitate dopamine release by blocking this D2 inhibi-
tion (see Section IIC). In contrast, the inhibitory effect of D2 
antagonists on DAT activity does not seem to be due to the 
blockade of a tonic stimulation of D2 receptors. Indeed, the 
rate of elimination of electrically evoked dopamine release is 
not altered in D2 / mice compared to WT mice (Rouge-
Pont et al., 2002). Whatever the mechanism, the inhibition 
of DAT activity acts in synergy with the facilitation of dopa-
mine release by D2 antagonists to enhance impulse-flow 
dependent dopamine overflow. Both mechanisms should be 
taken into account when considering the therapeutic effects 
of D2 antagonists as well as their side effects.

IV.  Relationship between the 
firing of dopamine neurons and 
extracellular dopamine

Dopamine neurons exhibit two patterns of discharge activ-
ity: a continuous mode with regularly spaced spikes at a 
frequency between 2 and 5 Hz, and a bursting activity charac-
terized by brief bursts of 2 to 6 action potentials (Grace and 
Bunney, 1984a,b) (see also Chapter 16). Single dopamine 
neurons switch between the patterns. In resting condition and 
during sleep most dopamine neurons discharge with the tonic 
mode, but rewarding or sensorial stimuli predicting a reward 
trigger in most dopamine neurons a single burst both in rats 
(Hyland et al., 2002) and monkeys (Schultz et al., 1993; 
Mirenowicz and Schultz, 1996). In rats the intra-burst fre-
quency is 15–30 Hz (Grace and Bunney, 1984b; Hyland et al.,  
2002). Grace and Bunney hypothesized that the bursting 
mode would be more potent than the tonic pattern to induce 
dopamine release (Grace and Bunney, 1984b). Accordingly, 
electrical stimulations mimicking the bursting mode were 
twice as potent as regularly spaced stimulation having the 
same whole duration and number of pulse to enhance the 
extracellular dopamine level (Gonon, 1988). However, these 
data were erroneously interpreted as a non-linear relationship 
between dopamine release and the impulse flow frequency.

A. The Tonic Extracellular Dopamine Level

When most dopamine neurons discharge in the tonic mode, 
the pause between two successive action potentials reach-
ing the same release site exceeds 200 ms. Therefore, the 
dopamine released by one action potential is completely 
cleared by reuptake before the next action potential. This 
view has been experimentally demonstrated in vivo with 
electrical stimulation of the dopamine fiber at 4 Hz (Chergui 
et al., 1994). Although this point has not been extensively 
studied to our knowledge, the degree of synchronous activ-
ity of dopamine neurons is probably low during tonic 
activity. Indeed, synchronous activity has been observed 
between pairs of adjacent neurons recorded with the same 
electrode (Wilson et al., 1977; Grace and Bunney, 1983) 
but not between pairs of distant neurons recorded with two 
electrodes (Wilson et al., 1977) and this synchrony has 
been reported to be more prominent during bursting activ-
ity (Grace and Bunney, 1983). Thus, taking into account the 
very high density of dopamine terminals in the striatum, the 
tonic activity induces a steady-state extracellular dopamine 
level, in the range of 10–30 nM, which is stable with time 
and spatially homogenous (Venton et al., 2003). However, 
this steady-state is almost entirely firing dependent (Gonon 
and Buda, 1985; Svenningsson et al., 1999). A pause in 
the tonic discharge activity of dopamine neurons induces a 
rapid and profound (80 %) decrease in the extracellular 
dopamine level (Gonon, 1988; Suaud-Chagny et al., 1992). 
Dopamine reuptake limits this tonic extracellular level. 
Indeed, pharmacological inhibition of dopamine reuptake 
increases this level by 300% (Gonon and Buda, 1985; 
Carboni et al., 1989; Venton et al., 2003) while in DAT / 
mice, the basal extracellular dopamine level is five times as 
large as in WT mice (Jones et al., 1998b).

B.  Phasic Changes in Extracellular Dopamine

1.  Electrically Evoked Dopamine Overflow

Electrical stimuli mimicking the bursting mode are more 
potent than regularly spaced stimuli in evoking dopamine 
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overflow, but this is not due to a facilitation of the release 
per se. Indeed, in the frequency range of 15–100 Hz brief 
train pulse stimuli (2 to 6 pulses) induce in vivo a larger 
dopamine overflow than that evoked by a single pulse 
stimulation, mostly due to extracellular accumulation of 
the released dopamine with successive pulses (Chergui  
et al., 1994; Garris et al., 1994; Venton et al., 2003). Indeed, 
in DAT / mice the maximal amplitude of the dopamine 
overflow evoked by a four-pulse stimulation is independ-
ent of frequency (15 or 4 Hz), whereas in WT mice the 
ratio S(15 Hz)/S(4 Hz) is 2.4 in the dorsal striatum and 3.0 
in the nucleus accumbens (Fig. 17.3) (Benoit-Marand et al., 
2000). Burst-induced extracellular accumulation is higher in 
the nucleus accumbens than in the dorsal striatum because 
dopamine reuptake is about twice as slow in the former than 
in the latter region. Therefore, the specificity of the burst-
ing mode over the tonic pattern results from the kinetics of 
dopamine reuptake rather than from changes in the quantal 
release per pulse. As expected, pharmacological inhibition 
of DAT activity increases the amplitude and duration of the 
phasic dopamine overflow evoked by a train pulse stimula-
tion (Garris et al., 1994; Suaud-Chagny et al., 1995; Venton 
et al., 2003). Indeed, DAT inhibition facilitates the extracel-
lular accumulation of dopamine with successive pulses.

2.  Dopamine Transients in Behaving Animals

Rewards or stimuli predicting a reward evoke a burst of action 
potential in most dopamine neurons with a similar delay and 
duration both in monkeys (Mirenowicz and Schultz, 1996) 
and rats (Pan et al., 2005) (see also Chapter 31). Therefore, in 
behaving rats, brief changes in extracellular dopamine, simi-
lar in kinetic and amplitude to dopamine overflow evoked 
by brief electrical stimulation, can be observed (Robinson  
et al., 2001; Robinson et al., 2002). As expected, DAT inhi-
bition increases the maximal amplitude and duration of 
these dopamine transients to the same extent as dopamine 
overflow evoked by brief electrical stimulations (Robinson 
and Wightman, 2004). Moreover, in the nucleus accumbens 
dopamine transients clearly result from the bursting discharge 
activity of VTA dopamine neurons. Indeed, NMDA-mediated  
excitatory inputs to VTA dopamine neurons generate their 
bursting activity (Suaud-Chagny et al., 1992; Chergui  
et al., 1993; Overton and Clark, 1997). Specific manipula-
tions of these inputs by local VTA injections of NMDA and 
of NMDA antagonists in freely moving rats alter the fre-
quency of dopamine transients in the expected way (Sombers  
et al., 2009). Therefore, these dopamine transients represent 
dopamine overflow evoked by naturally occurring bursts of 
action potentials.

While dopamine neurons initially respond with a 
burst to unpredicted reward, after intense training they 
respond to a cue predicting a reward but no longer to the 
expected reward, both in monkeys (Schultz et al., 1993; 
Mirenowicz and Schultz, 1996) and rats (Pan et al., 2005). 
Electrochemical studies show the same relationship 
between dopamine transients and reward or cue predicting 
a reward (Day et al., 2007) (Fig. 17.4). Dopamine neurons 
Figure 17.3  Dopamine overflows evoked in nucleus accumbens (NAc) by stimulations mimicking the spontaneous activity of dopamine neurons. 
Medial forebrain bundle electrical stimulations consisted of four pulses either at 4 or at 15 Hz. The dopamine overflow was recorded with a carbon fiber 
electrode coupled with continuous amperometry. Electrodes were calibrated for dopamine concentration after in vivo recordings. The figure shows typi-
cal recordings obtained from one DAT / and one DAT / mouse. Notice that the time scale is not the same with DAT / and DAT / because 
dopamine clearance is much slower in DAT / mice. Stimulations mimicking a spontaneous burst (four pulses at 15 Hz) were more efficient than stimu-
lations mimicking the single spike discharge mode (four pulses at 4 Hz) to evoke dopamine overflow (Benoit-Marand et al., 2000), copyright by Elsevier.
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are preferentially activated with a burst by appetitive stim-
uli and are inhibited by aversive stimuli both in monkeys 
(Mirenowicz and Schultz, 1996) and rats (Ungless et al., 
2004; Pan et al., 2005). Likewise, appetitive stimuli trig-
ger dopamine transients whereas aversive stimuli briefly 
decrease the extracellular dopamine level (Roitman et al., 
2008). Finally, a subpopulation of dopamine neurons in 
the ventral VTA respond with bursts to noxious stimuli 
in anesthetized rats (Brischoux et al., 2009). In line with 
these observations, intense stress induced in freely moving 
rats by social defeat enhances burst firing in a subpopula-
tion of VTA dopamine neurons and is associated with an 
increase in the frequency of dopamine transients in the 
nucleus accumbens (Anstrom et al., 2009). Therefore, data 
obtained with electrochemical recording of dopamine tran-
sients are highly consistent with electrophysiological data 
obtained from dopamine neurons.

V.  Conclusions

The extracellular dopamine level results from a dynamic 
equilibrium between two processes: release and reuptake 
by dopamine terminals. Both processes are highly regulated 
by several mechanisms. Apart from these sophisticated 
means of regulation, the relationship between the dis-
charge activity of dopamine neurons and the extracellular 
dopamine level is, in first approximation, quite simple. The 
tonic activity of dopamine neurons is translated into a tonic 
level of extracellular dopamine and a pause is translated 
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Figure  17.4  Dopamine transients in the nucleus accumbens in 
response to reward and to its prediction. Dopamine transients were 
recorded with a carbon fiber electrode coupled with fast scan cyclic 
voltammetry. Before training dopamine transients are observed just after 
reward retrieval, whereas after training they appear just after the cue onset 
but disappear after reward. Figure prepared by R. Carelli from Day et al. 
(2007), copyright by Nature Publishing Group.
into a profound depression of this tonic level. The burst-
ing activity is translated into transient dopamine overflow, 
which largely exceeds the tonic level, due to accumulation 
of released dopamine into the extracellular space. This rela-
tionship was first described using electrical stimulation and 
lesion to manipulate the impulse flow. Recent data obtained 
in behaving rata fully confirm this relationship.
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I.  Introduction

Models of neuronal circuitry have been developed to 
account for the role of the basal ganglia in motor control –  
the so-called direct and indirect pathway model of basal 
ganglia function (Albin et al., 1989; DeLong, 1990) (see 
Chapter 1). This was a breakthrough in the understand-
ing of basal ganglia function, and was effective at globally 
explaining the motor defects in ballismus, Parkinson’s dis-
ease (PD) and Huntington’s disease (HD), and predicting 
the palliative effects of internal pallidal segment lesions in 
PD. This model, however, did not consider how the direct 
and indirect pathway striatal neurons might differ in their 
cortical input, a key issue in explaining their differing roles 
in motor control. Additionally, it seems clear that the basal 
ganglia participates in the learning of reward-motivated 
behavioral routines, and that corticostriatal plasticity in the 
form of potentiation of some synaptic inputs and inhibi-
tion of others underlies this process. Here too understand-
ing differences between direct and indirect pathway striatal 
neurons in the types of cortical input they receive is impor-
tant for understanding how corticostriatal plasticity shapes 
motor routines. In our studies, we have found that direct 
and indirect pathway striatal neurons do, in fact, appear 
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to differ in the types of cortical input they receive. In this 
paper, we review our findings on corticostriatal organiza-
tion, and discuss how they contribute to understanding the 
role of the basal ganglia in motor learning and movement 
selection.

II.  Cortical projections to basal 
ganglia – historical overview

Widespread and functionally diverse areas of the cer-
ebral cortex, including sensory, motor, and association 
regions, project to the striatum in all mammals studied, 
which include rodents, carnivores and primates (Kemp 
and Powell, 1970; Jones et al., 1977; Oka, 1980; Veening 
et al., 1980; Royce, 1982; Goldman-Rakic and Selemon, 
1986; Tanaka, 1987; McGeorge and Faull, 1989). This 
input is bilateral, with an ipsilateral predominance, and it  
is thought to provide the striatum with the sensory and 
motor planning information it needs to execute its role in 
motor control (see also Chapters 19 and 20). The cortical 
projection is known to be glutamatergic and to end as ter-
minals that make asymmetric synaptic contacts, primarily 
with the spines of striatal projection neurons, which are 
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by far the most abundant type of striatal neuron (Albin 
et al., 1989; Gerfen, 1992). The projection targets both 
the matrix and striosomal compartments of the striatum 
and tends to be topographically ordered in the mammals 
studied (Kemp and Powell, 1970; Selemon and Goldman-
Rakic, 1985; McGeorge and Faull, 1989). Of note with 
respect to the role of the basal ganglia in motor control, 
the dorsolateral striatum (part of the putamen) receives 
the striatal input from the somatosensory – somatomotor 
cortices, and somatotopy is preserved in this input (Jones  
et al., 1977; Goldman-Rakic and Selemon, 1986). Moreover, 
while the cortical input to striatum is broadly topographi-
cally organized, any given region of striatum receives 
overlapping, convergent input from multiple, often related, 
cortical areas (Goldman-Rakic and Selemon, 1986; Brown  
et al., 1998; Hoffer and Alloway, 2001). Additionally, the 
input to striatum from any given region of cortex is not 
uniform, and instead exhibits discontinuities (Tanaka et al., 
1981; Goldman-Rakic and Selemon, 1986; Flaherty and 
Graybiel, 1993; Alloway et al., 1998). The discontinuity in 
some cases represents cortical input to striosomal patches, 
since cortical areas receiving prominent hippocampal and 
amygdaloid input (e.g., prelimbic frontal cortex) have 
been reported to preferentially project to the striosomal 
compartment (Gerfen, 1984; Donoghue and Herkenham, 
1986). Nonetheless, in many cases the discontinuities rep-
resent separate fields of terminals within the matrix com-
partment of striatum – referred to as matrisomes (Flaherty 
and Graybiel, 1993). The basis of such inhomogeneities 
was initially uncertain, but it seemed likely that it reflects 
the separate terminal fields of different cortical layers, or 
different cortical neuron types irrespective of their laminar 
location.

The laminar source(s) and the neuron type-specific 
source(s) of the corticostriatal projection have been the 
subject of interest for many years. In an early description of  
the corticostriatal projection based on Golgi material, 
Ramon y Cajal (1911) suggested that it arose as a collateral 
projection of the corticofugal fibers arising from pyramidal 
neurons of deep layer 5, as their axons descended through 
the striatum via the internal capsule. Later studies in rats 
using retrograde labeling, by contrast, reported a large 
and widespread population of neurons in ipsilateral corti-
cal layer 3 and in ipsilateral upper layer 5 following tracer 
injection into the striatum, with few of the large deep layer 
5 pyramidal neurons labeled (Kitai et al., 1976; Hedreen, 
1977; Hedreen and McGrath, 1977; Schwab et al., 1977; 
Wise and Jones, 1977; Veening et al., 1980; Arikuni and 
Kubota, 1986). This initially led to the view that corticostri-
atal neurons were largely limited to layer 3 and upper layer 
5, and did not notably include the pyramidal tract neurons 
projecting out of the telencephalon. The input from layer 3 
and upper 5 was mainly thought to end in the matrix com-
partment. Input to striosomes from the prelimbic cortices 
was thought to be an exception to the predominance of the 
layer 3 and upper layer 5 input to striatum, and arise from 
deep layer 5 neurons (Gerfen, 1989; Kincaid and Wilson, 
1996). Some studies, however, challenged the view that 
layer 3 and upper 5 were the main source of cortical input 
to striatum, and reported that cortical neurons project-
ing to matrix compartment include two types by electro-
physiological criteria. For example, Jinnai and Matsuda 
(1979) reported that two types of cortical neurons could be  
activated antidromically from striatum in cats, one type 
that only responded to caudate activation and one type  
that responded to both caudate and pyramidal tract (PT) 
activation. Control experiments precluded the possibil-
ity for the latter cortical neuron type that fibers of passage 
through the striatum had been activated during caudate 
stimulation. While the conduction velocity of the PT-type 
and non-PT type was overlapping, the mean latency of 
antidromic activation from caudate was less for the PT-
type, again supporting the view of these as two separate 
corticostriatal neuron types. About 40% of the corticostri-
atal neurons identified in this study were of the PT-type. 
Similarly, Wilson (1986) recorded intracellularly from 
striatal neurons in rats, and showed that the EPSP response 
latencies to ipsilateral motor cortex stimulation overlapped 
those to contralateral motor cortex stimulation. Those in 
response to ipsilateral stimulation, however, included a 
short latency component that was absent in response to 
contralateral stimulation. Given the more rapid conduction 
velocity of PT-type neurons, Wilson interpreted this as evi-
dence that striatum receives input from both PT-type corti-
cal neurons as well as from non-PT type cortical neurons. 
This was consistent with his prior evidence that stimulation 
of the pyramidal tract at midbrain levels evoked monosyn-
aptic EPSPs in many striatal neurons (Wilson et al., 1982). 
Both Jinnai and Matsuda (1979) and Wilson (1986) noted 
that the PT collateral in striatum is thin and conducts much 
more slowly than does the main PT axon descending to the 
brainstem. The projection of PT-type neurons of motor and 
somatosensory cortex in rats to striatum via collaterals of 
the main descending extratelecephalic axon was confirmed 
by intracellular filling of PT-type neurons (Donoghue and 
Kitai, 1981; Landry et al., 1984).
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III.  Corticostriatal neuron types

A series of more recent studies in rats and monkeys 
employing neuron-type specific pathway tracing, or intra-
cellular recording and neuron filling have further clarified 
the morphology and laminar location of the cortical neu-
rons projecting to striatum, and made it clear that in each 
cortical region projecting to striatum at least two main 
types of corticostriatal projection neuron can be distin-
guished by their connections within the cortex and their 
projections to other subcortical areas. One is, in fact, the 
type whose main axon projects extratelencephalically 
(brainstem-projecting neurons) identified by Ramon y  
Cajal, whereas the second is a type that projects to the 
basal ganglia and cortex but not outside the telencephalon, 
namely the intratelencephalically projecting neurons, or 
IT-type (Wilson, 1987; Cowan and Wilson, 1994; Levesque 
et al., 1996a,b; Levesque and Parent, 1998; Reiner et al., 
2003; Parent and Parent, 2006). Many but not all IT-type 
neurons project to contralateral cortex and striatum, and 
this appears to be region-specific, since motor cortex but 
not somatosensory cortex projects heavily contralaterally. 
By contrast, PT-type neurons project only ipsilaterally to 
the striatum. Brainstem-projecting corticostriatal neurons 
(i.e., PT-type) are typically larger than IT-type corticostri-
atal neurons and mainly found in lower cortical layer 5,  
whereas intratelencephalically projecting corticostriatal 
neurons are mainly found in layer 3 and upper layer 5 
(Wilson, 1987; Cowan and Wilson, 1994; Levesque et al., 
1996a,b; Levesque and Parent, 1998; Reiner et al., 2003; 
Parent and Parent, 2006). For rats, IT-type neurons have a 
mean diameter of 12–13 m, while PT-type have a mean 
diameter of 18–19 m (Reiner et al., 2003). These neurons 
differ too in their dendritic arborization patterns. PT-type 
neurons have a prominent apical dendrite that ascends and 
branches profusely in layer 1 of cortex, while the dendrites 
of IT-type neurons are more slender and the arborization 
in layer 1 is sparser. These various anatomical features of 
IT-type and PT-type neurons were initially demonstrated 
in rats, and more recently for monkeys as well (Parent and 
Parent, 2006). It should be noted that layer 5 of cerebral 
cortex is recognized to broadly consist of two types of neu-
rochemically, morphologically, and physiologically dis-
tinct pyramidal neuron types matching the description of 
IT-type and PT-type neurons (Molnar and Cheung, 2006). 
Thus, IT-type and PT-type corticostriatal neurons do not 
merely represent a subset of layer 5 pyramidal neurons. 
Rather, layer 5 pyramidal neurons fall into two types – an 
intratelencephalically and an extratelencephalically pro-
jecting type, with each possessing a projection to striatum. 
It may be, but it is not definitively established, that all layer 
5 pyramidal neurons of each type have input to striatum.

The laminar distribution of IT-type and PT-type perika
rya differs slightly between the motor and somatosensory 
cortices in rats (Wilson, 1987; Cowan and Wilson, 1994; 
Reiner et al., 2003). In the somatosensory cortex, the vast 
majority of IT-type perikarya are in layer 3 and upper layer 
5, with the neurons being nearly equally abundant in the 
two. By contrast, in motor cortex, the predominant loca-
tion of IT-type perikarya is in upper layer 5, with addi-
tional IT-type perikarya being more abundant in lower 
layer 5 than in layer 3. The laminar distribution of IT-type 
neurons may differ in different mammalian species. For 
example, in cats, layer 3 seems to be the more prevalent 
location of retrogradely labeled IT-type neurons in the 
ipsilateral cortex after intrastriatal injection of HRP (Oka, 
1980; Royce, 1982). Monkeys, however, appear to be more 
similar to rats, because upper layer 5 has been reported to 
be the predominant location of retrogradely labeled IT-type 
neurons in the ipsilateral monkey cortex after intrastriatal 
HRP injection (Jones and Wise, 1977; Jones et al., 1977; 
Goldman-Rakic and Selemon, 1986), and in single neu-
ron tracing studies (Parent and Parent, 2006). Using retro-
grade labeling from the pontine pyramidal tract to identify  
PT-type neurons in rats (Fig. 18.1), we also observed a 
slight difference between the motor cortex and somatosen-
sory cortex in the location of PT-type neuronal perikarya, 
with about 90% of the PT-type neurons of somatosensory 
cortex in deep layer 5, but only 65% of the PT-type neurons 
of motor cortex situated in deep layer 5 (Fig. 18.2) (Reiner  
et al., 2003). Most of the PT-type neurons not in deep layer 
5 were located in upper layer 5. Several studies have shown 
by morphological and/or electrophysiological means that 
all or nearly all cortical pyramidal neurons projecting to the 
brainstem and/or spinal cord send a collateral into the stri-
atum (Cowan and Wilson, 1994; Levesque et al., 1996a,b; 
Levesque and Parent, 1998). On this basis, then, it would 
seem likely that the distribution of retrogradely labeled 
neurons observed by us in the ipsilateral cortex after pyra-
midal tract injection of BDA3k represents the distribution 
of PT-type corticostriatal neurons, with minimal labeling 
of pyramidal tract neurons not having a striatal collateral 
(Reiner et al., 2003).

The input of PT-type neurons of motor cortices to the 
striatum has attracted interest because of its potential for 
providing the striatum with a copy of the cortical motor 
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signal transmitted to the hindbrain and spinal cord. The 
intrastriatal axon of PT-type corticostriatal neurons arises 
as a collateral of the main descending axon as it traverses 
the striatum via the internal capsule (primates) or within 
the pencil bundles (rodents). To a variable extent, these 
neurons also have collaterals in globus pallidus, the sub-
thalamic nucleus, midline or posterior thalamic nuclei 
(depending upon the cortical region of origin), and the 
substantia nigra (Canteras et al., 1990; Levesque et al., 
1996a,b; Levesque and Parent, 1998). The intrastriatal 
branching pattern of the PT-type input is not entirely cer-
tain. Cowan and Wilson (1994) used intracellular filling of 
electrophysiologically identified PT-type neurons in rats 

Figure 18.1  Schematic depiction of the strategies employed for selec-
tive retrograde labeling of intratelencephalically projecting (IT)-type (A) 
and pyramidal tract (PT)-type (B) corticostriatal neurons in Reiner et al. 
(2003). To directly compare IT- and PT-type perikarya in the cortex of 
the right cerebral hemisphere, we retrogradely labeled them in the same 
hemisphere by injecting tetramethylrhodamine-dextran amine (RDA)3k 
into the left striatum (A) and biotinylated dextran amine (BDA)3k into 
the right pyramidal tract at caudal pontine levels (B) in some rats.
(Fig. 18.3), and reported that individual neurons of this 
type give rise to an intrastriatal arborization that consists 
of scattered small, dense focal clusters of fine processes 
and terminals (about 250 m in diameter per focal cluster) 
scattered over a 1–2 mm region of the striatum (Cowan and 
Wilson, 1994). Using single axon tracing, a similar result 
was reported for the PT-type input in monkeys (Parent and 
Parent, 2006). More recently, however, Zheng and Wilson 
(2001) used juxtacellular labeling to study the intrastria-
tal arborization of PT-type neurons of motor and cingulate 
cortex in rats. They reported that the PT-type neurons iden-
tified in that study possessed a broader and more diffuse 
striatal arborization and termination pattern. It is uncertain 
whether PT-type neurons vary in their intrastriatal arbori-
zation, with perhaps different cortical areas differing in 

Figure 18.2  Low-power images of the laminar distribution in primary 
somatosensory cortex of intratelencephalically projecting (IT)-type (A) 
and pyramidal tract (PT)-type (B) perikarya in the same rat. The IT-type 
perikarya were retrogradely labeled from the contralateral striatum with 
RDA3k. As is evident in A, they are 12–13  m in size, and largely local-
ized to layer 3 and upper layer 5. By contrast, the PT-type perikarya retro-
gradely labeled by BDA3k injection into the ipsilateral pontine pyramidal 
tract are largely localized to deep layer 5 (B) and are larger (18–19  m) 
than the IT-type perikarya. Scale bar  200  m in A (applies to A and 
B). Images C and D show high power views of images IT-type (C) and  
PT-type perikarya (D) in cortex. The PT-type perikarya are larger and pos-
sess a more prominent apical dendrite than the IT-type perikarya. Scale 
bars  50  m in C and D.
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the PT-type varieties they possess, or if the differences 
observed between the intracellular and juxtacellular label-
ing studies in rodents stems from methodological differ-
ences. In any event, PT-type neurons with a discontinuous 
arborization pattern would explain why individual regions 

Figure 18.3  Intracortical dendritic (A) and axonal arborizations 
(B), overall axonal projections (C), and intrastriatal projections (D) for 
a PT-type neuron of rat motor cortex labeled by intracellular filling and 
identified by antidromic activation from the brainstem pyramidal tract. 
The intracortical axonal projections of the neuron are confined to the 
vicinity of the cell body, and the intrastriatal arborizations (marked as 
a and b) shows scattered pockets of dense terminal fields. This illustra-
tion is a modified version of Figure 3 in Cowan and Wilson (1994) and 
is reprinted with permission of the authors. The descending axon to the 
cerebral peduncle beyond the GPe (CP) is highlighted. GPe – globus  
pallidus externus.
of cerebral cortex have a discontinuous projection to stria-
tum. Moreover, PT-type neurons of prelimbic cortex with 
scattered terminals are thought to account for the corti-
cal input targeting striosomes (Kincaid and Wilson, 1996; 
Levesque and Parent, 1998). Part of the terminal field of 
each PT-type neuron of motor and somatosensory cor-
tex has a discrete ending in dorsolateral striatum, which 
appears to account for the topographically and somatotopi-
cally ordered input of these cortical regions to dorsolateral 
motor striatum (Wright et al., 1999).

The other major type of corticostriatal projection neu-
ron, the IT-type, projects to the contralateral (in many 
cases) as well as ipsilateral cortex and striatum, and neu-
rons of the bilaterally projecting type are numerous in the 
motor cortex (Wilson, 1987; Cowan and Wilson, 1994; 
Gerfen and Wilson, 1996; Kincaid and Wilson, 1996; 
Wright et al., 2001; Parent and Parent, 2006). This neuron 
type does not project out of the telencephalon, but does 
have extensive intratelencephalic projections, which include 
cerebral cortex and striatum, in many cases on both sides of 
the brain. In contrast to the scattered focal arborization of 
the PT-type neuron, the intrastriatal axon of individual IT-
type neurons has been reported to give rise to an extended 
and uniform arborization (Fig. 18.4) that has sparse en pas-
sant terminals over a wide (about 1.5 mm in diameter) stria-
tal expanse (Cowan and Wilson, 1994; Kincaid and Wilson, 
1996). While Cowan and Wilson (1994) had reported that 
PT-type neurons and IT-type neurons differed markedly 
in their intrastriatal arborization, with PT input being dis-
continuous and IT input being uniform, the later study of 
Zheng and Wilson (2001) indicated that at least for some 
cortical regions and some PT-type neurons both IT-type and 
PT-type possess a broad striatal arborization and sparse ter-
mination pattern. Regardless of this detail of arborization, 
IT-type and PT-type neurons are clearly dichotomous in 
terms of their size, shape, dendritic branching and typical 
laminar location in cerebral cortex (Fig. 18.2). Moreover, 
PT-type and IT-type neurons appear to convey different sig-
nals to striatum. For example, for motor cortex in primates, 
the PT-type neurons fire during movement and the IT-type 
neurons more typically fire in relation to movement plan-
ning prior to movement (Beloozerova et al., 2003; Turner 
and DeLong, 2000; Bauswein et al., 1989). In addition, 
the conduction velocities of the parent PT-type axons are 
about 3–4 times more rapid than those of the parent IT-type 
axons (Wilson, 1986, 1987; Bauswein et al., 1989; Wilson 
and Cowan, 1994; Turner and DeLong, 2000). Even with 
the conduction velocity slowing that occurs for the thin 
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PT-type collateral in striatum, PT-type signals reach their 
striatal target neurons a few milliseconds before IT-type 
signals do upon PT-type and IT-type neuron co-activation 
in cortex.

Earlier studies in rats had reported retrograde label-
ing of a large and widespread population of neurons in 
upper layer 5 following HRP injection into the striatum 
(Hedreen, 1977; Hedreen and McGrath, 1977; Wise and 
Jones, 1977; Veening et al., 1980). It is now evident that 
these retrogradely labeled perikarya in layers 3 and 5 
mainly represented IT-type corticostriatal projection neu-
rons (Wilson, 1987; Cowan and Wilson, 1994). A rela-
tively insensitive retrograde tracer such as HRP would be 
likely to label many neurons of this type preferentially in 
the ipsilateral striatum because individual neurons of the 
IT-type give rise to a more uniform and widespread intra-
striatal arborization than individual PT-type neurons typi-
cally do (Wilson, 1987; Cowan and Wilson, 1994; Wright 

Figure 18.4  Dendritic and ipsilateral axonal fields of an IT-type neu-
ron in rat motor cortex. Two axonal branches in the subcortical white mat-
ter (WM) marked by arrows were traced to the contralateral hemisphere. 
Other axonal branches arborized in the ipsilateral striatum, where they 
formed a broad arborization (about 1 mm diameter) with a sparse density 
of boutons. Intracortical axon collaterals ramified mainly in the layers 
containing corticostriatal neurons of the same type (layer 3 and upper half 
of layer 5), but some collaterals extended as far as layer I. Some collater-
als projected across the boundary (arrow) between the medial agranular 
field (AGm) and the lateral agranular field (AGl), and formed a terminal 
arborization in AGl (primary motor cortex). This illustration appears as 
Figure 4 in Cowan and Wilson (1994) and is reprinted with permission of 
the authors. The illustration has been modified.
et al., 2001). By contrast, the scattered focal terminations 
of many PT-type neurons in striatum would result in fewer 
of them being labeled than IT-type neurons after any given 
intrastriatal retrograde tracer injection. Nonetheless, since 
morphological and electrophysiological data suggest that 
all or nearly all cortical pyramidal neurons projecting to 
the brainstem and/or spinal cord send a collateral into the 
striatum and since PT-type neurons are found in all corti-
cal regions (Cowan and Wilson, 1994; Levesque et al., 
1996a,b; Levesque and Parent, 1998), the PT-type input to 
striatum appears to be substantial.

IV.  Ultrastructure of cortical 
input to striatum

Given their differing neuronal morphologies, laminar loca-
tion and physiologies, the possible ultrastructural differ-
ences between IT-type and PT-type terminals in striatum 
is of interest. We examined this issue by using selective 
labeling of IT-type and PT-type terminals in rat striatum 
(Reiner et al., 2003). The IT-type intrastriatal terminals 
were labeled anterogradely by biotinylated dextran amine 
(BDA)10k injection into the contralateral motor or primary 
somatosensory cortex (Figs 18.5, 18.6). Because IT-type 
but not PT-type neurons have crossed projections to stria-
tum, BDA10k-labeled terminals in striatum contralateral 
to cortical injection are all of the IT-type. We were able to 
selectively labeled PT-type terminals by using the sensitiv-
ity of BDA3k and its tendency to label axonal collaterals 
of retrogradely labeled neurons. In brief, BDA3k injections 
into pontine pyramidal tract yielded retrograde labeling of 
ipsilateral PT-type cortical perikarya, as well as the intras-
triatal collaterals of these neurons (Figs. 18.5, 18.6). At 
the electron microscopic level, the intrastriatal terminals 
of both IT-type and PT-type corticostriatal neurons made 
asymmetric synaptic contact with spine heads and less  
frequently with dendrites (Fig. 18.7). We observed that  
IT-type terminals tend to be round and relatively small, and 
the postsynaptic density (PSD) at their axospinous contacts  
was rarely perforated (Reiner et al., 2003). By contrast, 
PT-type terminals tend to be more variable in shape and 
about twice as large as IT-type terminals, and the PSD 
at their axospinous contacts was commonly perforated. 
In this prior paper, we reported that contralateral IT-type 
axospinous terminals of dorsolateral striatum arising from 
somatosensory and motor cortices had a mean diameter of 
0.41  m, whereas PT-type terminals of dorsolateral stria-
tum, presumably mainly arising from somatosensory and 
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motor cortices, had a mean diameter of 0.82  m. More 
recently, we re-measured the diameters of 240 IT-type 
and 220 PT-type axospinous synaptic terminals from our 
prior study, consistently measuring the diameter of the ter-
minal parallel to and 0.1 m behind the PSD. We found 
that the mean diameters for axospinous synaptic IT-type 
and PT-type terminals measured in this standardized way 
were 0.52 m and 0.91 m, respectively, with only 3.3% 
of IT-type terminals associated with a perforated postsyn-
aptic density (PSD) and 40% of PT-type terminals associ-
ated with a perforated PSD. Because these measurements 
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Figure 18.5  Schematic depiction of the strategies employed for 
selective anterograde labeling of the intrastriatal terminals of intratelen-
cephalically projecting (IT)-type (A) and pyramidal tract (PT)-type (B) 
neurons. To label IT-type terminals in striatum selectively, we relied on 
the fact that this projection, but not the PT-type projection, is bilateral. 
Accordingly, BDA10k was injected into the right motor or sensory cortex, 
and anterogradely labeled IT-type terminals were examined in the contra-
lateral (i.e., left) striatum (A). To label PT-type terminals in the striatum 
selectively, the intrastriatal collaterals of the PT-type neurons were retro-
gradely labeled by injection of BDA3k into the ipsilateral pyramidal tract 
at caudal pontine levels (B).
were made in random sections that did not necessarily pass 
through the widest point of each terminal, they underesti-
mate the size of IT-type and PT-terminals. For the smaller 
IT-type terminals, this underestimate is likely to be small. 
To address the underestimate for PT-type terminals, we 
have analyzed several PT-type terminals in semi-serial sec-
tions, and found that their peak size was about 1 m. Thus, 

Figure 18.6  Images of IT-type (A) and PT-type (B) axons and varicos-
ities in the striatum. IT-type terminals enter the striatum from the external 
capsule (A), whereas PT-type terminals arise as collaterals of corticofu-
gal axons as they course through the striatum (B). Both give rise to vari-
cosities within the striatal neuropil, with the IT-type appearing somewhat 
smaller. Scale bars  50 m in A, B.

Figure 18.7  A–D: Examples of the BDA-labeled intrastriatal termi-
nals of IT-type corticostriatal neurons (A, B) and of PT-type corticostria-
tal neurons (C, D) at the electron microscopic level. The IT-type terminals 
and PT-type terminals shown make asymmetric synaptic contact with a 
spine (s), as revealed by their size and the presence of spine apparatus 
(asterisk), presumably that of a striatal projection neuron. Note that the 
IT-type terminals are round, largely regular in shape, and about 0.5 m in 
diameter, while the PT-type terminals shown are typically large, irregular 
in shape, and in some cases envelop their postsynaptic target structure. 
Scale bars  0.5 m in A–D.
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PT-type axospinous terminals are about twice the size of 
the IT-type axospinous terminals, with PT-type terminals 
at their widest being about 1 m. Although we did not 
examine it systematically, PT-type axodendritic synaptic 
terminals also appeared larger than IT-type axodendritic 
synaptic terminals.

Concerns can be raised about our approach for selec-
tive IT-type and PT-type terminal labeling: (1) Our IT-type 
labeling was limited to the set of IT-type axons that proj-
ects contralaterally, which may not be representative of 
those that project ipsilaterally; and (2) The precise source 
of the PT-type terminals is uncertain, and the phenomenon 
of retrograde collateral labeling may be selective for axons 
(e.g., possibly larger ones) that are not representative of the 
PT-type population as a whole. The work of Wright et al. 
(1999, 2001) on the intrastriatal terminals of IT-type and 
PT-type corticostriatal neurons of the primary somatosen-
sory cortex of rat addresses these concerns. In brief, their 
findings are consistent with those of Reiner et al. (2003) 
that intrastriatal PT-type terminals differ in several respects 
from IT-type terminals. Wright et al used two anterograde 
pathway tracers, PHA-L and BDA, and found that two dis-
tinct types of corticostriatal pathways arise from the barrel 
cortex. One system was reported to give rise to a non-
topographic projection to the striatum with an intrastriatal 
arborization that was termed a “diffuse” system (Wright  
et al., 1999). This projection was found to arise largely 
from neurons located between barrel columns that also 
project contralaterally to the striatum (Wright et al., 2001). 
These neurons resemble IT-type neurons in their size, 
shape, and preferential localization in upper layer 5. The 
other corticostriatal projection arising from the barrel cor-
tex was reported to give rise to a topographically ordered 
projection that was termed the “discrete pathway.” This 
corticostriatal projection arose as collaterals of corticofu-
gal axons descending through the striatum and only pro-
jected to the ipsilateral striatum. Moreover, the intrastriatal 
arborization of the discrete system gave rise to scattered 
patches of dense focal innervation. Because of these 
features, the authors concluded that the diffuse system 
arose from the IT-type corticostriatal projection neurons 
described by Wilson and coworkers (Wilson, 1987; Wilson 
and Cowan, 1994), whereas the discrete system arose from 
the PT-type corticostriatal projection neurons described by 
Wilson and coworkers (Wilson, 1987; Wilson and Cowan, 
1994). Wright et al. (1999) examined the light microscopic 
(LM) and electron microscopic (EM) morphology of 
these two types of intrastriatal terminals. The fibers of the  
diffuse pathway were noted to be fine caliber, and at the 
EM level the terminals of this pathway were described as 
small, with a mean diameter of about 0.55 m. These termi-
nals were reported to make asymmetric synaptic contacts 
with the dendritic spines of striatal projection neurons, and 
the contacts possessed an unperforated PSD. By contrast, 
the discrete system was made of thicker axons that gave 
rise to large terminals, whose mean diameter was 0.89 m. 
The terminals of the discrete system also made asymmetric 
synaptic contacts with the dendritic spines of striatal pro-
jection neurons, but these contacts were complex and the 
spines typically possessed a perforated PSD. The findings 
of this study are consistent with our own, and they obvi-
ate possible concerns that our techniques labeled atypical 
subsets of IT-type and PT-type terminals. Thus, our find-
ings and those of Wright et al. (1999, 2001) indicate that 
corticostriatal neurons projecting into the pontine pyra-
midal tract give rise to intrastriatal terminals that are con-
siderably larger and more complex than the corticostriatal 
neurons of the motor and sensory cortex that project only 
within the telencephalon. LM studies suggest the same is 
true in monkeys (Parent and Parent, 2006).

V.  Differential input of cortex  
to striatal neurons

We next assessed whether the two types of corticostriatal 
neurons project differentially to the two types of striatal 
output neurons, namely, those that give rise to the indirect 
output pathway, projecting to the external segment of the 
globus pallidus (GPe) (i.e., striato-GPe neurons), and those 
that form the direct pathway by projecting to the internal 
segment of the globus pallidus (GPi) and/or the substantia 
nigra pars reticulata (SNr) (i.e., striato-GPi/SNr neurons) 
(see Chapter 1). We reasoned that the different roles of 
these output neurons in motor control might in part be ena-
bled by differing cortical inputs. Consistent with this possi-
bility, prior studies had shown that these two striatal neuron 
types differed in their gene expression responses to cortical 
stimulation or ablation (Uhl et al., 1988; Parthasarathy and 
Graybiel, 1997).

A.  Anatomical Evidence

In our first approach for assessing this, we examined 
whether axospinous terminals differed on these two stri-
atal projection neuron types in size. We reasoned that since 
axospinous IT-type terminals differed from PT-type in size, 
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if either preferentially targeted a given projection neuron 
type, then there should be a difference in the mean size 
of axospinous terminals on them. For this approach, we 
identified direct pathway neurons either by retrogradely 
labeling them with BDA3k from the substantia nigra or 
by immunolabeling for the D1 dopamine receptor, and  
we identified indirect pathway neurons by retrogradely 
labeling them with BDA3k from the GPe or by immu-
nolabeling for the D2 dopamine receptor (Lei et al., 2004). 
Since striato-GPi neurons in rats have a collateral in SNr, 
our BDA3k injection into substantia nigra yielded retro-
grade labeling of striato-SNr and striato-GPi neurons. We 
thus refer to the neurons BDA3k-labeled from substantia 
nigra as striato-GPi/SNr. Regarding D1 and D2 immunola-
beling, numerous studies suggest that D1 versus D2 
neurons in striatum largely represent striato-GPi/SNr versus 
striato-GPe projection neurons, respectively, since striato- 
GPi/SNr neurons are enriched in D1 receptors while stri-
ato-GPe neurons are enriched in D2 receptors (Deng et al., 
2006) (see Chapter 1). We then measured the diameter of 
asymmetric axospinous synaptic terminals on either stri-
atal projection neuron type (in random sections not nec-
essarily measuring individual terminals at their widest 
point). We limited our attention to dorsolateral striatum. 
Electron microscopic viewing revealed that asymmetric 
synaptic terminals on BDA3k-labeled striato-GPi/SNr neu-
ron spines were characteristically small (0.43 m, based 
on 309 terminals) and rounded (Fig. 18.8). Similarly, we 
found that the mean size of terminals making asymmetric 
synaptic contact with D1 spines was 0.45 m, based on 
867 terminals. Given that 20–30% of the axospinous input 

Figure 18.8  Electron microscopic images of dendrite (d) and spine 
(s) labeling of striatonigral (A) and striato-GPe (B) neurons that had 
been retrogradely labeled with BDA3k from their target areas. Note that 
striatonigral (A) spines receive asymmetric synaptic contact from smaller 
unlabeled terminals (t) than do striato-GPe neuron spines (B).
to striato-GPi/SNr neurons represents the small-sized ter-
minals of the thalamostriatal input (Chung et al., 1977; 
Smith et al., 2004), these results are consistent with the 
interpretation that D1 striato-GPi/SNr neurons prefer-
entially receive axospinous IT-type input and some axos-
pinous thalamic input. By contrast, asymmetric synaptic 
terminals on BDA3k-labeled striato-GPe neuron spines 
tended to be notably larger (0.69 m, based on 342 termi-
nals), irregular in shape, and in many cases associated with 
a perforated postsynaptic density. Given the sparseness of 
the intra-GPe collateral of striato-GPi/SNr neurons, which 
contain substance P (SP) (Kawaguchi et al., 1990; Wu  
et al., 2000), and given that we have previously found by 
single-cell RT-PCR that the vast majority of neurons ret-
rogradely labeled from GPe contain enkephalin (ENK) but 
not SP (Wang et al., 2006), the vast majority of the striatal 
neurons labeled from GPe with BDA3k must have been 
ENK striato-GPe neurons. The mean size of terminals 
making asymmetric synaptic contact with D2 spines was 
0.61 m, based on 519 terminals. Thus, the size of axos-
pinous synaptic terminals on striatal neurons retrogradely 
labeled from GPe or by D2 immunolabeling is greater 
than that of asymmetric axospinous synaptic terminals on 
D1 striato-GPi/SNr neurons, but not equal to the mean 
size of PT-type axospinous synaptic terminals, as reported 
in Reiner et al. (2003). This suggests that indirect pathway 
neurons receive a substantial input from PT-type terminals, 
as well as from possibly thalamic and IT-type terminals.

To directly assess the cortical input to the two striatal 
projection neuron types, we combined BDA-labeling of  
IT-type or PT-type terminals with D1 or D2 immunolabel-
ing (Lei et al., 2004). We found that of all axospinous IT-
type synaptic terminals labeled with BDA10k in tissue 
immunolabeled for D1, 50.9% made synaptic contact with 
D1 spines (Fig. 18.9). By contrast, of all axospinous IT-
type synaptic terminals labeled with BDA10k in tissue 
immunolabeled for D2, only 12.6% made synaptic contact 
with D2 spines. Double-labeling for PT-type terminals 
and striato-GPi/SNr (D1) or striato-GPe (D2) spines 
showed a different trend-of all axospinous PT-type synaptic 
terminals labeled with BDA3k in tissue immunolabeled for 
D1, only 21.3% synaptically contacted D1 spines, while 
of all axospinous PT-type synaptic terminals labeled with 
BDA3k in tissue immunolabeled for D2, 50.5% synaptically 
contacted D2 spines (Fig. 18.9). Thus, IT-type terminals 
preferentially contact D1 spines whereas PT-type termi-
nals preferentially contact D2 spines. The preference of 
IT-type terminals for D1 spines and PT-type terminals for  
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D2 spines was also evident in the percent of spines of a 
given type observed to receive BDA-labeled IT-type or PT-
type synaptic input. For example, 23.7% of D1 spines  
in the analyzed fields of view received BDA-labeled IT-type 
terminals, but only 10.2% of D1 spines received BDA-
labeled PT terminals. By contrast, 40.1% of D2 spines 
received BDA-labeled PT-type input, while only 12.4% 
of the D2 spines received BDA-labeled IT-type termi-
nals. Note that fewer than 100% of either the D1 or D2 
spines received labeled terminals because not all axospinous 
terminals of a given type were labeled with BDA in the 
fields examined, and some spines receive thalamic input. 
Irrespective of how the results are considered, the findings 
show that IT-type terminals preferentially contact D1  
(striato-GPi/SNr) spines and PT-type terminals preferen-
tially target D2 (striato-GPe) spines (Fig. 18.10). Note 
that this preference does not appear to be absolute, since our 
results indicate that a minority of PT-type terminals contact 

Figure 18.9  Electron microscopic images showing double label-
ing for: (A) BDA10k-labeled IT-type corticostriatal terminals and 
D1-immunolabeled (s) (striatonigral) spines in rat striatum; (B) for 
BDA10k-labeled IT-type corticostriatal terminals and D2-immunolabeled 
(striato-GPe) spines; (C) for BDA3k-labeled PT-type corticostriatal ter-
minals and D1-immunolabeled (striatonigral) spines (s) in rat striatum 
and for BDA3k-labeled PT-type corticostriatal terminals; and (D) for 
BDA3k-labeled PT-type corticostriatal terminals and D2-immunolabeled 
(striato-GPe) spines. These images show that IT-type terminals make 
asymmetric synaptic contact with D1-immunolabeled spines, as well as 
D2-immunolabeled spines, and that PT-type terminals also make asym-
metric synaptic contact with both D1-immunolabeled spines, as well as 
D2-immunolabeled spines. The IT-type terminals, however, about three 
times as commonly contact D1 than D2 spines, and PT-type termi-
nals about three times more commonly contact D2 than D1 spines. 
Abbreviations: d  labeled dendrites; –t  unlabeled terminals; 
t  labeled terminals.
D1 (striato-GPi/SNr) spines and a minority of IT-type ter-
minals target D2 (striato-GPe) spines.

Our studies focused on dorsolateral striatum, a part of the 
striatal matrix. As noted earlier, the input to the striosomal 
compartment is thought to arise from PT-type neurons. 
One study has used BDA anterograde labeling to examine 
the input of motor and cingulate cortex to striosomes as 
identified by mu opiate receptor (MOR) immunolabeling 
in rat (Wang and Pickel, 1998). They found that the BDA-
labeled corticostriatal terminals ending on MOR spines 
tended to be large and frequently exhibited a perforated 
postsynaptic density. Based on measurements of terminals 
shown in that paper 0.1 m behind the PSD, the mean size  
of nine terminals making axospinous synaptic contact on 
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MORspines (thus establishing them as within strio-
somes) was 0.88 m and a third of these possessed per-
forated PSDs. These results are similar to those we have 
found for BDA-labeled PT-type terminals in the matrix 
compartment of dorsolateral striatum, and thus the results 
of Wang and Pickel (1998) are consistent with the view 
that striosomes are innervated by PT-type input ending as 
large axospinous terminals.

B.  Electrophysiological Evidence

Our findings that IT-type terminals preferentially target 
direct pathway neurons and PT-type terminals preferen-
tially target indirect pathway neurons are consistent with 
the results of several electrophysiological studies. For 
example, Kreitzer and Malenka (2007) have shown that 
indirect pathway neurons have a lower paired-pulse ratio 
and a higher mEPSC frequency than do direct pathway 
neurons in mouse striatum. These results suggest that 
excitatory synapses on indirect pathway neurons have a 
higher probability of transmitter release than do those on 
direct pathway neurons. Since large terminals and per-
forated postsynaptic densities are characteristic of more 
efficacious synaptic contacts (Geinisman, 1993; Sulzer 
and Pothos, 2000), PT-type terminals are likely to have 
a higher probability of transmitter release and may more 
effectively activate their target indirect pathway neurons 
than do IT-type terminals their target direct pathway neu-
rons. This may explain, in part, why indirect pathway stri-
atal neurons have higher basal firing rates (Mallet et al., 
2006). Ding et al. (2008) also showed that that indirect 
pathway neurons have a lower paired-pulse ratio. Cepeda 
et al. (2008) reported that D2 striatal neurons showed 
a higher mEPSC frequency than D1 striatal neurons. 
They also found that when increased cortical firing was 
induced by bath application of GABAA antagonist to fore-
brain slices, D2 but not D1 neurons displayed promi-
nent inward currents and large, long-lasting depolarization. 
Additionally, direct electrical activation of cortical input 
more readily elicited D2 neuron responses than D1 
neuron responses at low stimulus current intensities. These 
various findings are consistent with and can be explained 
by our observation that indirect pathway neurons prefer-
entially receive the large PT-type terminals, which would 
be likely to release more transmitter and thereby more 
readily activate indirect pathway neurons than does the 
IT-type input to direct pathway neurons. Our results are 
also consistent with the finding that activation of cortex  
in vivo tends to preferentially induce immediate early gene 
expression in ENK striatal neurons (Berretta et al., 1997; 
Parthasarathy and Graybiel, 1997). The differential synap-
tology of the cortical input, and the greater responsiveness 
of indirect pathway neurons to it (Kreitzer and Malenka, 
2007; Gertler et al., 2008), may favor more robust indi-
rect pathway than direct pathway responses to cortical 
activation.

One set of investigators has reported evidence that 
apparently challenged the notion that PT-type input ends 
preferentially on indirect pathway type striatal neurons 
(Ballion et al., 2008), based on two lines of electrophysi-
ological evidence. In one approach, they characterized the 
conduction of velocity of IT-type axons to striatum and of 
the PT-type projection to brainstem. As others had previ-
ously found, they noted that the conduction velocity of the 
main axon of the PT neurons was about four times faster 
than that of IT neurons. Ballion et al., therefore, hypothe
sized that if PT neurons project preferentially to indirect 
pathway neurons and IT neurons to direct pathway neu-
rons, cortical activation should induce spikes in ipsilateral 
indirect pathway striatal neurons with a four times shorter 
latency than in direct pathway striatal neurons. Using anti-
dromic activation from substantia nigra to distinguish direct 
pathway neurons (antidromically activated from substantia 
nigra) from indirect pathway neurons (not antidromically 
activated from substantia nigra), they found that the earli-
est spikes in response to the second cortical pulse in a 100 
ms pair were similar in latency for the two striatal projec-
tion neuron types. In a second approach, they hypothesized 
that striato-GPe neurons should not respond as commonly 
as striato-GPi/SNr neurons to contralateral cortical activa-
tion, since the IT-type input preferentially targets the latter. 
Again using antidromic activation from substantia nigra to 
distinguish direct pathway neurons from indirect pathway 
neurons, they found that the two striatal projection neuron 
types responded equally commonly to the second pulse in a 
100 ms pair delivered to contralateral cortex. Since neither 
outcome matched their simple prediction from the differen-
tial projection of IT-type and PT-type neurons to striatum 
reported by Lei et al. (2004), Ballion et al. (2008) con-
cluded that IT-type input did not preferentially end on direct 
pathway neurons but rather ended equally on both direct 
and indirect pathway neurons, and PT-type input was mea-
ger to indirect pathway neurons as well as to direct pathway 
neurons. Setting aside possible concerns about their strat-
egy for distinguishing striatonigral and striato-GPe neurons 
and setting aside for the moment a concern about relying 
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on the response to the second pulse in the pair to draw 
conclusions, the prediction being tested is overly strong 
given the data of Lei et al. (2004). Our study indicated that  
striato-GPe neurons receive significant IT-type input and 
that striato-GPi/SNr neurons receive significant PT-type 
input. Thus, while it is informative to demonstrate that both 
striatal projection neuron types can spike with equal latency 
to ipsilateral cortical activation and that striato-GPe neurons 
can spike in response to IT-type input, these findings are not 
inconsistent with the idea that IT-type input preferentially 
targets striato-GPi/SNr neurons and PT-type input preferen-
tially target striato-GPe neurons. Rather, the results support 
our finding that all striato-GPi/SNr neurons receive some 
PT-type input and all striato-GPe neurons receive some IT-
type input. It may also be that by assessing the response to 
the second pulse in a pair, Ballion et al. were studying the 
effects of potentiation of the contralateral IT-type input to 
indirect pathway neurons and potentiation of the ipsilat-
eral PT-type input to direct pathway neurons, since the sec-
ond pulse in a pair is typically potentiated. In this light, it 
should be noted that in a prior study in which they assessed 
direct and indirect pathway striatal neuron responses to 
the first of a 100 ms pair of stimulus pulses to ipsilateral 
cortex, indirect pathway striatal neurons responded signifi-
cantly more rapidly than did direct pathway striatal neurons  
(Mallet et al., 2006).

C.  Open Questions

The work of Ballion et al. (2008) and Mallet et al. (2006), 
however, raises the issue of the relative abundance of the 
IT-type and PT-type inputs to the striatum. IT-type input 
arises from layer 3 and upper layer 5 of all cortical areas, 
suggesting the input to be substantial. PT-type input clearly 
arises from somatosensory and motor cortices. Based on 
the data of Jinnai and Matsuda (1979), it may be that about 
40% of the overall cortical input to dorsolateral striatum 
from motor and sensory cortex is from PT-type neurons. 
Given their preferential input to indirect pathway neurons, 
a lesser PT-type input to striatum would be consistent with 
the sparser dendritic trees of indirect pathway type striatal 
projection neurons (Gertler et al., 2008). PT-type neurons 
projecting to the pons are present, however, throughout 
cortex, although the extent of their overall projection to 
striatum and the nature of the signal that non-motor or non-
somatosensory cortices convey to striatum is uncertain.

Finally, our work has mostly addressed cortical inputs 
to striatal projection neurons. However, striatal interneurons  
might also be differentially targeted by these two types  
of corticostriatal neurons. For example, parvalbumin- 
containing (PARV) interneurons (see Chapter 18)  
receive substantial cortical input and disproportionately 
little thalamic input in rats and monkeys (Ichinohe et al., 
2001; Rudkin and Sadikot, 1999; Sidibe and Smith, 1999). 
PARV interneurons fire repetitively when depolarized by 
cortical stimulation, with a shorter latency than do striatal 
projection neurons (Kawaguchi et al., 1995; Mallet et al., 
2005). As a consequence, cortical activation of PARV 
neurons prevents or reduces the response to this same corti-
cal activation of the striatal projection neurons to which the 
PARV neurons project (Koos and Tepper, 1999; Mallet 
et al., 2005; Tepper et al., 2004). The cortical input to 
PARV striatal interneurons ends on their aspiny dendrites 
as relatively small terminals (Kita, 1993; Kawaguchi et al., 
1995; Tepper et al., 2004; Rudkin and Sadikot, 1999). It 
seems likely, therefore, that PARV striatal interneurons 
receive input from IT-type cortical neurons.

Genes have been identified that are uniquely expressed 
by either PT-type or IT-type neurons, and mice have been 
engineered that express green fluorescent protein (EGFP) 
in one or the other of these neuron types (Gong et al., 
2007; Molyneaux et al., 2007). Such mice will be useful 
for assessing the relative abundances, as well as the targets, 
of the PT and IT inputs to the entire striatum.

VI.  Functional considerations

A.  Motor Control

The finding of differential cortical input to striatal projec-
tion neurons may have implications for understanding how 
the cortical input contributes to the role of the direct and 
indirect pathway type striatal projection neurons in motor 
control. In the case of direct pathway striatal neurons, con-
vergence of IT-type input from diverse cortical areas (e.g., 
providing information on movement planning, body posi-
tion and the environment) and reward-prediction-related 
information from dopaminergic midbrain neurons onto 
individual striato-GPi/SNr neurons (Wilson, 1987; Cowan 
and Wilson, 1994; Zheng and Wilson, 2001) may provide 
the coherent activation required to activate individual direct 
pathway neurons so that they facilitate the movement they 
control. Because they are inherently less excitable and 
because their IT-type inputs are relatively ineffective at 
producing postsynaptic depolarization, more temporally 
correlated activation may be needed for direct pathway 
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neurons than indirect pathway neurons and suited to the 
role of direct pathway neurons in motor sequence selection 
and initiation. Thalamic input related to attentional mech-
anisms may provide further excitatory drive needed to 
push the direct pathway neuron activation over the thresh-
old required for motor initiation (Smith et al., 2004). The 
somewhat slower conduction velocity of the IT-type inputs 
onto striato-GPi/SNr neurons may also be suited to a role 
in an integrative process by which direct pathway striatal 
neurons play a pre-movement role in motor routine selec-
tion and facilitation.

Our findings also raise the possibility that striato-GPe 
neurons use an efference copy of movement commands 
provided by the PT-type input, which enables their role in 
suppressing movements that would otherwise conflict with 
ongoing selected movements. The more rapid conduction 
velocity of the PT-type axons seems suited to such a role. 
The possibility of preferential PT-type input to striato-GPe 
neurons might also explain why movement-related activ-
ity exhibited by striatal projection neurons typically occurs 
during but not before movement (Jaeger et al., 1995; 
Mink, 1996) – most of the active striatal neurons are indi-
rect pathway type neurons that are responding to collater-
als of cortical pyramidal neuron axons, at the same time 
that the main PT axon produces a movement by activation 
of brainstem premotor and/or spinal cord motor centers. 
Nonetheless, the PT signal will reach premotor and motor 
neurons before the PT-engendered feedback signal reaches 
motor cortex via the striato-GPe-STN-GPi-motor thalamus 
loop, and thus be too late to prevent movements conflicting 
with the by-then already initiated movement. This implies 
that the movement suppression engendered by the PT sig-
nal to striato-GPe neurons may serve to suppress move-
ments that would conflict with the next desired movement 
in the action sequence. The topographic organization of 
the PT-type input from somatosensory and somatomotor 
cortex to dorsolateral striatum may be such as to facilitate 
this role. Graybiel (2005) has also suggested the possibil-
ity that the PT-type input to ENK neurons may serve to 
terminate the specific act in the sequence initiated by SP 
neurons.

B.  Motor Learning, Corticostriatal  
Plasticity and the Differential Cortical  
Input to Striatum

Motor learning is a key part of the role of the basal ganglia 
in motor function (Graybiel, 2005). Considerable evidence 
supports the view that dopamine released from the intras-
triatal terminals of substantia nigra both acts as a reward 
signal that sculpts the activity of striatal neurons during 
motor learning (Graybiel, 2005; Schultz et al., 2003), and 
instructs striatal neurons on the likelihood that a given cir-
cumstance can lead to reward (and thereby act as an incen-
tive that is part of the go signal) (Ljungberg et al., 1992; 
Satoh et al., 2003; Morris et al., 2004; Tobler et al., 2005) 
(see also Chapter 31). The means by which motor learn-
ing occurs appears to be, in large part, changes in the effi-
cacy of cortical synapses on striatal projection neurons. 
The adaptive cortical control of striatal neuron activity, as 
it relates to the differential cortical input to striatum, is dis-
cussed in this section.

Because of the low membrane excitability of stria-
tal projection neurons, only temporally correlated excit-
atory input from a sufficiently large number of convergent 
cortical inputs can depolarize neurons to firing threshold 
(Kawaguchi et al., 1989; Wilson, 1992, 1995; Nisenbaum 
and Wilson, 1995). Given this corticostriatal physiology, 
modulation of the synaptic efficacy of the cortical input to 
striatal projection neurons can mediate the role of the basal 
ganglia in motor learning. To explore how the efficacy of 
corticostriatal synapses is modulated, numerous investiga-
tors have studied the long-term potentiation (LTP) or long-
term depression (LTD) in the efficacy of synaptic inputs 
to striatal projection neurons (Walsh, 1993; Mahon et al., 
2004; Fino et al., 2005; Kreitzer and Malenka, 2008) (see 
Chapter 12). Given that direct pathway and indirect path-
way neurons play opposing roles in motor control, for any 
given behavior and any given region of striatum they must 
behave oppositely with respect to corticostriatal plastic-
ity. For example, to facilitate the onset of a specific motor 
routine, the efficacy of the cortical input to direct pathway 
neurons controlling that onset must be increased while 
the efficacy of the cortical input to the indirect pathway 
neurons suppressing that same routine must be reduced. 
Similarly, for those movements potentially conflicting with 
the desired routine, the efficacy of the cortical input to 
direct pathway neurons controlling the onset of such com-
peting routines must be decreased, while the efficacy of the 
cortical input to the indirect pathway neurons suppressing 
those competing routines must be enhanced. Our findings 
on differential cortical input to striatal projection neurons 
have implications for differences among striatal projection 
neuron types in the corticostriatal plasticity that underlies 
motor learning. The fact that D1-dependent LTP has been  
demonstrated in direct pathway neurons and D1 receptors are  
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preferentially localized to direct pathway neurons suggests 
that the rewarding effects of dopamine on behavior are 
mediated via facilitation of IT-type inputs to direct path-
way striatal neurons that control behaviors that obtain that 
reward (Shen et al., 2008; Kreitzer and Malenka, 2008). 
In this manner, the coincident activation of the convergent 
cortical inputs to the direct neurons mediating the rewarded 
behavior becomes more able to fire those neurons. This phe-
nomenon may explain the emergence of striatal activity in 
response to a go cue during procedural learning (Ljungberg 
et al., 1992; Satoh et al., 2003; Morris et al., 2004; Tobler  
et al., 2005). The striatal activity in this sense reflects a 
motor go cue (rather than a sensory response) when the 
combination of exteroceptive and interoceptive circum-
stances are appropriate. The observation that dopamine 
depletion converts LTP to LTD in direct pathway neurons 
is consistent with the notion that absence of a dopaminer-
gic reward signal to the IT-type inputs projecting to those 
striatal neurons initiating the unrewarded behaviors makes 
those synapses less effective and less likely to initiate the 
unrewarded response (Kreitzer and Malenka, 2008).

Understanding the role of plasticity in PT-type synapses 
on indirect pathway neurons is more problematic, since it is 
uncertain what role these inputs play in regulating ongoing 
movement. Dopamine has been reported to act on indirect 
pathway neurons via their D2 receptors to produce robust 
LTD (Kreitzer and Malenka, 2007, 2008; Shen et al., 2008), 
presumably to reduce cortical activation that would other-
wise activate indirect pathway neurons to suppress desired 
movements. Conversely, the absence of a dopamine signal 
or its pharmacological blockade seems to favor some syn-
aptic potentiation in these neurons, presumably at their PT-
type inputs (Kreitzer and Malenka, 2007, 2008; Centonze 
et al., 2004). If the indirect pathway neurons function to 
serve as a stop feedback signal to the PT-type neurons that 
provide them an efference copy of their discharge to motor 
or premotor neurons, then plasticity at the PT-type syn-
apse could serve to modulate the stop signal. In the case of 
desirable behaviors, the stop signal might be inappropriate. 
Reward-mediated depression of the PT-type input would 
then help adjust the pyramidal neuron control of the move-
ment so its duration is better suited to achieve a rewarded 
outcome. It may be that the depressed PT-type terminals 
are among those lacking perforated PSDs, since perforated 
postsynaptic densities are characteristic of sites of synaptic 
potentiation (Geinisman, 1993; Sulzer and Pothos, 2000). 
Conversely, PT-type neuronal activity that brings about 
unrewarded behaviors would send a corollary discharge to 
indirect pathway neurons that becomes strengthened by the 
absence of dopamine reward, leading to a heightened ten-
dency of the indirect pathway neurons to suppress these 
same PT-type cortical neurons, and reduce likelihood of 
the occurrence of the unsuccessful behavior. These poten-
tiated PT-type terminals may include the larger ones with 
prominent perforated PSDs. Because of the efficacy of this 
synaptic contact and the high responsivity of indirect path-
way neurons to their cortical input, basal firing of the PT 
input that is subthreshold for movement may be adequate to 
maintain sufficient indirect pathway neuron output so as to 
keep pyramidal tract neuron firing below movement thresh-
old. Note that unrewarded behaviors are not necessarily 
those that are diametrically opposed to the correct behavior. 
Imperfect execution of a motor sequence can fail to obtain 
reward as well. In this case then, learning at the PT-type 
synapse can serve to refine the sequence of movements 
constituting the procedure, facilitating the correct (by LTD 
at the PT-type synapse) and suppressing the incorrect (by 
LTP at the PT-type synapse) movement topography. This 
suggests that motor learning in basal ganglia may involve 
learning which movements to suppress and which not to 
suppress, and the PT-type input to striato-GPe neurons may 
thus be an important neural substrate by which the basal 
ganglia learns to refine motor sequences (by learning to 
suppress extraneous movement) during procedural learning.

Our results on differential cortical input to striatal projec
tion neurons also provide clues regarding the means by which  
dopamine loss causes the akinesia and bradykinesia in PD. 
Loss of basal dopamine levels due to PD-related dopami-
nergic neuron degeneration results in loss of basal dopamine 
inhibition of indirect pathway neurons and basal dopa-
mine excitation of direct pathway neurons (Kreitzer and 
Malenka, 2008). As a consequence, the basal ganglia output 
is abnormal and yields increased movement suppression and 
decreased movement initiation. The loss of striatal dopamine, 
however, impairs corticostriatal plasticity as well. LTD at the 
PT-type inputs to indirect pathway neurons may be dimin-
ished, further contributing to their excess inhibition of move-
ment. Similarly, loss of dopamine may impair LTP at IT-type 
synaptic input to direct pathway neurons. This would impair 
the corticostriatal facilitation that underlies the learning of 
new motor routines. Thus, both learning of motor routines 
and their execution may be impaired in PD, and both are 
likely to contribute to akinesia and bradykinesia with the loss 
of dopaminergic neurons (Arbuthnott and Wickens, 2006).

Furthermore, inadequate LTD at PT-type synapses with 
striato-GPe neurons or exuberant LTP at IT-type synapses 
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on striato-GPi/SNr neurons could underlie the inappropriate 
motor outputs characteristic of Tourette Syndrome. Similarly, 
l-DOPA-induced dyskinesia in PD patients is thought to 
stem from aberrant facilitation of corticostriatal transmission 
in D1-bearing striatal neurons by the pulsatile therapeutic 
delivery of l-DOPA (Cenci, 2007) (see Chapter 36), sug-
gesting thus that the defect in l-DOPA-induced dyskinesia 
involves IT-type terminals on striato-GPi/SNr neurons.
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I.  Introduction

The corticostriatal projection is both a major output of the 
cerebral cortex and the major input to the basal ganglia. In 
this chapter we consider this projection from two perspec-
tives. First, the anatomy of the corticostriatal projection 
limits the possible connectivity of individual spiny neurons 
with its cortical inputs. Second, we discuss the dopaminer-
gic regulation of synaptic plasticity. Progress in these areas 
over the past decade has led to important new insights into 
the possible operation of the striatum.

After outlining the macroscopic organization of the 
projection we review studies of the axonal arborization 
of individual corticostriatal neurons. Two distinct types 
of projection neurons with distinctive axonal arborization 
probably represent functionally distinct systems (Cowan 
and Wilson, 1994). More generally, quantitative neuro-
anatomical studies of the arborization of single neurons 
led to new insights based on the statistics of connections 
(Levesque et al., 1996a; Kincaid et al., 1998; Wright et al.,  
1999; Reiner et al., 2003). These emphasize the sparse 
connectivity and selectivity of the input to individual cells. 
The anatomical connectivity has important implications  
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for the functional significance of synaptic plasticity in 
this pathway. We review studies of dopamine-dependent 
synaptic plasticity in the corticostriatal pathway and con-
sider how this might operate within the sparse connectivity 
scheme derived above. Finally, we consider what our cur-
rent understanding tells us about corticostriatal interplay in 
ongoing behavior.

Most of the work cited in this review comes from the dor-
sal striatum. Segregation of the striatum into distinct dorsal 
and ventral zones has been proposed on functional grounds, 
although there is no sharp line of demarcation between these 
regions anatomically. Here we include in the striatum not 
only the dorsal region, that encompasses the caudate nucleus 
and putamen, but also the ventral region that includes the 
core and shell of the nucleus accumbens (Heimer, 2003). 
Subtle differences in cell morphology and intrinsic con-
nectivity exist. For example, differences in the degree of 
spinyness of projection neurons in different accumbal areas 
have been reported (Meredith et al., 1992; O’Donnell and 
Grace, 1993), although the differences are quantitative rather 
than qualitative (Chang and Kitai, 1985; Meredith, 1999). 
The convergence of cortical inputs with dopamine inputs in 
dorsal striatum (Smith et al., 1994) – which is crucial for the 
341



Handbook of Basal Ganglia Structure and Function342
reinforcement learning mechanism – is similar in the ventral 
striatum, where dopamine inputs to spiny neurons converge 
with hippocampal inputs (Totterdell and Smith, 1989), often 
on the same dendritic spine (Sesack and Pickel, 1990). There 
are similar patterns for prefrontal (Sesack and Pickel, 1992) 
and amygdalar (Johnson et al., 1994) inputs. However, it 
should be noted that the generalisation of conclusions based 
on dorsal striatum to the ventral striatum relies on argument 
by extrapolation, because the same kind of data is not avail-
able for the ventral striatum.

II.  Anatomy of corticostriatal 
input pathways

The corticostriatal projection is a major output of the cor-
tex and provides at least half of the excitatory input to the 
striatum (see Chapter 1). It is widespread in origin, pow-
erfully excitatory, and spatially ordered. The neocortical 
afferents form most of their contacts with spines on stri-
atal spiny projection neurons, where they make excita-
tory synapses (Wilson and Groves, 1980; Somogyi et al.,  
1981). Each spiny projection neuron receives around 
5000 synapses of cortical origin (Kincaid et al., 1998). 
However, firing the spiny projection neuron requires a  
significant excitatory synaptic input to overcome 
the braking effect of potassium currents activated by  
depolarization. Understanding the interplay of corticos-
triatal connectivity and the spiny neuron excitability is  
likely to provide important insights into corticostriatal 
interplay.

III.  Corticostriatal mapping

The organization of the projection requires description on 
different scales, ranging from larger cortical regions, to 
smaller somatotopically defined areas, to the projections of 
individual corticostriatal cells. Within these levels we can 
ask how the neighboring regions, areas, or cells in the cor-
tex are rearranged in the striatum.

The neocortical afferents to the neostriatum originate 
from all major regions of both sides of the cortex (McGeorge 
and Faull, 1989). A precise, mathematical formulation of the 
transformation of the cortical map to the three-dimensional 
volume of the striatum has not yet been achieved, either 
empirically or conceptually. Existing data indicate a complex 
representation of the cortex within the striatal volume (see 
also Chapters 18 and 20). It is not, as once thought, a smooth 
somatotopic representation of the body like that proposed for 
the sensorimotor cortex, nor is it like the fractured somato-
topy of the cerebellum.

Individual locations in the cortex give rise to multiple 
separate foci of innervation in the striatum. An area of cor-
tex representing a single body part sends fibres that diverge 
to innervate multiple regions in the striatum. For example, 
in the primate somatosensory cortical regions representing  
hand, mouth and foot send globally somatotopic, non- 
overlapping projections to the putamen, but regions with 
closely related representations (thumb and 5th finger 
in area 3b) send convergent, overlapping corticostriatal 
projections (Flaherty and Graybiel, 1991). Conversely,  
projections from different somatosensory areas, represent-
ing different sensory modalities for the same bodily parts, 
send projections that converge on same striatal regions. 
Projections from functionally related cortical regions  
(e.g. finger area of primary motor and somatosensory cor-
tex) converge on common focal innervation zones. In the 
cat, Malach and Graybiel (1988) have described a similar  
scheme. In the rat, extensive and patchy arrangements 
of metabolic activity indicating corticostriatal activity 
occurred in response to sensory stimulation, suggesting 
integrative, combinational networks (Brown and Sharp, 
1995). Thus, information from different parts of the body 
is kept separate (in a somatotopic framework), while there 
is convergence of information concerning different modali-
ties, but the same bodily parts.

IV.  Cortical cells of origin

Two types of cortical pyramidal neurons project to the  
striatum (Wilson, 1987; Cowan and Wilson, 1994; 
Levesque et al., 1996b; Levesque and Parent, 1998; Wright 
et al., 1999; Wright et al., 2001; Reiner et al., 2003) (see 
also Chapter 18). Firstly, corticocortical neurons that project 
bilaterally to the striatum but not outside the telencephalon 
have been called intratelencephalically projecting (IT) 
type neurons. Secondly, long-range corticofugal neurons 
that project ipsilaterally to the brainstem or spinal cord,  
from which a striatal projection arises as a collateral 
from the descending axon, are called pyramidal tract  
neurons (PT). It is currently thought that there are no 
exclusively corticostriatal cells, but that the cortical 
afferents are collaterals of other projections (i.e., IT and  
PT neurons).

The cell bodies of the PT type of neuron are located in 
upper layer V and layer III (Reiner et al., 2003). Intracortical 
axon collaterals from these cells ramify in layers V and VI, 
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and also project to the upper layers of cortex near the apical 
dendrite tufts (Donoghue and Kitai, 1981). This system is the 
one responsible for the topographic arrangement of termi-
nals from individual rows of barrels in S1 cortex in rodents 
(Alloway et al., 1999; Wright et al., 1999; Alloway et al., 
2000; Wright et al., 2000; Wright et al., 2001). The other cor-
ticostriatal system arises from between the barrels and proj-
ects widely to both striata. The IT system of Reiner (Reiner 
et al., 2003) is also visible in the detailed tracing from S1 
(Alloway et al., 1999; Wright et al., 1999; Alloway et al., 
2000; Wright et al., 2000; Wright et al., 2001).

V. Terminal distribution of 
corticostriatal axons

Studies of the axonal arborization of individual corticos-
triatal cells have shown two distinguishable patterns of 
arborization, which have been termed “extended” and 
“focal” (Kincaid et al., 1998). These have been described 
in detailed axonal tracing from motor (medial agranular 
or anterior cingulate) cortex (Zheng and Wilson, 2002) 
and sensory (S1) cortex (Wright et al., 1999; Wright et al., 
2001). Extended axonal arborizations innervate very large 

Figure 19.1  Illustration of the combinatorial principle, showing loca-
tion of activation related to body region at three anteroposterior levels in 
the striatum. At different levels, hindlimb, trunk and forelimb were juxta-
posed in different combinations. Ovals represent 400 µm diameter zones 
of potential interaction among spiny projection neurons. Small circles 
within ovals indicate contralateral activation; rectangles indicate ipsilat-
eral activation. Arrow pairs show examples of different juxtapositions 
of forelimb points with other points. F, forelimb; H, hindlimb; T, trunk. 
From Brown (1992), with permission of the author.
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regions of the neostriatum. In the extreme case a single 
axon of this type occupied as much as 14% of the total vol-
ume of the striatum. This is the upper extreme of the distri-
bution which on average occupies 4% (Zheng and Wilson, 
2002). The focal type of arborization makes more focal 
and discontinuous arborizations that occupy small striatal 
volumes but innervate them very sparsely (Kincaid et al., 
1998).

Two distinct types of corticostriatal pathways also 
arise from the barrel cortex, analagous to those described 
above (Wright et al., 1999; Wright et al., 2001). There is a  
contralateral nontopographic projection with a diffuse 
arborization that resembles the extended projection. This 
arises from neurons located under the septa between bar-
rel columns. There is also a topographically ordered pro-
jection with a more focal arborization that arises from the 
cells under the barrels, via corticofugal axons descending 
through the striatum and with branches projecting to the 
ipsilateral striatum.

The activity of corticostriatal neurons has been stud-
ied in awake, behaving primates (Bauswein et al., 1989; 
Turner and DeLong, 2000). In these studies the IT neu-
rons differ from PT neurons in several ways. In contrast 
to the PT neurons, the IT neurons have slowly-conducting 
axons, and low spontaneous activity. Their firing in rela-
tion to movement is small in magnitude but strongly direc-
tional, and not related to load effects. Although they were 
initially described as discharging later in relation to active 
movement (Bauswein et al., 1989), a subsequent study 
has found perimovement activity in most IT neurons that 
began before movement onset (Turner and DeLong, 2000). 
The activity was more selective than that of PT cells in 
that the sensory responses and perimovement activities 
were often directionally specific, and IT cells were often 
activated exclusively by one aspect of the movement and 
a substantial fraction of IT cells was unresponsive to any 
task or manipulation. The IT cells activity is suggestive 
of a sparse code which transmits very specific aspects of 
sensory stimuli and motor intentions to striatum (Bauswein  
et al., 1989; Turner and DeLong, 2000).

Individual spiny projection neurons (see Chapter 5) 
receive input from both IT and PT systems. It may be that 
the two systems are differentially distributed between the 
D1 receptor- and D2 receptor-containing neurons in stria-
tum (Lei et al., 2004). However, there is some evidence 
that IT neurons provide the main excitatory input to both 
striatal populations and the corticostriatal PT input is 
weaker (Ballion et al., 2008).
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VI.  Significance of corticostriatal 
statistics

In earlier models of the striatum, spiny striatal neurons 
were envisaged to form an array of pattern detectors, act-
ing like the “Perceptrons” proposed in early artificial intel-
ligence studies (Rosenblatt, 1962; Minsky and Papert, 
1969). The key elements of this type of pattern detector 
include a threshold and a set of weighted inputs. Any input 
pattern can be stored for later recognition by strengthening 
the inputs that are active when the pattern is presented.

The concept of the striatum as an array of pattern detec-
tors assumes that a striatal spiny neuron fires when excited 
by a certain combination of cortical inputs. The corticos-
triatal synapses are a template for recognition of a match-
ing set of corticostriatal neurons. These neurons may be 
activated as part of a cortical cell assembly (Braitenberg, 
1978) or synfire chain (Abeles, 1991; Abeles et al., 1993; 
Prut et al., 1998), which represents a particular situation, 
action, or combination of situation and action. By acting 
as detectors of particular cortical cell assemblies, striatal 
cells can encode specific patterns of cortical activity cor-
responding to situations and actions.

Whether a striatal cell fires in response to a given pat-
tern of cortical activity is determined by the matrix (in 
the mathematical sense) of connections between the cor-
tex and striatum. This matrix is the product of anatomical 
connectivity established during growth and development, 
and plasticity of established connections. For the effective 
operation of such a pattern recognition device, it is typi-
cally assumed that the inputs to a network of cells diverge 
and converge so that each cell can learn to recognise any 
arbitrary pattern of activity (Fig. 19.2A).

In reality, however, there are physical constraints on 
the connectivity of spiny neurons. One of the important 
advances in the last decade has been the determination of 
several key facts from which the possible connectivity can 
be estimated. These facts include the density of cells in the 
striatum (Oorschot, 1996), the density of synapses (Ingham 
et al., 1997; Ingham et al., 1998), and the frequency of 
synaptic contacts along a corticostriatal axon (Kincaid  
et al., 1998). These led unavoidably to the conclusion that 
the connectivity scheme of Fig. 19.2A is unrealistic, as will 
now be reviewed.

The cells of origin of the corticostriatal projection are 
small- to medium-sized pyramidal cells, evenly spread 
with gaps up to several hundred microns between individ-
ual cells (Jones et al., 1977). Early studies (DiFiglia et al., 
1978) described axons in Golgi preparations that were of 
probable cortical origin as being thin, with side twigs run-
ning longitudinally throughout the striatum. Single axons 
of this type traversed distances of up to 900 µm with 10–15  
terminal bulbs per 100 µm of axon length. These earlier 
observations have been confirmed in reconstructions of the 
arborizations of single neurons, which show that the inter-
val between synaptic boutons along a corticostriatal axon 
has an approximately Poisson distribution with a mean of 
about 10 µm (Kincaid et al., 1998).

The statistics of corticostriatal connections were 
reviewed by Wilson (2000) who argued as follows. 
Assuming a spiny neuron’s dendritic tree occupies a 
spherical space, radius 200 µm, the maximum number 
of corticostriatal synapses formed by a single corticos-
triatal axon traversing the volume is 40 (Kincaid et al., 
1998). A total of 15,250,000 corticostriatal synapses exist 
in such a volume, based on a density of 0.91 asymmetri-
cal synapses per cubic µm (Ingham et al., 1997; Ingham 
et al., 1998) and assuming 50% of these are corticostria-
tal. Dividing the total number of synapses by the number 
formed by a single axon implies in such a volume on the 
order of 380,000 axons participate. In the same volume 
there are a total number of 2845 striatal neurons each of 
which receives about 5360 synapses. From these numbers, 
assuming that n  5000 connections are formed at ran-
dom between the N  380,000 cortical cells and a given 
spiny neuron, the probability of a given degree of overlap 
in input with a second spiny neuron can be calculated from 
the binomial distribution. These methods were used to cal-
culate the probability of varied degrees of overlap in the 
corticostriatal inputs to adjacent neurons. The cumulative 

Cortex CortexStriatum Striatum

A B

Figure 19.2  Topology of the corticostriatal connection at the cellular 
level. A. Hypothetical connectivity assuming overlap in striatal input to 
allow arbitrary input-output mappings. B. A more realistic connectivity 
highlighting the limited access of cortical cells to striatal output neurons, 
prohibiting arbitrary input-output mappings.
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probability distribution is reproduced in Figure 19.3. Note 
that the probability of a given degree of overlap decreases 
very steeply around 75.

The probability distribution has the implication that 
of the 5000 or so cortical inputs received by a given spiny 
neuron, in general no more than 100 of these are shared 
with any other spiny neuron. This suggests that if the firing 
threshold was made above 100 inputs, then any arbitrary 
selection of 100 inputs to a given cell could fire the cell 
in question, but no other cell, since the probability of even 
as few as 10 inputs to another cell is exceedingly small 
(Fig. 19.3B). In this threshold range – or any higher value 
– the spiny neuron could function as a virtually noise-free 
detector of its sufficient stimulus, in that the activation of 
100 inputs that fired one spiny neuron would be far below 
threshold for any other. This allows for exceptional selec-
tivity purely on a combinatorial basis, without need for 
lateral inhibition, permitting the cortex to address a striatal 
cell uniquely (Wilson, 2000).

The small amount of overlap in the input to different 
spiny neurons means that each cell is unique and shares 
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Figure 19.3  Probability of a given number of inputs in common. A. 
Assuming 380,000 corticostriatal afferents, each making 40 synapses in 
the volume of one spiny neuron, and a total of 5000 corticostriatal syn-
apses per cell. Using the cumulative binomial distribution, the probability 
of randomly obtaining more than 100 inputs in common is close to zero. 
B. The cumulative probability distribution of number of inputs to one cell 
given the activation of 100 inputs to another cell in the same volume of 
tissue. There is negligible probability of 10 active inputs to the second 
cell from the 100 inputs activating the first cell. Recalculated from Wilson 
(2000).
remarkably little of its input with its neighbors (Kincaid  
et al., 1998; Zheng and Wilson, 2002). This is consistent 
with electrophysiological studies that show although the 
striatal neurons responding to movement of a given body 
part are located near to each other (Alexander and DeLong, 
1985a,b), adjacent neurons in such a location can have 
very different properties (Alexander and Crutcher, 1990; 
Crutcher and Alexander, 1990), and little correlation in 
action potential firing is seen in simultaneously recorded 
pairs of striatal neurons (Jaeger et al., 1995), although 
subthreshold activity may be well correlated (Stern et al., 
1997; Stern et al., 1998).

The foregoing argument shows that the model depicted 
in Figure 19.2A is not realistic, and must be rejected in 
favor of the alternative model shown in Figure 19.2B. 
This is a very important result that has profound implica-
tions for the way we think about how the striatum works. 
We will call the model of Figure 19.2B the combinato-
rial selection model, because the effective combination of 
inputs is highly selective for a particular cell. The advan-
tage of such selectively, however, is bought at the price of 
reduced flexibility in output, and broad tuning within the 
effective input set.

A.  Lack of Output Flexibility

A drawback of the combinatorial selection principle is that 
there is no possibility of changing the output neuron by 
changing the strengths of existing inputs, since by the argu-
ment given above the cortical input set of one spiny neuron 
does not have access to any other spiny neuron. This would 
only be possible if there were some way to move synapses 
from one cell to another. Changes in strength of existing 
synapses logically will not permit learning of new outputs. 
The input combinations have access to only one spiny 
neuron. If it represented the wrong choice of action in a 
situation, there is little that can be done. In other words, 
arbitrary stimulus-response associations cannot be learned 
if the output code of the striatum is a mapping from spiny 
neurons onto responses. For this system to be flexible, we 
must reinterpret the output cell activity as a code, so that 
the mapping is based on a group of cells, i.e., that the out-
put can be changed by activating different partners.

B.  Broad Tuning

A second drawback is that the tuning of an individual spiny 
neuron within its set of 5000 inputs is inherently broad if the 
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threshold is much lower than 5000, because there is an astro-
nomical number of combinations in which a suprathreshold 
number of the 5000 inputs to the cell might be activated. 
The selectivity within the set of inputs is poor and needs 
to be combined with some form of competition. Synaptic 
plasticity to strengthen selected synapses and weaken others 
provides a potential mechanism for sharpening the tuning.

VII.  Synaptic plasticity in the 
corticostriatal pathway

Activity-dependent synaptic plasticity is a long-lasting 
change in the functional efficacy of synaptic connections 
that is induced by certain patterns of brain stimulation. The 
associative properties and persistence of certain forms of 
plasticity have led to its widespread use as an experimental 
model for learning and memory mechanisms of the brain 
(Bliss and Collingridge, 1993). In view of the role of the 
basal ganglia in learning, several authors have speculated 
on possible synaptic plasticity mechanisms in the corti-
costriatal pathway (Beninger, 1983; Groves, 1983; Miller, 
1988; Wickens, 1990; Wickens and Kotter, 1995).

Plasticity of the corticostriatal pathway is evident in 
extracellular recordings from neostriatal neurons in awake, 
behaving animals, in the form of long-lasting changes in 
activity patterns related to the acquisition and performance 
of learnt behavior. New responses to task-related stimuli 
are acquired during learning (Kawagoe et al., 1998; Shimo 
and Hikosaka, 2001; Lauwereyns et al., 2002; Takikawa  
et al., 2002) and such acquired responses persist as long as 
performance is maintained (Aosaki et al., 1994).

Dendritic spines, in many parts of the brain, are asso-
ciated with synaptic plasticity. The corticostriatal synapse 
is, moreover, in close spatial association with dopami-
nergic afferents from the midbrain (see also Chapter 6). 
Dopaminergic synapses commonly occur on the necks of 
spines that also receive an asymmetrical synapse on the 
head (Freund et al., 1984; Groves et al., 1994). This ana-
tomical arrangement provides a potential site of interaction 
of a specific glutamatergic system with dopamine release 
triggered by positive reinforcement during learning of 
behavioral actions (Schultz et al., 1993; Mirenowicz and 
Schultz, 1996). Although the association of a dopaminer-
gic synapse and an excitatory corticostriatal synapse on 
the same dendritic spine occurs at only a minority of cor-
ticostriatal synapses, volume transmission of dopamine 
from nearby synapses is a major aspect of dopaminergic 
signalling in the striatum (Rice, 2000; Venton et al., 2003; 
Wickens and Arbuthnott, 2005; Arbuthnott and Wickens, 
2007; Moss and Bolam, 2008).

Dopaminergic modulation of activity-dependent plas-
ticity in the corticostriatal pathway has recently been 
reviewed (Reynolds and Wickens, 2002; Mahon et al., 
2004; Calabresi et al., 2007; Wickens, 2008). A conjunc-
tion of presynaptic and postsynaptic activity, which in the 
hippocampus and cerebral cortex would normally lead to 
long-term potentiation (LTP), typically leads to long-term 
depression (LTD) in the striatum (Walsh, 1991; Calabresi  
et al., 1992b; Calabresi et al., 1992c; Calabresi et al., 
1992a; Calabresi et al., 1993; Lovinger et al., 1993; 
Walsh, 1993; Walsh and Dunia, 1993; Calabresi et al., 
1994; Kombian and Malenka, 1994) (see also Chapters 
9 and 12). It is a depolarization-dependent process that 
requires activation of voltage-sensitive calcium channels 
and an increase in intracellular Ca2 in the postsynaptic 
cell (Calabresi et al., 1992c; Calabresi et al., 1994). Action 
potential firing is not necessary for LTD, but cells must be 
depolarized near to threshold (Calabresi et al., 1992c).

In view of the evidence linking dopamine neuron fir-
ing to reinforcement learning, a number of authors have 
proposed that dopamine might govern plasticity at cortico-
striatal synapses (Miller, 1981; Miller and Wickens, 1989; 
Wickens and Kotter, 1995). In brain slice experiments, 
we tested the effects of pulsatile application of dopamine 
timed to coincide with a conjunction of presynaptic corti-
cal and postsynaptic striatal activity. We found that high-
frequency stimulation that would normally induce LTD led 
to LTP when paired with pulsatile application of dopamine 
(Wickens et al., 1996; Wickens, 2000).

Dopamine-dependent LTP appears to be mediated by 
D1 dopamine-like receptors since it is blocked by selective 
D1 receptor antagonists (Kerr and Wickens, 2001). Using 
a spike-timing dependent plasticity induction protocol, 
Pawlak and Kerr (2008) also showed that blocking D1-like 
receptors prevented both LTD and LTP induction. In con-
trast, blocking D2 receptors delayed, but did not prevent, 
LTD and sped induction of LTP. Thus, the dopaminergic 
reinforcement signal is potentially able to interact with 
timing of postsynaptic action potentials relative to cortical 
inputs to produce dopamine-dependent plasticity.

Recent use of transgenic mice in which the expres-
sion of D1 or D2 cells was marked by expression of green 
fluorescent protein has allowed definitive identification of 
spiny neuron subtypes (Surmeier et al., 2007; Shen et al., 
2008). Different requirements for induction of plasticity 
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have been found in different subtypes (Shen et al., 2008) 
(see also Chapter 6). A complex picture is developing that 
involves interaction of dopamine, adenosine and endocan-
nabinoid receptors in determining the direction of synaptic 
plasticity in the corticostriatal pathway.

Studies of synaptic plasticity at the cellular level in brain 
slices may seem far removed from behavioral reinforce-
ment. Using in vivo intracellular recording, we found that 
HFS of the cerebral cortex induces LTD of the corticostria-
tal pathway, as in slices. When stimulation of the substantia 
nigra pars compacta with 20 Hz trains is paired with cortical 
HFS, a short-lasting potentiation is induced (Reynolds and 
Wickens, 2000). This short-lasting potentiation is blocked 
by dopamine depletion. Thus, the phasic activation of dopa-
minergic afferents induced potentiation in vivo, although 
this was less enduring than the effect of pulsatile application 
of dopamine seen in vitro (Wickens et al., 1996).

Experiments using extracellular single unit recordings 
of nucleus accumbens neurons in combination with chrono-
amperometric measures of dopamine efflux lead to a similar 
conclusion. Potentiation of hippocampal-evoked response is 
induced in nucleus accumbens cells by HFS of the fimbria. 
This potentiation was blocked by SCH23390 or an NMDA 
antagonist (Floresco et al., 2001), and is associated with a 
transient increase in dopamine concentration in the nucleus 
accumbens. Thus, as in the dorsal striatum, a transient 
increase in dopamine concentration which is time-locked 
to the HFS-induced depolarisation of nucleus accumbens 
neurons, is sufficient to facilitate subsequent hippocampal-
evoked activity (see Fig. 19.4A). The subsequent release of 
dopamine after induction of this facilitation does not appear 
to play a role (Floresco et al., 2001).

To address the possible role of synaptic plasticity in 
reward-related learning Reynolds et al. (2001) investigated 
whether behaviorally rewarding stimulation might also 
modulate synaptic plasticity. Intracranial self-stimulation 
(ICSS) was used as a model for reward-related learning, in 
which rats learn to press a lever repeatedly to electrically 
stimulate their own dopamine neurons in the substantia 
nigra. Using the same animals in which ICSS responding 
had been measured, we later made in vivo intracellular 
recordings from striatal neurons, and measured responses 
to cortical afferents before and after ICSS-like stimulation 
of the substantia nigra dopamine neurons (see Fig. 19.4B). 
Stimulation of the substantia nigra with behaviorally- 
reinforcing parameters induced potentiation of corticostria-
tal synapses. In addition, the degree of potentiation up to 
10 minutes after the stimulus trains was correlated with the 
rate of learning of ICSS. Animals showing a greater degree 
of potentiation were correspondingly faster to reach crite-
ria for ICSS, and vice versa. Potentiation was blocked in 
control animals administered a D1-like receptor antago-
nist (Reynolds et al., 2001). These findings suggest that 
stimulation of the substantia nigra may positively reinforce 
behavior by D1 receptor-dependent potentiation of cortical 
inputs to the striatum. Importantly, they show an associa-
tion between the rate of learning and the degree of synaptic 
change induced by the rewarding electrical stimulation.

In summary dopamine-dependent synaptic plasticity is 
a potential cellular mechanism for reward-related learning 
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in the striatum. Dopamine pulses produced by pressure- 
ejection or substantia nigra stimulation may mimic the 
effects of natural reward. The correlation of degree of syn-
aptic change with rate of learning with ICSS is highly sug-
gestive of a relationship between reward-related learning 
and dopamine-dependent synaptic plasticity in the striatum.

VIII.  Synthesis and conclusions

Synaptic plasticity operating on the corticostriatal projec-
tion can strengthen connections that are active in associa-
tion with dopamine release, and weaken connections that 
are active when there is no dopamine release. Previously, it 
has been suggested that such strengthening and weakening 
of connections between the cortex and striatum might be 
involved in the learning of stimulus-response associations. 
However, the anatomical evidence reviewed above shows 
that arbitrary stimulus-response mappings cannot be learnt, 
because a given pattern of cortical activity has only very 
limited access to output neurons.

On the other hand, the combinatorial selection scheme 
implied by the anatomy does allow exceptionally specific 
responses to the cortical input patterns to be acquired. The 
activity of a cortical cell assembly may be detected by one, 
or a number of, striatal cells, and this detection can be 
accomplished with great accuracy. Dopamine-dependent  
synaptic plasticity may reinforce the detection of corti-
cal assemblies associated with positive outcomes. Such 
assemblies may represent situations, actions, or situations 
plus actions. The convergence of different modalities par-
ticularly favors the detection of assemblies with both motor 
and sensory components, which might represent a combi-
nation of stimuli and responses, or more abstractly, actions, 
intentions, and strategies.

Emerging from this evidence is a view of the striatum 
as an evaluator of the cortical state, computing a value 
function based on reinforcement history. The output from 
the striatum would then be interpreted as a valuation of 
the current cortical state, formed from the sum of activity 
across many spiny neurons, representing the strengthened 
synapses associated with that state. Feedback of this valu-
ation to the cortex would serve to amplify cortical states 
that had been reinforced in previous experience. The con-
vergence in the striato-pallidal and striatonigral projection 
(on the order of 30:1 in the rat, and 100:1 in the human) is 
consistent with this view. Since the outputs are combined 
into low-dimensional output representing the value of the 
cortical state, the inability to make arbitrary corticostriatal 
mappings is not a problem: the stimulus-response map-
pings are in the cortex.

In conclusion, consideration of the anatomy and plas-
ticity of the corticostriatal pathway suggests the spiny cell 
network may compute a value function with which to eval-
uate cortical propositions, and select the ones associated 
with reinforcement. Figuratively, one may now think of the 
striatum in the role of a navigator, looking up at the corti-
cal cell activity as one might look at the stars in the night 
sky, and charting a course towards distant rewards.
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I.  Introduction: Prefrontal 
cortex-basal ganglia circuits

The cerebral cortex and the basal ganglia maintain intri-
cate anatomical and functional relationships. The basal 
ganglia, composed of the striatum, pallidum, subthalamic 
nucleus and substantia nigra, receive inputs from virtually 
all parts of the cerebral cortex and these subcortical struc-
tures project via the thalamus back to extensive parts of 
the cortical hemisphere, in particular the frontal lobe (see 
Chapter 1). The main, although not exclusive, target of cor-
tical projections within the complex of basal ganglia struc-
tures is the striatum which consequently can be considered 
the input structure of the basal ganglia (Alexander et al., 
1986, 1990; Parent and Hazrati, 1995; Gerfen and Wilson, 
1996; Wise et al., 1996) (for more details on corticostriatal 
projections, see Chapters 18 and 19). The input character 
of the striatum is strengthened by the fact that significant 
projections are derived from limbic structures, like the 
amygdala and hippocampus, as well as from the midline, 
intralaminar and ventral thalamic nuclei (Groenewegen  
et al., 1987, 1990, 1996). Further inputs to the striatum orig-
inate in brainstem nuclei, that is, dopaminergic inputs from  
the substantia nigra pars compacta and serotonergic inputs 
from the mesencephalic raphe nuclei. The inputs from 
the cortical and subcortical structures are in general topo-
graphically ordered, thus, forming the anatomical basis 
for various functional (i.e., sensorimotor, associative and 
limbic) striatal domains (Parent and Hazrati, 1995). In par-
ticular, the topographical organization of the corticostriatal 
projections provides the basis for this functional subdivi-
sion of the striatum, globally shown in Figure 20.1. Within 
the functionally distinct domains of the striatum, there is 
extensive convergence of inputs from functionally related 
cortical, limbic and thalamic inputs at both the regional 
and cellular striatal level. In that respect, the striatum 
forms, par excellence, the site of convergence and integra-
tion of different streams of cortical and subcortical inputs. 
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These information streams, in turn, are modulated by the 
dopaminergic and serotonergic brainstem projections. 
This integrated information is guided via striatal effer-
ent projections within the intrinsic circuitry of the basal 
ganglia to their output structures, that is, the internal seg-
ment of the globus pallidus, the reticular part of the sub-
stantia nigra and the ventral pallidum, to both the medial 
and ventral thalamus and regions in the brainstem, such 
as the superior colliculus and specific parts of the reticu-
lar formation. Finally, the thalamic nuclei targeted by the 
basal ganglia, are in reciprocal connection with the premo-
tor and prefrontal cortical areas. Thus, the basal ganglia 
exert their influence on those parts of the cortical hemi-
sphere that are involved in the preparation of movements 
and the organization of cognitive processes and complex, 
flexible behaviors, as well as via brainstem projections on  
more basic, innate motor and behavioral aspects (Wise  
et al., 1996; Mink, 1996; Redgrave et al., 1999). The organ-
ization of the projections from the cerebral cortex, limbic 
and thalamic structures through the striatum and other 

Figure 20.1  Schematic representation of the topographical organi-
zation of the projections from functionally different cortical areas to the 
striatum. Note that the functional subdivision of the striatum, related to 
the corticostriatal topography, does not follow the boundaries between 
caudate nucleus and putamen: there exists a ventromedial-to-dorsolateral 
gradient rather than a functional division between the caudate nucleus 
and the putamen. Note also that the boundaries between the different 
functional areas are not sharply defined but merely consist of transition 
zones. Abbreviations: Acb, nucleus accumbens; Caud, caudate nucleus; 
Put, putamen.
nuclei of the basal ganglia back to both the cerebral cor-
tex as well as to the brainstem, is characterized by parallel 
as well as integrative aspects (Redgrave et al. 1999; Haber, 
2003; Haber et al., 2000; McFarland and Haber, 2002). 
Both aspects are important for our understanding of the 
role of the interactions between the cerebral cortex and the 
basal ganglia in the organization of sensorimotor, cogni-
tive and emotional-motivational and behavioral processes. 
The intricate functional-anatomical relationships between 
the prefrontal cortex and striatum become apparent when 
considering the results of neurophysiological and behavio-
ral studies. Likewise, the results of human brain imaging 
support the strong interactions between the frontal cor-
tex and the basal ganglia and their functional-anatomical  
unity (e.g., Everitt and Robbins, 2005; Chudasama and 
Robbins, 2006; Remijnse et al., 2006; Seger, 2008).

In this chapter, we will review the organization of the 
prefrontal corticostriatal projections and the relationship 
with other cortical and subcortical striatal inputs, with 
emphasis on rodents. The distinction of different func-
tional striatal domains will be contrasted with the inte-
grative aspects of both the intrinsic and extrinsic striatal 
connections.

II.  Prefrontal cortex and striatum

There is a longstanding appreciation of the close func-
tional-anatomical relationships between the frontal cortex 
and the basal ganglia, in particular the striatum. Lesions 
of parts of the frontal or prefrontal cortex have been dem-
onstrated to lead to similar behavioral or cognitive defi-
cits as lesions of their connectionally-related striatal parts. 
Such early conclusions, based on incidental findings in 
humans, and experimentally substantiated in both primates 
and rodents, are nowadays generally accepted. Based on 
an extensive recent body of literature, including func-
tional-anatomical marker studies in experimental animals, 
behavioral lesion- and pharmacological experiments, and 
functional human brain imaging, it has become clear that 
the (pre)frontal-striatal system can be subdivided into mul-
tiple subsystems, each concerned with a different aspect of 
the broad range of functions in which the frontal cortical-
striatal system is involved, that is, sensorimotor, cognitive 
and emotional-motivational behavior (e.g., Masterman and 
Cummings, 1997; Cardinal et al., 2002; Zgaljardic et al., 
2003; Chudasama and Robbins, 2006; Voorn et al., 2004; 
Robbins, 2007; Dalley et al., 2008). The structural basis 
for the involvement in diverse functions, at least in part, 
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lies in the topographical organization of the cortico-striatal 
projections, their mutual segregation and convergence, and 
the interrelationships with other striatal inputs from thala-
mus, limbic structures and brainstem. Below, we will first 
provide a description of the organization of the prefrontal-
striatal projections, with emphasis on the situation in rats. 
Thereafter, we will discuss the patterns of convergence and 
segregation of prefrontal-striatal projections with inputs 
from other brain areas within the functionally different 
striatal sectors.

III.  Topographical organization of 
prefrontal-striatal projections

The prefrontal cortex of rodents can be divided into 
medial, lateral and orbital parts, each consisting of differ-
ent subareas (Uylings and Van Eden, 1990; Uylings et al., 
2003; Van de Werd and Uylings, 2008). If we consider cor-
tical areas with the relative heaviest interconnections with 
the mediodorsal thalamic nucleus as “prefrontal”, the fol-
lowing frontal areas in the medial wall of the hemisphere 
of the rat can be considered prefrontal: the infralimbic, 
prelimbic, anterior cingulate and Fr2 (medial agranular) 
areas (Groenewegen, 1988; Van Eden et al., 1990). Areas 
in the lateral part of the frontal lobe considered to belong 
to the prefrontal cortex are the dorsal and ventral agranular 
insular areas. Orbital areas that have their densest intercon-
nections with the mediodorsal thalamic nucleus include 
the medial and ventral orbital areas, as well as the lateral 
orbital area. The ventrolateral orbital area, although hav-
ing intensive connections with the mediodorsal thalamic 
nucleus, is most strongly interconnected with the thalamic 
nucleus submedius while the dorsolateral orbital cortex has 
the ventromedial nucleus as main thalamic target (review: 
Groenewegen and Witter, 2004).

The striatal projections from the orbital areas in the 
rat have long been relatively ignored. In papers describing 
the corticostriatal projections in rats, most emphasis has 
been placed on the medial prefrontal areas, followed by 
the above-mentioned projections from the agranular insu-
lar areas (Beckstead, 1979; Berendse et al., 1992; Reep 
et al., 2003). In fact, the relative lack of attention for the 
orbital areas, not only in rodents, has also been the case for 
the functional and dysfunctional aspects of this part of the 
frontal lobe (Murray et al., 2007). In the last decade there 
has been a strong growth in the number of studies of the 
orbital prefrontal cortex and related parts of the striatum, 
including both rodent and primate research. In this context, 
it is important that the projections of the orbital areas to 
the striatum have been restudied in both primates (Haber 
et al., 1995; Haber, 2003) and rats (Schilman et al., 2008) 
with modern neuroanatomical tracer methods.

Before describing in global terms the topographi-
cal organization of the prefrontal-striatal projections, it is 
important to note that all prefrontal cortical areas project to 
a primary striatal target area and, in addition, have more or 
less extensive, but less dense projection areas that overlap 
with the primary striatal target areas of other, mostly closely 
adjacent and interconnected cortical areas (e.g., Reep et al., 
2003; Calzavara et al., 2007; Haber et al., 2007).

A.  Medial Prefrontal and Agranular Insular 
Projections to the Striatum

The general organizational pattern in the medial pre-
frontal-striatal projections consists of a ventromedial-to- 
dorsolateral topography (Berendse et al., 1992; Voorn et al.,  
2004). As argued by Voorn et al. (2004), this orientation 
in the prefrontal-striatal system adds an extra dimension 
to the generally accepted functional organization of the 
striatum in a dorsal, sensorimotor-related and a ventral, 
associational- and limbic-related striatum. Thus, as illus-
trated in Figure 20.2C and D, the most ventromedial areas 
like the infralimbic cortex project to the most ventral and 
medial parts of the striatum, including the medial shell 
of the nucleus accumbens and the medially and ventrally 
adjacent parts of the olfactory tubercle, whereas gradu-
ally more dorsally located areas in the medial wall of the 
hemisphere project to successively more lateral and dor-
sal striatal areas. As can be appreciated from this figure, 
the main projection area of a particular medial prefrontal 
cortical area is represented as a “slab-like” region oriented 
in general from dorsal to ventral-ventrolateral in the ros-
tral half of the striatum. In the rostral half of the striatum, 
the ventrally located infra- and prelimbic areas occupy the 
most extensive striatal area. At more caudal striatal levels, 
the dorsomedially located anterior cingulate and FR2 areas 
occupy a larger striatal territory (Fig. 20.2D), but the gen-
eral ventromedial-to-dorsolateral topography is maintained. 
As indicated above, the striatal projections of these medial 
prefrontal cortical areas may overlap rather extensively 
with primary projection area of adjacent cortical areas.

The striatal projections from the laterally located 
agranular insular areas are fairly complementary to those 
of the medial prefrontal cortex. The ventral agranular 
insular area projects to the lateral part of the shell of the 
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Figure 20.2  Schematic drawing summarizing the topographical arrangement of the cortico-striatal projections originating in the orbital prefrontal 
cortex (A, C, D) and the medial and lateral prefrontal cortices (A, B, E, F). The prefrontal cortical areas and their connectionally related striatal targets 
are coded in the same color. Since there is a considerable overlap between the orbital projections on the one hand (C, D) and the medial and lateral 
prefrontal projections on the other hand (E, F), these projections are represented in two different sets of a rostral and a caudal striatal level. As shown 
in E and F, the dorsolateral striatum receives somatotopically organized inputs from the sensorimotor cortices (light blue), the most ventromedial part 
of the striatum collects inputs from the infralimbic and ventral prelimbic areas (red and purple). Striatal areas intermediate between these extremes 
receive projections from the dorsal prelimbic, anterior cingulate and Fr2 areas. The ventral agranular insular area projects to the lateral shell and adja-
cent olfactory tubercle while the dorsal agranular insular area sends fibers to the core (E) and a broad mediolateral zone in the ventral caudate-putamen 
more caudally (F). Although the global relationships between the projection areas from different medial and lateral prefrontal cortices are maintained 
from rostral to caudal, the relative space occupied by the projections from various cortical areas changes from rostral to caudal (compare E and F). 
The orbital prefrontal projection areas in the striatum show a medial-to-lateral topographical organization (C, D). The medial and ventral orbital areas 
overlap considerably in the medial part of the striatum while the lateral and dorsolateral orbital areas overlap quite extensively in the lateral part of the 
striatum (stippled lines). In an intermediate position, in the central part of the caudate-putamen, lies the projection area of the ventrolateral orbital area. 
To show the overlap of the ventrolateral orbital projection with the projections of the medial and lateral prefrontal areas, the ventrolateral projection area 
is represented in E and F with a stippled line. The ventrolateral and lateral orbital areas both project quite strongly to the most lateral part of the shell of 
the nucleus accumbens. In C and E, shell and core are delineated with stippled lines (black in C and white in E). Abbreviations: ac, anterior commissure; 
ACd, dorsal anterior cingulate cortex; AId, dorsal agranular insular cortex; AIv, ventral agranular insular cortex; DLO, dorsolateral orbital cortex; Fr2, 
frontal area 2; IL, infralimbic cortex; LO, lateral orbital cortex; MO, medial orbital cortex; PFC, prefrontal cortex; PLd, dorsal prelimbic cortex; PLv, 
ventral prelimbic cortex; VLO, ventrolateral orbital cortex; VO, ventral orbital cortex. (see Color Plate Section to view the color version of this figure)
nucleus accumbens and its projection area extends into the 
lateral part of the olfactory tubercle. In the shell, the ven-
tral agranular insular projections are rather complementary 
to those of the infralimbic cortex, although there is over-
lap in the intermediate shell (Berendse et al., 1992). The 
dorsal agranular insular area projects more dorsally and 
medially, and primarily targets the core of the nucleus 
accumbens, extending into a broad mediolaterally ori-
ented ventral part of the caudate-putamen at more caudal 
levels (Fig. 20.2D). Overlap exists with the dorsal-medial  
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prefrontal areas, in particular the dorsal prelimbic and 
anterior cingulate areas (Berendse et al., 1992). It should 
be noted that ventral prelimbic and dorsal agranular insular 
areas maintain relatively strong reciprocal cortico-cortical 
connections (Gabbott et al., 2003; Vertes, 2004; Hoover 
and Vertes, 2007).

B.  Orbital-Prefrontal Projections to the 
Striatum

The projections from the orbital areas to the striatum in 
the rat show a strong overlap with those from the medial 
prefrontal areas, while, in contrast, the orbital-striatal pro-
jections are largely complementary with those from the 
dorsal and ventral agranular insular areas. The dorsolateral 
and lateral orbital areas may be considered as the rostral 
continuations of the dorsal and ventral agranular insular 
areas, respectively. Whereas the dorsal and ventral agran-
ular insular areas have the core and shell of the nucleus 
accumbens as their main striatal target, the orbital areas 
in the rat largely avoid the nucleus accumbens and project 
in a medial-to-lateral topographical fashion to the central 
parts of the caudate-putamen complex, together occupy-
ing the entire width of the striatum (Berendse et al., 1992; 
Schilman et al., 2008). Exceptions are small but distinct 
projections to the most lateral part of the accumbens shell 
that stem from the ventrolateral and lateral orbital areas. 
Projections from ventral orbital area extend into the dor-
sal part of the core of the nucleus accumbens (Fig. 20.2A) 
(Schilman et al., 2008). In addition, medially located 
orbital areas tend to project more rostrally in the stria-
tum than the more lateral areas. However, terminal fields 
from the different orbitofrontal areas show a considerable 
overlap.

In more detail, the medial orbital area has a relatively 
small striatal projection area in the most medial part of the 
caudate-putamen complex. This projection area lies com-
pletely within the main striatal target area of the prelimbic 
cortex and also strongly overlaps with the projections from 
the ventral orbital area (Fig. 20.2A,B). The ventral orbital 
area has a main striatal projection area that extends more 
lateral, dorsal and ventral than the medial orbital projec-
tion area. Some ventral orbital fibers extend into the dor-
sal core of the nucleus accumbens (Schilman et al., 2008). 
The projections from the ventrolateral orbital area are 
strongest and occupy a “central” position in the caudate-
putamen. Fibers from the ventrolateral orbital area do not 
extend into the nucleus accumbens core and also leave the 
dorsal aspects of the caudate-putamen free of projections. 
As shown in Figure 20.2C and D, there is some overlap of 
ventrolateral orbital projections with the main striatal tar-
get area of the dorsal prelimbic and dorsal agranular insu-
lar areas and an extensive overlap with the main projection 
areas of the anterior cingulate and FR2 prefrontal areas 
(Fig. 20.2C,D). The lateral and dorsolateral orbital areas 
project even further laterally in the caudate-putamen and 
together “fill” the ventrolateral part of the caudate-putamen 
that is not projected upon by the ventrolateral orbital area. 
There is extensive overlap between the main striatal targets 
of the lateral and ventrolateral orbital areas, but the dor-
solateral orbital area projects more laterally and ventrally 
than the lateral orbital area (Fig. 20.2A,B).

IV.  Relationships of the prefrontal-
striatal projections with the 
compartmental structure of the 
striatum

A.  Striatal Compartments: Patch-Matrix and 
Shell-Core

The above description of the organization of the prefrontal 
cortical-striatal projections emphasizes the global topo-
graphical arrangement of these projections. However, the 
striatum is not a homogeneous structure and at the regional 
striatal level a further differentiation in the organiza-
tion of the prefrontal cortical-striatal projections exists. 
Classically, the striatum can be subdivided in a dorsal and 
a ventral striatum. A border between these two parts is 
far from sharp and has been variably defined depending 
upon the criteria used. As argued by Voorn et al. (2004), 
a distinction between dorsal and ventral striatum may not 
be very useful in functional terms and a ventromedial- 
to-dorsolateral gradient based on the topographical organi-
zation of the prefrontal cortical input (see Fig. 20.2C,D) 
may be functionally much more relevant. Likewise, on 
the basis of similar considerations, a distinction between 
nucleus accumbens and caudate-putamen complex appears 
to be less relevant since borders between these two mac-
rostructures are hard to define, and afferent and efferent 
connections do not obey such presumed borders (Voorn et 
al., 2004). Nevertheless, at the regional striatal level dif-
ferent tissue compartments exist that have a specific neu-
rochemical composition and distinct afferent and efferent 
fiber connections, that is, the patch-matrix compartments in 
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Figure 20.3  Photomicrographs of a transverse section of the rat striatum to illustrate the compartmental structure. In this section, µ-opioid receptors 
(A; MOR) and calbindin D28K (B; CaB) were visualized using specific primary antibodies against MOR and CaB, and secondary antibodies coupled to 
different fluorophores. Within their specific projection area the deep layers of the medial and lateral prefrontal cortical areas terminate in patches while 
the more superficial layers of these cortical areas terminate in the matrix (see also text). Courtesy of Dr. Floris Wouterlood.�����������������������������      (see Color Plate Section to 
view the color version of this figure)����
the dorsal parts of the striatum and the shell-core subdivi-
sion in the nucleus accumbens (Fig. 20.3). The subdivision 
of striatal tissue into patch-matrix (rats) or striosome-matrix 
compartments (primates, cats) is originally based upon the 
differential neuro- and immunochemical staining character-
istics of these compartments (Graybiel and Ragsdale, 1978; 
Graybiel, 1990; Gerfen 1992). Likewise, the subdivision of 
the nucleus accumbens into a shell and core subregion is 
primarily based upon differential neuro- and immunochem-
ical characteristics of the medial and ventral part of the 
nucleus (shell) versus its central part (core) (e.g., Záborszky 
et al., 1985; Zahm and Brog, 1992; Groenewegen et al., 
1999). The patch-matrix structure is not restricted to the 
caudate-putamen complex, but also extends into the dorsal 
part of the core of the nucleus accumbens, illustrating the 
difficulty in defining sharp boundaries between different 
striatal regions.

As argued above, to a large degree based on the organi-
zation of the prefrontal cortical-striatal projections, a ven-
tromedial-to-dorsolateral orientation may be taken as the 
functional-anatomical organizational principle within the 
striatum. Along this orientation axis, in the extreme ventro-
medial part of the striatum the shell of the nucleus accum-
bens is encountered. Strikingly, there is no marker that 
fully distinguishes the shell from the core of the nucleus 
accumbens. Most frequently the absence of immunoreactiv-
ity for the calcium-binding protein calbindin D28K is taken 
as a marker for the shell, contrasting with the relatively 
strong staining of the core and adjacent caudate-putamen. 
Within the shell itself various different compartments can 
be recognized that are unique as compared to the striatal  
patch-matrix compartments. Moving up in dorsolateral 
direction, the core of the nucleus accumbens appears; in 
the most medial part of the core patches are not yet present. 
Moving further in dorsolateral direction, the dorsal core 
and ventral caudate-putamen express the classical patch-
matrix distinction (Fig. 20.3). Sections immunostained for 
calbindin D28K show a relatively darkly stained matrix in 
which immunonegative patches can be recognized. Patch 
and matrix have different characteristics for a number of 
other neurotransmitter or neurochemical substances and/or 
for neurotransmitter receptors. A prominent example is the 
strong expression of µ-opioid receptors in patches contrast-
ing with its low expression in the matrix. In the dorsolateral 
sector of the striatum, patch-matrix compartments are still 
present but their characteristics are different from those 
located more ventrally and medially. In this part of the stri-
atum the expression of calbindin D28K is low in both patch 
and matrix. However, -opioid receptor positive patches 
can still be recognized here (Fig. 20.3A).

The conclusion based on these data must be that through- 
out the striatum compartmental heterogeneities exist in the 
composition of the striatal tissue and that these compart-
ments exhibit different characteristics along a ventrome-
dial-to-dorsolateral axis within the striatum.

B.  Prefrontal Cortical Lamination and 
Striatal Compartments

Medial and lateral prefrontal cortical areas in rats have a 
clear relationship with the compartmental structure of 
the striatum. Thus, the deeper laminae of layer V project 
predominantly to the striatal patches while the more 
superficial laminae of layer V and layers II and III send 
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their fibers primarily to the striatal matrix (Gerfen, 1989; 
Berendse et al., 1992). In particular the prelimbic and dor-
sal agranular insular areas show this particular pattern and, 
consequently, these cortical laminar and striatal compart-
mental relationships hold in principle for the striatal areas 
to which these prefrontal cortices project (Fig. 20.2C,D). 
The medially located infralimbic area, together with the 
ventral part of the prelimbic area, projects to the medial 
shell of the nucleus accumbens, distributing their fib-
ers over different compartments within the shell (review: 
Groenewegen et al., 1996). Likewise, the ventral agranular 
insular area projects to only the lateral part of the shell of 
the nucleus accumbens. Prefrontal cortical areas in the dor-
somedial wall of the hemisphere, like the anterior cingulate 
and Fr2 areas, gradually express a less distinct laminar-
compartmental organization as apparent for the prelimbic 
and dorsal agranular insular areas. In our recent study on 
the organisation of the orbital-striatal projections, we were 
not able to distinguish apparent relationships between the 
projections from deep or superficial layers with the striatal 
compartments as distinguished with immunoreactivity for 
calbindin D28K (Schilman et al., 2008).

The functional differentiation between the shell and 
the core has been strongly substantiated in the past 10–15 
years (reviews: e.g., Groenewegen et al., 1999; Zahm, 
2000; Di Chiara, 2002; Cardinal et al., 2002; Meredith  
et al., 2008). The deep layers of the ventral prelimbic area and  
the infralimbic, medial orbital and ventral agranular insular 
areas have strong projections to different parts of the shell, 
terminating in both overlapping and complementary fash-
ion. Projections from the prelimbic, anterior cingulate and 
dorsal agranular insular areas target the core of the nucleus 
accumbens and these projections extend dorsally and cau-
dally into the caudate-putamen (Fig. 20.2C,D). The func-
tional significance of the differential projections of these 
cortical areas to patch and matrix compartments within this 
intermediate striatal zone is still poorly understood. Inputs 
to patches arise in the paraventricular thalamic nucleus, and 
specific parts of the basal amygdaloid nucleus and, as dis-
cussed above, the prefrontal cortex, all interpreted as limbic-
related structures. Based on the results of tracing studies, 
striatal patches appear to be in reciprocal connection with a 
specific set of dopaminergic neurons in the substantia nigra 
pars compacta, that is, the ventral tier of dopaminergic cells 
(Gerfen, 1992). The deep layers of the mentioned prefrontal 
cortical areas might thus have an influence on these striatal 
dopaminergic interactions. In which way the striatal patches 
have an influence on behavioral or cognitive functions is 
still largely undisclosed. It has been hypothesized that, 
mediated by the specific dopaminergic input to the patches, 
there is an influence on the surrounding striatal matrix, pro-
viding a teaching signal (Houk et al., 1995; Groenewegen 
et al., 2003; Canales, 2005).

Prefrontal cortical projections to the striatal matrix pri-
marily target the medium-sized spiny projection neurons 
that project directly or indirectly to pallidal and nigral 
neurons that, in turn, form the output neurons of the basal 
ganglia. In this way, the prefrontal cortical-striatal system 
forms the first link in a number of parallel, functionally 
segregated and closed basal ganglia-thalamocortical cir-
cuits (Fig. 20.4).

V.  Cortico-cortical and 
corticostriatal relationships

It has been first postulated by Yeterian and Van Hoesen 
(1978) on the basis of observations in primates that conver-
gence of cortical projections in the striatum is most preva-
lent between functionally related cortical areas that are 
interconnected via cortico-cortical connections. This prin-
ciple has been shown also in rats for various cortical areas, 
for example, for those that are involved in multimodal spa-
tial orientation and attention (Reep et al., 2003). Thus, the 
Fr2 area in the dorsomedial part of the medial prefrontal 
cortex [medial agranular cortex (AGm) in their nomencla-
ture] projects to a dorsocentral part of the caudate-puta-
men to which also the ventrolateral and lateral orbital areas 
project, in addition to specific parts of the posterior pari-
etal and visual association cortices. These cortical areas 
all maintain cortico-cortical projections, forming together 
with their converging striatal projections a distributed 
network for spatial orientation and directed attention. As 
further indicated by Reep et al. (2003), the relationships 
between the main striatal terminal field of AGm with the 
terminal areas of the other cortical areas in the striatum 
is more complex than simple convergence. The lateral  
agranular (AGl or Fr1), orbital, posterior parietal and visual  
association cortices all have their main striatal target field 
in the periphery of the main AGm projection area, while 
sending less dense projections into the “core” of the AGm 
target area.

Dense and diffuse corticostriatal projections have also 
been described in other studies. For example, projections 
from the barrel cortex in rats can be distinguished into dis-
tinct, strictly topographically organized projections, as well 
as a much more diffuse one covering a much wider area of 
the striatal barrel area (Wright et al., 1999) (see Chapter 19).  
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Figure 20.4  Schematic representation of the convergence of prefrontal cortical, thalamic and amygdaloid inputs at the striatal level. (A) At the 
macrocircuit level the convergence of the projections from the prefrontal cortex, midline/intralaminar thalamus and basal amygdala is shown on a 
striatal projection neuron that forms the striatal link in a closed basal ganglia-thalamocortical circuit (thick lines). Projections from the midline/intrala-
minar thalamic nuclei and the basal amygdala reach both the prefrontal cortical and striatal way stations in such a basal ganglia-thalamocortical circuit, 
forming ‘triadic’ relationships (thinner lines). (B) At the microcircuit level the excitatory inputs from the cerebral cortex, thalamus and amygdala ter-
minate on the spines of the medium-sized densely spiny projection neurons. Dopaminergic terminals are present on the necks of spines and dendritic 
shafts. Terminals of cholinergic and GABAergic interneurons, as well as collaterals from other medium-sized spiny neurons contact the dendrites more 
proximally. Abbreviations: Acb, nucleus accumbens; Caud, caudate nucleus; GPe, external segment of the globus pallidus; GPi, internal segment of 
the globus pallidus; MD, mediodorsal nucleus; ML/IL, midline and intralaminar nuclei; MSN, medium sized spiny neuron; PFC, prefrontal cortex; 
Put, putamen; SNC, pars compacta of the substantia nigra; SNR, pars reticulata of the substantia nigra; STN, subthalamic nucleus; VA, ventral anterior 
nucleus; VL ventral lateral nucleus; VTA, ventral tegmental area.
The two types of corticostriatal projections appear to orig-
inate from different cortical layers and follow a different 
trajectory into the striatum. Tracing studies in primates 
have also indicated different patterns of corticostriatal ter-
minations originating from limbic and association corti-
cal areas, that is, discrete and relatively dense versus more 
widespread and diffuse (Calzavara et al., 2007; Haber  
et al., 2007). As indicated above, our schemes in Figure 
20.2 represent the main terminal projections of specific 
prefrontal cortical areas, suggesting a relatively strict seg-
regation of these projections, in particular when it con-
cerns the medial prefrontal and agranular insular areas 
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(Fig. 20.2C and D). However, most if not all these prefron-
tal areas have additional, smaller and in most cases more 
diffuse projections that terminate in the adjacent main 
striatal terminal field of a neighbouring cortical area (e.g., 
consult original figures of Berendse et al., 1992). Distinct 
medial prefrontal areas like the infralimbic, prelimbic and 
anterior cingulate areas have rather strong interconnections 
via cortico-cortical projections (e.g., Vertes, 2004).

While the projections from the medial prefrontal cor-
tex (Fr2, anterior cingulate, prelimbic and infralimbic 
areas) extensively overlap with those from the orbital 
areas (MO, VO, VLO and LO) (as can be appreciated by 
comparing Figures 20.2A,B with 20.2C,D), it is remark-
able that there appear to be only sparse interconnections 
between these two parts of the rat prefrontal cortex (e.g., 
Vertes, 2004). The functional relevance of this observation 
needs to be further investigated. While connectionally and 
functionally related cortical areas, converging onto a par-
ticular striatal region, may form part of a distributed neu-
ronal network that is dedicated to a particular cognitive or 
behavioral function, the orbital areas may contribute infor-
mation with another functional content at the striatal level. 
In that respect it is important to consider the afferents of 
the orbital areas. For example, the ventrolateral orbital area 
is known to receive thalamic input from the nucleus sub-
medius which is a distinct relay station in ascending pain 
and other sensory pathways (Craig et al., 1982; Reep et 
al., 2003; Jasmin et al., 2004). Relay of such information 
via the ventrolateral orbital area to the central caudate- 
putamen may have an important influence on the distributed  
network of cortico-cortical and corticostriatal connections 
involving the prelimbic and anterior cingulate and their 
related cortical areas that converge on the same central  
striatal region.

It must be emphasized that the precise organization 
of the cortico-cortical and the associated corticostriatal 
connections in rats still needs to be studied in a compre-
hensive manner, before more definite conclusions can 
be drawn with respect to the “rules” that govern their 
interrelationships.

VI.  Relationships of the prefrontal-
striatal topography with other 
striatal inputs

As indicated above, the topography of the cortical-striatal 
projections forms the basis for a global functional subdivi-
sion of the striatum, that is, a sensorimotor, an associative 
or cognitive and a limbic striatum (see Fig. 20.1). In rats, 
like in primates (Haber, 2003), the prefrontal cortex-asso-
ciated part of the striatum occupies the ventromedial and 
intermediate parts of the striatum, including the nucleus 
accumbens, while the sensorimotor part occupies the dor-
solateral part of the striatum, in particular of the caudate-
putamen (Fig. 20.2). Within the various functional sectors 
of the striatum, prefrontal cortical inputs converge with 
inputs from the thalamus, most prominently the midline 
and intralaminar thalamic nuclei, limbic structures such as 
the hippocampus and amygdala and, as briefly discussed 
above, inputs from parietal, occipital and temporal cortices. 
All mentioned striatal inputs employ excitatory neurotrans-
mitters. GABAergic inputs arise from the pallidum and are 
also organized in a roughly topographical manner (Bolam 
et al., 2000) (see Chapter 14). Furthermore, dopaminergic 
and serotonergic inputs reach the striatum from the sub-
stantia nigra/ventral tegmental area (VTA) complex and the 
mesencephalic raphe nuclei, respectively. Dopaminergic 
fibers from the medially located VTA primarily target the 
ventromedial, limbic striatum, while successively more lat-
eral parts of the nigral complex reach progressively more 
lateral and dorsolateral parts of the striatum (Haber et al., 
2000). The topographical arrangement within the ascend-
ing dopaminergic system is much less strict than the corti-
costriatal organization. Serotonergic fibers reach primarily 
the ventromedial parts of the striatum, in particular the 
shell and core of the nucleus accumbens and the ventro-
medial part of the caudate-putamen complex. Finally, a 
small but distinct noradrenergic input from the locus coer-
uleus targets the medial shell of the nucleus accumbens 
(Berridge et al., 1997). As a consequence, the infralimbic 
and ventral prelimbic corticostriatal projection areas in the 
most ventromedial part of the striatum, that is, the medial 
shell of the nucleus accumbens, receives the densest and 
most diverse catecholaminergic modulatory inputs. Moving 
dorsolaterally along the ventromedial-to-dorsolateral axis 
serotonin and dopamine are present in the intermediate 
striatal part, while the dorsolateral striatal area is primarily 
innervated by dopamine.

A. Triadic Relationships of the Thalamic 
and Limbic Projections with the Prefrontal-
Striatal System

An interesting topographical arrangement exists with 
respect to projections from various midline and intrala-
minar thalamic nuclei (see Chapter 22), as well as different  
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subnuclei of the amygdaloid complex and the ventral hip-
pocampus, to specific regions of the prefrontal cortex and 
their striatal target areas. Distinct nuclei of the midline 
and intralaminar thalamic complex target rather restricted 
areas of the prefrontal cortex and, in addition, project to 
relatively confined regions of the striatum that receive cor-
ticostriatal projections from that targeted prefrontal cor-
tical area (Berendse and Groenewegen, 1991; Berendse  
et al., 1992; Groenewegen and Berendse, 1994). For exam-
ple, the midline paraventricular nucleus heavily projects to 
the infralimbic and ventral prelimbic areas, as well as to 
the medial shell and adjacent medial core of the nucleus 
accumbens that are, in turn, the recipient of cortical fibers 
from the ventral medial prefrontal areas. Likewise, the ante-
rior cingulate and dorsal prelimbic areas receive a strong 
input from the central medial thalamic nucleus. This tha-
lamic nucleus projects to a dorsomedially-to-ventrolaterally  
oriented striatal zone that is also targeted by the dor-
sal prelimbic and anterior cingulate areas. These are just 
two examples of “triadic” relationship between individual  
prefrontal cortical areas, specific midline or intralami-
nar thalamic nuclei and their mutual striatal target areas  
(Fig. 20.4).

Similar triadic relationships exist between different 
subnuclei of the basal amygdaloid complex, specific pre-
frontal areas and their projection area in the ventral stria-
tum (McDonald, 1991). For example, the caudal part of 
the parvicellular basal amygdaloid nucleus projects to 
the deeper layers of the infralimbic area and the rostrally 
adjacent medial orbital area of the medial prefrontal cor-
tex, as well as to the medial part of the shell of the nucleus 
accumbens (Fig. 20.5A–C). As indicated in Figure 20.2, 
the infralimbic area is strongly associated with the medial 
shell of the nucleus accumbens. Likewise, the magnocellu-
lar basal amygdaloid nucleus strongly projects to the deep 
layers of the dorsal and ventral agranular insular areas as 
well as to the patches of the core and the lateral part of the 
shell of the nucleus accumbens (Fig. 20.5D–F). In turn, 
these areas of the nucleus accumbens receive inputs from 
the dorsal and ventral agranular insular areas, respectively.

The hippocampal formation, in particular the subiculum 
and directly adjacent CA1 field, projects in a topographical 
manner to the ventral striatum, primarily targeting the shell 
of the nucleus accumbens and adjacent striatal elements 
of the olfactory tubercle (Groenewegen et al., 1987). The 
ventral subiculum and CA1 field also project to the medial 
prefrontal cortex, most densely the prelimbic and infralim-
bic areas (Jay and Witter, 1991; Cenquizca and Swanson, 
2007) which, in turn, target the medial shell and olfactory 
tubercle (Fig. 20.2). Thus, for the ventral part of the hippo-
campal formation, the ventral part of the medial prefrontal 
cortex and the medial part of the ventral striatum a triadic 
relationship also exists.

As indicated above, the prefrontal cortical-striatal pro-
jections form the first link in the circuits that subsequently 

Figure 20.5  Triadic relationships between basal amygdaloid nuclei, 
the prefrontal cortex and the ventral striatum. (A-C) An injection of an 
anterograde tracer in the caudal part of the parvicellular part of the basal 
amygdaloid nucleus (C) results in labeling of fibers and terminals in the 
infralimbic area of the medial prefrontal cortex (A) and the medial shell 
of the nucleus accumbens (B). An injection of an anterograde tracer in the 
rostral part of the magnocellular basal amygdaloid nucleus (F) results in 
labeling of fibers and terminals in the dorsal and ventral agranular insular 
areas of lateral prefrontal cortex (D) and the lateral shell and the lateral 
core of the nucleus accumbens (E). Abbreviations: ac, anterior com-
missure; Acb, nucleus accumbens; AId, dorsal agranular insular cortex; 
ABmg, magnocellular part of the accessory basal nucleus; ABpc, par-
vicellular part of the accessory basal nucleus; AON, accessory olfactory 
nucleus; Bmg, magnocellular part of the basal nucleus; Bpc, parvicellular 
part of the basal nucleus; CP, caudate-putamen complex; IL, infralimbic 
cortex; lot, lateral olfactory tract; MO, medial orbital area; OT, olfactory 
tubercle; PL, prelimbic area; Se, septum.
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involve direct and indirect intrinsic basal ganglia con-
nections and basal ganglia outputs to the thalamocortical  
system as well as to the brainstem. Topographical order-
ing in the various links within the connections between the 
prefrontal cortex, basal ganglia and thalamocortical system 
forms the basis for the existence of the well-established 
parallel, functionally segregated basal ganglia-thalamo-
cortical loops, as well as outputs to the hypothalamus and 
brainstem. The specific input from individual midline and 
intralaminar thalamic nuclei, basal amygdaloid nuclei and 
restricted parts of the hippocampal formation to both the 
cortical and striatal “nodes” in these circuits places these 
nuclei in a position to exert a relatively strong influence on 
individual basal ganglia thalamocortical circuits or basal 
ganglia output channels to other brain regions, including 
the hypothalamus and brainstem.

VII.  Medium-sized spiny projection 
neurons: integrators of striatal 
inputs

The cellular structure of the striatum also reflects its 
integrative role. The principal striatal neurons are the 
medium-sized densely spiny neurons that project directly 
or indirectly to the basal ganglia output structures, that is, 
the internal segment of the globus pallidus and the reticular 
part of the substantia nigra. These neurons form by far the 
largest fraction (95–97%) of the total striatal population, 
while the neurochemically and morphologically heteroge-
neous group of interneurons represents the remaining 3–5% 
of the neurons (Gerfen, 2004). The excitatory inputs from 
the prefrontal cortex, as well as from other cortical areas, 
limbic structures and the thalamus, arrive at the heads of 
the dendritic spines (Smith and Bolam, 1990; Gerfen and 
Wilson, 1996). The throughput of the excitatory informa-
tion from these cortical and subcortical sources to the cell 
body and ultimately the axon of the medium-sized neuron 
is modulated in various ways. Dopaminergic terminals 
tend to terminate on the spine necks and are therefore in a 
position to influence the transfer of information from the 
spine head to the shaft of the dendrite (Smith and Bolam, 
1990). Cholinergic and GABAergic terminals from striatal 
interneurons and neighboring medium-sized spiny projec-
tion neurons terminate on the shafts of the dendrites and 
are likewise in a position to modulate the information 
flow from more distal parts of the dendrite to the cell body 
(Gerfen and Wilson, 1996; Bolam et al., 2000) (Fig. 20.4). 
Medium-sized spiny neurons thus integrate the inputs from 
the various striatal afferents and the intrinsic striatal neu-
rons and they formulate the striatal output.

To understand the significance of the convergence of 
various excitatory and inhibitory inputs on the medium-
sized densely spiny striatal projection neurons, it is impor-
tant to briefly mention some of their electrophysiological 
characteristics (see also Chapter 5). Thus, electrophysio-
logically these striatal neurons can be characterized by two 
states: a down-state with a low resting membrane potential 
(80/90 mV) and a so-called up-state with a membrane 
potential close to the firing threshold (55 mV). In the 
down-state the medium-sized spiny neurons are “silent”. 
On the basis of coincident excitatory afferent activity con-
verging on the dendrites of these neurons, for example, 
from different cortical, limbic and thalamic sources (Fig. 
20.4), they may be brought to the up-state and more eas-
ily be elicited to firing (Gerfen and Wilson, 1996; Wilson, 
2009). Based on these intrinsic electrophysiological prop-
erties and the specific arrangement of afferent fibers on 
their dendrites, the medium-sized spiny projection neurons 
may be characterized as “coincidence detectors” (Houk, 
1995). In line with this, it has been shown that particular 
inputs only lead to an output of striatal projection neurons 
when a specific second input is active at the same time. 
Thus, with respect to the prefrontal striatal projections, 
there is evidence that the throughput of signals of this 
pathway is “gated” by other excitatory inputs, in particular 
originating from the hippocampus (O’Donnell and Grace, 
1995) (see Chapter 21). It has been hypothesized that such 
a phenomenon may be very relevant for the understanding 
of the pathophysiological mechanisms of diseases such as 
schizophrenia (Grace et al., 2007).
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I.  Introduction

The nucleus accumbens (NAc) is a hub for information 
related to reward, motivation, and decision-making. As a 
striatal region, it receives cortical inputs and sends infor-
mation back to the cortex and subcortical structures via 
disinhibitory projections through the ventral pallidum, but 
what distinguishes this division of the ventral striatum is 
the integration of inputs originated in areas as diverse as 
the prefrontal cortex (PFC), amygdala and hippocam-
pus. Several years ago, Anthony Grace and I proposed 
that the ventral hippocampus in particular provides a gat-
ing mechanism by which other inputs would cause NAc 
cell firing only if they were coincident with hippocam-
pal inputs (O’Donnell and Grace, 1995, 1998). This con-
cept helped understand some behavioral observations and 
drove further research on these circuits. Several models of 
the behavioral role of the NAc and its involvement in psy-
chiatric disorders have indeed been built with this gating 
367

mechanism as a critical component (O’Donnell and Grace, 
1998; Chambers et al., 2001; Schmajuk, 2001; Schmajuk 
et al., 2001; Everitt and Wolf, 2002; Horvitz, 2002; Levy, 
2004; Depue and Morrone-Strupinsky, 2005; White et al., 
2006; Zhang et al., 2006; Day and Carelli, 2007; Floresco, 
2007; Goto and Grace, 2008). However, the gating hypoth-
esis was developed based on data obtained from anesthe-
tized rats; it is likely that NAc information processing in 
a behaving animal is more complex than one set of inputs 
gating everything else. Here, I will review the observa-
tions that led to the limbic gating hypothesis, its limita-
tions, as well as recent and ongoing work that may help 
us re-conceptualize the gating idea, proposing that afferent 
interactions in the NAc are dynamic. In short, emerging 
data from awake animals indicate that the NAc is driven 
by the dominant cortical region during any given behavior, 
and this drive is reflected in transiently correlated activity. 
Furthermore, local processes such as inhibitory interneu-
rons can contribute to determining the afferent system NAc 
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neurons synchronize with by providing shunting inhibition. 
Thus, the NAc can be envisioned as a behavioral switch-
board in which the impact of afferent inputs and local 
mechanisms can determine the ensemble of active neurons, 
thereby contributing to decision-making and selecting the 
most appropriate behavioral repertoire for a given set of 
goals and context.

II.  The nucleus accumbens:  
a forebrain gateway

The ventral striatum has been repeatedly referred to as a 
gateway where information from limbic cortical circuits 
is integrated with information from the PFC. The NAc, 
a component of the ventral striatum, was described as 
the “limbic-to-motor interface” (Mogenson et al., 1980), 
because it was perceived as a means to convey hippocam-
pal and amygdala influences into basal ganglia loops that 
control motor activity. This concept evolved over the years, 
becoming neglected for some time but later reinvigorated 
with the description of the basal ganglia as forming a spiral 
in which information is transferred from “more limbic” cir-
cuits to “more motor” circuits (Haber et al., 2000; Haber, 
2003) (see Chapter 24). Anatomical studies reveal a het-
erogeneous distribution of inputs to the striatum, with lim-
bic inputs dominant in medial and ventral regions. Indeed, 
the density of hippocampal afferents to the NAc and the 
medial part of the caudate-putamen is the highest in any 
striatal region in rodents (Voorn et al., 2004) and under-
scores the impact these inputs may have on integration of 
information in this region. Furthermore, while practically 
all frontal cortical terminals (see Chapter 20) contact distal 
processes of NAc medium spiny neurons (MSNs), a rela-
tively large proportion of hippocampal afferents (10%) do 
so at the soma or primary dendrites (Meredith et al., 1990). 
Such arrangement would provide the hippocampus with 
a stronger control over somatic membrane potential and 
action potential firing in NAc neurons, as their postsynap-
tic responses would be more efficient in driving depolariza-
tions at the axon initial segment. Action potential firing in 
NAc MSNs inhibits target neurons in the ventral pallidum, 
disinhibiting thalamocortical projections (Chevalier and 
Deniau, 1990). The NAc also projects to basal forebrain 
cholinergic neurons (Neigh-McCandless et al., 2002), pro-
viding control over widely distributed attentional processes 
(Sarter and Bruno, 2002). Thus, the integration of limbic 
and prefrontal information in the NAc is likely to have a 
strong impact not only on motor planning but also on a 
wide array of higher order cognitive functions.

An anatomical aspect that shapes such integration is 
the high degree of convergence among diverse inputs onto 
single NAc MSNs. For some time, tract-tracing studies 
highlighted that afferent fibers tend to cluster into territo-
ries (Berendse et al., 1992), suggesting that separate chan-
nels of information coexist in the NAc. As MSN dendritic 
trees extend for several hundred micrometers (O’Donnell 
and Grace, 1993b), it is likely that they cover several of 
these territories, allowing individual neurons to integrate 
information from different sources. In addition, MSNs 
communicate via gap junctions (O’Donnell and Grace, 
1993a), which are modulated by dopamine. The level of 
synchronization that gap junctions may offer would cer-
tainly help determining an ensemble of NAc neurons that 
can be affected by information arriving from several dif-
ferent sources. In vivo intracellular recordings reveal a 
remarkable degree of convergence onto single NAc MSNs. 
Most MSNs recorded exhibit monosynaptic excitatory 
post-synaptic potentials (EPSPs) in response to stimulation 
of several different afferents including the medial PFC, 
ventral hippocampus, basolateral amygdala, and paraven-
tricular nucleus of the thalamus (Fig. 21.1) (O’Donnell and 
Grace, 1995; Goto and O’Donnell, 2002b). Extracellular 
recordings also provided data consistent with a high degree 
of convergence among these inputs (Finch, 1996). The 
anatomical correlate of such convergence was later dem-
onstrated with elegant and painstaking single neuron recon-
struction and tract tracing at the electron-microscopy level 
in which afferents from different regions were observed to 
contact the same MSN (French and Totterdell, 2002, 2003). 
Thus, individual NAc MSNs are able to integrate limbic 
and frontal cortical information, and action potential firing 
in these neurons is likely to depend on summated activity 
driven by several different afferent systems.

III.  Electrophysiological 
properties of msns that shape input 
integration

A.  Up and Down Membrane Potential States 
and Ensemble Coding in the NAc

The diverse intrinsic ion channels and ionotropic recep-
tors present in MSNs from both dorsal and ventral striatal 
regions allow these neurons a distinct membrane potential 
pattern and can impel them into persistent depolarizations 
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Figure 21.1  Nucleus accumbens neurons typically exhibited evoked responses to stimulation of each of the afferent sites examined. A, Diagram 
illustrating the sources of most glutamatergic afferents to ventral striatal medium spiny neurons. B, Stimulation of the BL nucleus of the amyg-
dala evoked an EPSP that exhibited long onset latency. C, The same accumbens neuron responded to PFC stimulation with a short-latency EPSP. 
D, Stimulation of the fornix also evoked a short-latency EPSP in this same neuron. E, Overlay of the three responses (resting membrane potential: 
–77 mV). From (O’Donnell and Grace, 1995).

Figure 21.2  Nucleus accumbens medium spiny neurons exhibit a membrane potential with Up and Down states, which can be critical for ensemble 
coding. A, Representative trace of a neuron with alternating Down (–78 mV; bottom green line) and Up (–59 mV; top green line) membrane potential 
states. Calibration bar: 20 mV; 200 ms. B, Neurobiotin staining revealed morphology typical of medium spiny neurons. Calibration bar: 50 m. C, Up–
Down activity in a hypothetical set of 12 NA MSNs. During slow-wave sleep or in anesthetized animals, all neurons alternate between Up and Down 
states in synchrony. In wake and resting conditions, the strong excitatory input required to drive neurons into the Up state may be present for only small 
clusters of cells rather than for all neurons. Gray circles represent MSNs set in a persistent depolarization by a combination of afferent and local activity. 
Representative traces are displayed next to the circle. Open circles represent neurons with insufficient inputs, which will remain at a negative membrane 
potential. D, When salient stimuli demand the animal’s attention, the relevant population of neurons is sustained in the Up state for periods ranging 
from a few hundred milliseconds to seconds and even minutes. Left: schematic representation of a distributed set of NAc neurons in a depolarized state, 
encoding information relevant to a given context (context 1; white cage). Right: placing the animal in a different context (context 2; gray cage) will 
result in a different neural ensemble being activated by the pattern of afferent activity. To view a color version of this image please visit http://www.
elsevierdirect.com/companion/9780123747679
(see Chapters 5 and 6). Ventral and dorsal MSNs alternate 
between a negative resting membrane potential (Down 
state) and a relatively stable depolarization that lasts sev-
eral hundred milliseconds (Up states; Fig. 21.2) (O’Donnell 
and Grace, 1995; Wilson and Kawaguchi, 1996; Stern  
et al., 1998). The alternation between Up and Down states 
is not unique to MSNs, as it can be observed in cortical 
pyramidal neurons and other cell types (Steriade et al., 
1993; Branchereau et al., 1996; Lewis and O’Donnell, 
2000). Regular, global transitions between Up and Down 
states are typically observed in vivo in anesthetized prepa-
rations or during slow wave sleep (Timofeev et al., 2001; 
Mahon et al., 2006). These observations have allowed 
postulating that persistent depolarizations allow plastic-
ity mechanisms (by partially removing Mg blockade of 
NMDA receptors) and may facilitate learning during sleep. 
In awake animals, the membrane potential of MSNs or  
cortical pyramidal neurons cannot be described as exhibiting  
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oscillatory Up and Down state alternation; however, in  
cortical pyramidal neurons it does fluctuate between those 
values albeit in a more irregular fashion (Petersen et al., 
2003; Poulet and Petersen, 2008). In a very elegant series 
of studies, the group of Carl Petersen has identified that 
at least in somatosensory cortex, activation of natural sen-
sory stimuli via vibrissae deflection can cause persistent 
depolarizations similar to Up states, but only if the vibrissa 
deflected is in the receptive field of the neuron recorded 
(Petersen et al., 2003). Thus, persistent depolarizations 
present in an orderly repetitive manner during sleep or 
anesthesia, but they can also be recruited by sufficient input 
activation in behaving animals. In the NAc, field poten-
tial recordings have revealed slow oscillations in awake 
animals during quiet rest or during grooming (Leung and 
Yim, 1993), keeping open the possibility that membrane 
potential oscillations exist during non-attentive states. In 
any event, the regular alternation between Up and Down 
states in MSNs during anesthesia may not bear relevance to 
the information processing occurring in behaving circuits, 
as it is a reflection of global cortical oscillations (Kasanetz  
et al., 2006); however, it is possible that in behaving ani-
mals only neurons activated during a given behavioral con-
dition are in a persistent depolarization similar to the Up 
state even if they are spatially distributed, allowing them to 
fire action potentials within a discrete time window. Other 
neurons in the vicinity not receiving sufficient glutamater-
gic inputs at that time (and therefore not encoding infor-
mation relevant to the ongoing behavior) would not engage 
in such persistent depolarization (Fig. 21.2C). Information 
processing in the NAc has been proposed to involve activa-
tion of distributed sets of neurons (Pennartz et al., 1994; 
O’Donnell, 2003), and recording the activity of multiple 
NAc neurons simultaneously in awake animals provided 
data supporting this idea (Pennartz et al., 2004; Lansink 
et al., 2008; Nordquist et al., 2008). Thus, ensembles of 
neurons can be defined by the state of their inputs, and a 
distributed array of neurons could encode information rel-
evant to the ongoing behavior if they are set into persistent 
depolarizations in the awake and attentive animal.

The concept of functionally relevant ensemble coding in 
the NAc has been recently supported by studies using imme-
diate early genes. Ensembles of NAc neurons activated in 
two different environments were revealed with two imme-
diate early genes with different, non-overlapping temporal 
courses. Recent neuronal activation in the NAc and caudate-
putamen was assessed with c-fos in situ hybridization, 
and previously activated neurons were revealed with FosB 
immunohistochemistry. Striatal ensembles were context- 
specific, as the populations overlapped if the context tested 
were similar but did not if the contexts were different (Mattson 
et al., 2008). Although it is difficult to assign electrophysiolog-
ical patterns to immediate early gene activity, the data suggest 
that distributed sets of neurons can be activated at a given time 
in the NAc, and these sets can change over time (Fig. 21.2D).

B.  Up States Depend on Glutamatergic 
Inputs

Persistent depolarizations such as Up states could be sus-
tained by continued glutamatergic inputs or by voltage-
gated conductances that may become activated by an initial 
AMPA receptor activation. This is a difficult question to 
assess experimentally, as Up states can only be observed in 
intact preparations, not amenable to manipulations involv-
ing voltage-gated conductances in individual neurons. 
Although ventral striatal MSNs exhibit ionic conductances 
that can contribute to stabilizing the membrane potential 
in the Up and Down states (Uchimura et al., 1989; Wolf  
et al., 2005; Perez et al., 2006), the data available do not con-
clusively solve the issue; it is however possible that both sce-
narios are correct, depending on the state of the system and 
whether dopamine or other modulators are present. On one 
hand, NAc MSNs do exhibit NMDA and other voltage-gated 
currents (Pennartz et al., 1991; O’Donnell and Grace, 1993b; 
Cooper and White, 2000), which could allow sustained depo-
larizations once glutamatergic inputs have stopped. In organ-
otypic corticostriatal co-cultures, NMDA receptors contribute 
a slow, persistent component in corticostriatal EPSPs evoked 
with single-pulse stimulation (Tseng et al., 2007). These data 
support the possibility of intrinsic mechanisms sustaining Up 
states. On the other hand, in vivo data suggest that the sus-
tained depolarization characteristic of Up states in anesthe-
tized animals requires continued glutamatergic drive. First, 
injecting depolarizing or hyperpolarizing current (a proce-
dure that would affect voltage-gated currents) does not alter 
Up–Down transitions in NAc MSNs (O’Donnell and Grace, 
1995). Second, striatal Up states are tightly correlated with 
ongoing cortical activity, with the termination of MSN Up 
states linked to termination of active cortical events (Kasanetz 
et al., 2006). In addition, a computer model has been used to 
test the role of NMDA and intrinsic currents in NAc Up states.  
A multi-compartment model of a NAc MSN was built 
using NEURON by entering conductance values for all 
known ion currents based on actual recordings in brain 
slices from adult rats (Wolf et al., 2005). Persistent synaptic  
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Figure 21.3  VTA stimulation evoked persistent depolarizations in NAc neurons. A, Overlay of five intracellular recordings showing a prolonged 
depolarization resembling the Up state in response to VTA stimulation (vertical lines) before (top) and after (bottom) applying the dopamine D1 antago-
nist SCH23390 (0.5 mg/kg). B, Traces from another neuron showing a similar response in control conditions (top), with the D2 antagonist sulpiride 
(40 mg/kg) (middle), and with the D1 and D2 antagonists combined (bottom). C, Bar graphs showing the duration and amplitude of VTA evoked depolar-
ization obtained in the presence of the drugs as a proportion of the baseline responses. A combined administration of D1 and D2 antagonists reduced the 
duration of VTA-evoked responses. Numbers in parentheses indicate the number of samples. From (Goto and O’Donnell, 2001b).
inputs were required to maintain the modeled neurons in the 
Up state, suggesting that MSN Up states do require contin-
ued inputs. Although increasing NMDA currents did not 
confer bistability per se, it enhanced the ability of MSNs to 
respond to glutamatergic inputs with action potential firing 
and the ability of the neuron to entrain to oscillations in affer-
ent inputs. A recent in vivo study reported that intra-striatal 
administration of NMDA antagonists prevented MSN firing 
but not Up states (Pomata et al., 2008), demonstrating that 
NMDA receptors are critical for the membrane potential of 
MSNs to reach action potential threshold, but not necessar-
ily for sustaining Up states. Other models did reveal a role 
of NMDA receptors in the onset of Up states (Kepecs and 
Raghavachari, 2007), but not in sustaining the depolarization. 
Thus, voltage-gated conductances such as NMDA and cal-
cium currents may not be necessary for sustained depolariza-
tions in resting conditions (see below for a different scenario 
in presence of phasic dopamine release), but nonetheless play 
a role in shaping the response of MSNs to sustained inputs. 
It is likely that synchronous, massive glutamatergic inputs 
impel MSNs to the Up state, and NMDA activation can 
contribute to allowing neurons in the Up state to fire action 
potentials.
C.  Dopamine Modulation of up States

Up states are modulated by dopamine in striatal MSNs 
(see also Chapter 6). Delivering D1 or D2 antagonists 
locally via reverse dialysis affects MSN membrane poten-
tial states, with D1 blockade reducing the amplitude of Up 
states (West and Grace, 2002). These data suggest that 
tonic dopamine levels in the NAc contribute to the depo-
larization of Up states. Experiments using endogenously 
released dopamine support the notion that dopamine can 
contribute to sustaining Up state depolarizations. Electrical 
stimulation of the ventral tegmental area (VTA) with a 
train of stimuli mimicking dopamine cell burst firing (five 
pulses at 20 Hz) yields a persistent depolarization similar 
to Up states in NAc MSNs, and this depolarization can be 
shortened by co-administration of D1 and D2 antagonists 
(Goto and O’Donnell, 2001b) (Fig. 21.3). These findings 
suggest that although the onset of the persistent depo-
larization driven by VTA stimulation does not involve 
dopamine receptors (full receptor blockade reduces the 
duration of the response, but does not eliminate it), endog-
enously released dopamine contributes to sustain the depo-
larization. Furthermore, computer modeling has suggested 
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Figure  21.4.  Spontaneous and cortically evoked synaptic activity of striatal neurons recorded from organotypic co-cultures. A, Traces (left) of 
spontaneous depolarizations recorded in cortico–striatal–substantia nigra/ventral tegmental area (Cx–Str–SN/VTA), cortico–striatal (Cx–Str), and  
cortico–striatal–cortical (Cx–Str–Cx) cocultures. Only neurons recorded from Cx–Str–SN/VTA cocultures displayed recurrent plateau depolarizations 
resembling in vivo Up states. Insets show representative spontaneous depolarizations at faster time scales. Right: membrane potential distribution histo-
gram from the traces shown on the left, revealing a bimodal distribution in the cocultures containing dopamine innervation. B, Traces illustrating typical 
striatal responses to electrical cortical stimulation in Cx–Str–SN/VTA, Cx–Str, and Cx–Str–Cx cocultures. Plateau depolarizations were evoked only in 
cultures containing SN/VTA neurons. Only brief depolarizing postsynaptic potentials were observed in Cx–Str and Cx–Str–Cx cocultures. Several rep-

etitions were overlaid in each example and vertical arrowheads below the traces point to the time of electrical stimulation. From (Tseng et al., 2007).
that MSNs can develop hysteresis (i.e., bistability in their 
membrane potential) in presence of dopamine (Gruber  
et al., 2006). These data and the model suggest that intrin-
sic conductances able to support Up states can be activated 
in presence of sufficient dopamine levels.

The problem of characterizing cellular mechanisms 
involved in onset and maintenance of Up states is the 
absence of such events in most in vitro preparations, which 
are more amenable to cellular pharmacology than in vivo 
preparations. There have been some reports, however, of 
striatal MSNs exhibiting repeated persistent depolarizations 
in brain slices. In dorsal striatal slices, cortical stimulation 
concurrent with D1 receptor activation yields membrane 
potential oscillations similar to Up states (Vergara et al., 
2003). In NAc slices, afferent stimulation with bursts can 
induce a prolonged depolarization that is dependent on 
continued presence of glutamate (Lape and Dani, 2004). 
In PFC pyramidal neurons, D1–NMDA coactivation also 
yields Up states, but only in slices obtained from adult 
rats (Tseng and O’Donnell, 2005). Another preparation in 
which the dopamine contribution to Up states can be stud-
ied is organotypic corticostriatal co-cultures. Placing a cor-
tical piece next to a striatal piece allows cortical axons to 
enter the striatum and innervate MSNs. Stimulating the cor-
tical piece in that preparation evokes synaptic responses in 
striatal MSNs (Tseng et al., 2007), but no Up states could 
be observed, neither spontaneous nor evoked. If a piece 
containing dopamine neurons is added to the preparation, 
tyrosine hydroxylase-positive fibers enter the striatum and 
spontaneous persistent depolarizations as well as persistent 
cortically-evoked depolarizations resembling Up states can 
be observed (Plenz and Kitai, 1998; Tseng et al., 2007) (Fig. 
21.4). As a general mechanism, it is likely that Up states are 
driven by excitatory afferents via both AMPA and NMDA 
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receptors; a dopamine upregulation of their responses by 
D1 receptors may be critical for sustained depolarizations 
and Up states. NMDA receptors would be activated only 
in the presence of strong glutamatergic inputs able to drive 
MSNs away from a very negative resting membrane poten-
tial dominated by K conductances. In anesthetized, tonic 
dopamine conditions, Up states are tightly driven by persis-
tent glutamate release by afferents. Only in the presence of 
phasic dopamine, AMPA receptor activation may depolarize 
MSNs allowing an NMDA component and voltage-gated 
conductances to sustain depolarizations beyond the termi-
nation of afferent activity. Indeed, l-type calcium chan-
nels and NMDA receptors are upregulated by D1 dopamine 
receptors in the NAc and dorsal striatum (Surmeier et al., 
1995; Cepeda et al., 1998; Flores-Hernandez et al., 2002; 
Anderson et al., 2008). Thus, at rest MSNs are locked to the 
activity of the cortical region they receive inputs from, but 
during epochs of high dopamine cell firing (i.e., in presence 
of unexpected reward or reward-predicting stimuli (Schultz, 
1997)) activation of D1 receptors could sustain depolariza-
tions in strongly activated neurons.

IV.  Hippocampal gating of 
prefrontocortical throughput

Which afferent inputs drive Up states in NAc MSNs? 
Several brain regions provide glutamatergic afferents to 
the NAc, so there are many candidates. In vivo intracel-
lular recordings from NAc MSNs revealed that activa-
tion of hippocampal inputs with electrical stimulation of 
the fimbria-fornix can evoke persistent depolarizations 
resembling Up states, whether stimulation was carried out 
with single pulses or trains (O’Donnell and Grace, 1995). 
Furthermore, interrupting hippocampal afferents to the 
NAc with a fornix transection eliminated spontaneous Up 
states (O’Donnell and Grace, 1995), suggesting hippoc-
ampal afferents are necessary to achieve a critical level 
of depolarization in NAc neurons. The dependence of Up 
states on hippocampal afferents was further supported by 
injections of the local anesthetic lidocaine into the fornix 
transiently suppressing Up states (O’Donnell and Grace, 
1995). On the other hand, single-pulse PFC stimulation 
failed to elicit transitions to the Up state, but was effective 
in driving action potential firing. However, PFC stimula-
tion evoked action potentials only if it occurred during an 
Up state in the NAc neuron, either spontaneous or driven 
by hippocampal stimulation (O’Donnell and Grace, 1995) 
(Fig. 21.5). Thus, we proposed the findings represented a 
gating mechanism by which hippocampal afferents would 
set an ensemble of active neurons by setting them in the 
Up state, and PFC information would thereby be allowed 
to elicit action potential firing only in those units that are 
part of the active ensemble (Fig. 21.5D).

Several subsequent studies reinforced the hippocampal 
gating model. Simultaneous NAc intracellular recordings 
with hippocampal field potentials revealed a higher degree 
of synchrony between NAc Up states and ventral hippo-
campal field oscillations than with PFC oscillations (Goto 
and O’Donnell, 2001a), suggesting that in anesthetized rats 
hippocampal inputs may have a stronger impact than PFC 
afferents. Consistent with this idea, PFC-evoked responses 
are potentiated if they follow hippocampal or amygdala 
afferent stimulation, but PFC stimulation dampens sub-
sequent responses to the ventral hippocampus (Goto and 
O’Donnell, 2002b). The prolonged depolarizations evoked 
by VTA stimulation cannot be observed when the ventral  
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Figure 21.5  Synaptic responses evoked in accumbens neurons by PFC 
stimulation are facilitated when preceded by fornix stimulation induced 
depolarized state. A, Stimulation of the fornix with a train of pulses (stim-
ulus artifacts retained) induces a long-lasting depolarization of the accum-
bens cell membrane that resembles the Up state. B, In the same neuron, 
PFC stimulation when the cell is in the Down state fails to evoke action 
potential firing (first arrow). However, when the cell shows a spontaneous 
transition to the Up state, the same amplitude of PFC stimulation (second 
arrow) evokes an action potential. C, Stimulation of the fornix with trains 
evokes a prolonged transition of the membrane to the Up state. During 
this depolarization, stimulation of the PFC at an intensity that was sub-
threshold for spike triggering in the Down state (i.e., at the same ampli-
tude used in B) readily evokes a spike. The stimulus intensity and evoked 
spike latency were identical to that in B (RMP, –79 mV and –69 mV).  
D, Cartoon illustrating the hippocampal gating model. Information in the 
form of action potential firing from PFC neurons (circles) provides inputs 
to NAc neurons. Only those cells in the Up state (gate open) as a conse-
quence of hippocampal input (thick arrow) will fire action potentials in 
response to cortical afferent stimulation, thereby activating projections 
to the ventral pallidum (VP) and passing information onto the thalamus. 
From (O’Donnell and Grace, 1995) and (O’Donnell and Grace, 1998).
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hippocampus is taken offline with a lesion (Goto and 
O’Donnell, 2002a). This observation suggests that the 
onset of VTA-evoked Up states depends on intact set of 
glutamatergic fibers from the hippocampus, and this may 
involve either an activation of hippocampal-PFC fibers by 
the VTA stimulation or a local interaction within the NAc. 
Recordings from awake freely moving animals also sup-
port the notion that electrical activity of NAc neurons is 
strongly linked to hippocampal activity. Cue-related ven-
tral striatal neuron firing changes as the animals learn the 
significance of cues (Setlow et al., 2003), suggesting that 
contextual signals (likely of hippocampal origin) strongly 
impact NAc cell firing. Furthermore, simultaneous record-
ings of single unit activity or field potentials in both 
regions reveal a high level of synchronization and coher-
ent activity (Tabuchi et al., 2000; Berke et al., 2004). This 
synchronization is entrained to hippocampal theta rhythms 
(Berke et al., 2004), but changes with behavior and spatial 
position (Tabuchi et al., 2000; Gruber et al., 2009b). These 
findings could be explained by neural activity in the hip-
pocampus driving selected units in the NAc, but the units 
driven change with variations in hippocampal activity. In 
other words, the composition of NAc neural ensembles 
may reflect the composition of hippocampal ensembles 
(Pennartz et al., 2004; Lansink et al., 2008), at least dur-
ing brief epochs, and this interaction may be important 
for learning mechanisms. Indeed, NAc ensemble activity 
patterns are reactivated during sleep following learning 
periods (Pennartz et al., 2004). Based on the consider-
ations shown above, it is proposed that such interaction is 
possible only during brief epochs of phasic dopamine cell 
activity. The hippocampus has a clear strong influence over 
NAc cell activity, but this influence is dynamic allowing 
for changes according to the behavioral condition.

Not all behavioral observations, however, are consistent 
with a hippocampal gating of information in the NAc. For 
example, exposure to cocaine-conditioned stimuli increases 
zif268 expression in the NAc, amygdala, and PFC, but 
not in the hippocampus (Thomas et al., 2003), indicat-
ing that NAc activity can be associated with activation of 
other sources of inputs that spares the hippocampus. Also, 
dopamine in the medial PFC, but not the hippocampus, is 
important for reinstatement of drug seeking behavior, a pat-
tern that requires the NAc and ventral pallidum (McFarland 
and Kalivas, 2001). In fact, the NAc can be driven by 
other inputs including the basolateral amygdala (Goto and 
O’Donnell, 2002b), which are also modulated by dopa-
mine (Floresco et al., 2001). There is also evidence that an 
intact PFC is necessary for evoked NAc responses to ven-
tral hippocampal stimulation (Belujon and Grace, 2008) 
and PFC inactivation suppresses NAc activity in awake 
animals (Ishikawa et al., 2008), suggesting that the PFC 
may also play at least a permissive role on NAc informa-
tion processing. NAc MSNs show summation of responses 
to diverse inputs, and these responses can summate sub- or 
supra-linearly depending on the afferents activated (Carter 
et al., 2007). In awake rats, stimulation of PFC and the 
hippocampus reveal a sublinear summation of responses 
in the NAc, assessed as probability of firing action poten-
tials (Wolf et al., 2009). Thus, although a facilitation of 
responses to PFC stimulation by hippocampal activation is 
clearly seen in anesthetized preparations (O’Donnell and 
Grace, 1995; Goto and O’Donnell, 2001a), the actual inter-
actions among inputs in the NAc in awake animals seem 
more complex, being affected by the pattern and timing of 
inputs, and the behavioral condition.

V.  Other inputs can also drive up 
states and command neuronal 
activity in the nucleus accumbens

The hippocampal gating hypothesis was based on stud-
ies assessing the impact of hippocampal stimulation on 
MSN membrane potential, but other afferents could have 
a similar effect if they are sufficiently activated. PFC neu-
rons, for example, can fire brief and rapid bursts of action 
potentials during PFC-dependent behaviors (Peters et al., 
2005). Although analyzing the correlation between NAc 
Up states and PFC field potential oscillations over several 
seconds of recording revealed a weak correlation (Goto 
and O’Donnell, 2001a), analyzing the time-dependence of 
NAc-PFC correlations using a multi-taper sliding window 
tool reveals that NAc Up states can occasionally show high 
coherence with PFC activity (Gruber et al., 2009b). The 
data suggest that NAc neurons can be driven by epochs 
of high activity in the PFC. This possibility was directly 
tested with electrical stimulation of the medial PFC using 
trains of pulses mimicking the bursty pattern of firing this 
region can exhibit. Unlike single-pulse stimulation, burst 
PFC stimulation elicited persistent depolarizations in the 
range of Up states in NAc MSNs (Gruber and O’Donnell, 
2009) (Fig. 21.6). Thus, behaviorally appropriate neu-
ral ensembles can be driven by the hippocampus when  
contextual and spatial information are critical for decision-
making, but other sources of glutamatergic afferents to the 
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Figure  21.6  PFC stimulation can evoke Up states in NAc neurons, 
and individual neurons can show different responses to two adjacent 
cortical sites. A, Membrane potential trace from a representative MSN 
recorded in vivo showing spontaneous fluctuations between Up and Down 
states. B, Overlay of traces showing the response of a representative MSN 
to multiple trials of single-pulse electrical PFC stimulation. C, Overlay of 
traces showing the response of the same MSN as in B to multiple trials 
of PFC stimulation with a 10-pulse train. Arrows indicate times of stimu-
lation pulses. D, Evoked response of an MSN showing a suppression of 
firing for stimulation in one PFC location. E, The same neuron shows an 
enhancement of firing for stimulation in a different PFC location. Black 
traces were recorded without current injection; gray traces were recorded 
with constant intracellular current injection that caused spontaneous fir-
ing. From (Gruber and O’Donnell, 2009) and (Gruber et al., 2009a).
NAc can determine active neural ensembles during other 
behavioral conditions.

VI. The nucleus accumbens,  
a behavioral switchboard

The integration of information in the NAc changes second 
to second depending on the state of its inputs. In the regu-
larly oscillating condition of anesthetized preparations, NAc 
Up states are strongly synchronized with the hippocampus 
but weakly with the PFC (Goto and O’Donnell, 2001a). 
However, even in anesthetized rats Up state transitions can 
occasionally synchronize with PFC neural activity (Gruber 
et al., 2009b), suggesting a dynamic aspect of integration 
of inputs in the NAc. In awake animals, the hippocampal-
NAc synchronization is strong during spatial exploration, 
but weakens in conditions that activate the medial PFC 
(Gruber et al., 2009b). Multichannel recordings in rats 
with chronically implanted electrodes in the NAc, PFC and 
ventral hippocampus reveal dominant theta rhythms in all 
these areas when the rats are exploring the environment, 
with hippocampal theta activity driving similar oscillations 
in the other structures (Gruber et al., 2009b). When in the 
same session the rats engage in an operant task, the NAc 
does not present significant theta activity despite persisting 
dominant theta rhythms in the hippocampus. Instead, the 
dominant frequency in the NAc was a slower component, 
in the delta range, synchronized with similar activity in the 
PFC (Gruber et al., 2009b) (Fig. 21.7). The data suggest 
that during epochs of high PFC activity, the NAc can dis-
connect from the hippocampus, one of its primary afferent 
sources, and be driven by the PFC.

Which synaptic mechanisms could support such 
activity-dependent disconnection in the NAc? A strong can-
didate is shunting inhibition. Indeed, PFC stimulation can 
induce shunting inhibition in the striatum and NA. In vivo 
intracellular recordings reveal that burst stimulation of the 
PFC yields a persistent depolarization in NAc MSNs that 
reverses at relatively negative membrane potentials and is 
accompanied by a pause in action potential firing (Gruber 
et al., 2009a) (Fig. 21.6). These results suggest that bursts 
of PFC activity can recruit local inhibitory mechanisms 
in the NAc. This possibility has in fact been shown in the 
dorsal striatum, where fast-spiking interneurons (FSI) are 
driven by cortical stimulation with latencies shorter than 
those seen in MSNs (Mallet et al., 2005). In the NAc,  
in vivo intracellular recordings from FSI show strong acti-
vation by repeated PFC stimulation (Gruber et al., 2009a) 
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Figure 21.7  Dominant frequencies in the ventral hippocampus (VH), NAc and PFC field potentials differ between exploration and goal-directed 
behavior. A, Normalized spectral densities in the NAc shell, NAc core, PFC and VH obtained from simultaneously recorded epochs (4 seconds) in 
which the animals were exploring the cage (red line). The epochs were selected to match the location and body orientation of the operant task. The blue 
line represents the normalized spectral densities for the same four locations but during 4 second epochs in which the rats were lever-pressing for sucrose 
(2 seconds prior and after the lever press). The graphs were constructed with data from six sessions in five rats for the NAc core, and two sessions in 
two rats for the NAc shell (all of them with simultaneous recordings in the PFC and VH). Strong theta peaks are evident in all regions during explora-
tion (green arrows), but they are lost in the NAc core and PFC during the instrumental behavior. An increase in delta activity can be observed instead. B, 
Pseudocolor plots of relative spectral power in the NAc shell, NAc core, PFC and VH during a 5-second epoch in which rats were exploring (top) and 
during a 5-second epoch centered on the lever press when the animals were engaged in instrumental behavior (bottom). The LFP traces of one of the 
epochs included in the analyses are shown above each box. Event-triggered and exploration spectrograms were constructed from one session from each 
animal and the display is the averaged data of all animals, revealing a strong theta oscillation during exploration, which weakens in the NAc core and 
PFC (but not in the NAc shell and VH) during lever-pressing. The NAc core and PFC show instead strong activity in the delta range (arrows), which are 
driven by slow deflections that can be observed in the traces above. D, Cross-spectral densities were calculated to determine coherence between similar 
frequency peaks in LFP obtained simultaneously from different brain regions during exploration and instrumental behavior. The two leftward panels 
illustrate representative pairings of PFC and NAc core, and VH and NAc core while the rat was exploring (red line), revealing a high coherence in the 
theta range between VH and NAc core (arrow in second panel from left). The blue line in both panels are cross-spectral densities in the same pairs when 
the rat was bar pressing for sucrose in the same session, showing a peak in the delta range between NAc core and PFC (arrow in left panel). The two 
rightward panels illustrate cross-spectral densities between the NAc shell and PFC and VH in the same rat and session. A strong theta peak is present in 
the shell-VH cross-spectrum independently of the behavioral condition. From (Gruber et al., 2009b). To view a color version of this image please visit 
http://www.elsevierdirect.com/companion/9780123747679
(Fig. 21.8), and double-labeling of c-fos and parvalbu-
min reveal that a large number of NAc neurons activated  
by burst PFC stimulation are FSI (Gruber et al., 2009a) 
(Fig. 21.8). Overall, these experiments indicate that strong 
cortical activity can drive feed-forward inhibition mecha-
nisms and shunting inhibition in the NAc.

The appropriate set of neural ensembles in the  
NAc can be activated by the hippocampus during  
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hippocampal-driven behavioral conditions (e.g., spatial explo-
ration) and by the PFC during PFC-dependent behaviors  
(e.g., decision-making instances). Although the dominant 
set of inputs may act as a gate, this process is short-lived and 
dynamic. Strong dopamine activation may sustain the depo-
larization in those neurons that are driven by a high level of 
glutamate afferents, and therefore relevant for the ongoing 
behavior (O’Donnell, 2003). Strong PFC activity can drive 
local inhibitory mechanisms. It remains to be determined 
whether other glutamatergic afferents to the NAc can also 

Figure 21.8  Activation of NAc interneurons by PFC train stimulation 
in vivo. A, Parvalbumin (red) and Neurobiotin (blue) co-labeling of a fast 
spiking interneuron recorded intracellularly in vivo in the NAc. B, record-
ing from the neuron in a (dark trace) and a simultaneously recorded PFC 
field potential (PFC FP, gray trace – the polarity was inverted to make it 
easier to visualize the synchronization) showing spontaneous fluctuations. 
Inset shows the action potential waveform. C, overlay of traces from the 
same neuron in response to PFC stimulation. Arrows show timing of the 
electrical pulses, and stimulus artifacts have been removed for clarity.  
D, confocal image of a NAc section labeled for c-Fos (green) and parv-
albumin (red) following in vivo train stimulation (left). The presence of 
co-labeling (arrows) indicates that PFC train stimulation can activate NAc 
interneurons. Control section from an unstimulated brain (right) shows 
very little c-Fos immunoreactivity. Scale is the same in both panels. From 
(Gruber et al., 2009a). To view a color version of this image please visit 
http://www.elsevierdirect.com/companion/9780123747679
effectively drive shunting inhibition. In summary, the NAc 
is a switchboard in which the combination of afferent activ-
ity patterns along with local inhibitory processes and mono-
amine modulators select the appropriate neural ensemble to 
reinforce ongoing behavior if it is associated with reward or 
reward expectancy by the dopamine signal.
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I.  Introduction

Since its first description (Vogt and Vogt, 1941; Cowan
and Powell, 1956), significant progress has been made
in our understanding of the anatomical and synaptic
organization of the thalamostriatal system. However, the
functional role of this network in the basal ganglia cir-
cuitry remains unknown. The recent evidence that lesion
or deep-brain stimulation (DBS) of the centromedian/­
parafascicular (CM/Pf) complex, the main source of tha-
lamostriatal inputs, alleviate some of the motor symptoms
of Tourette’s syndrome and Parkinson’s disease has gen-
erated significant interest in the thalamostriatal system.
381

The cloning of vesicular glutamate transporters 1 and 2 
(vGluT1 and vGluT2) has provided unique tools to differ-
entiate thalamostriatal from corticostriatal glutamatergic 
terminals, thereby setting the stage for future comparative 
studies of the synaptology and plasticity of these two sys-
tems in normal and pathological conditions. In this chap-
ter, we will review our current knowledge of the functional 
anatomy, synaptology, physiology and pathophysiology of 
the mammalian thalamostriatal systems. We will also dis-
cuss evidence that the thalamus may regulate basal gan-
glia outflow through direct interactions with extrastriatal 
targets. Finally, we will provide an overview of the func-
tional properties of thalamostriatal neurons in response 
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to attention-related stimuli and discuss the outcomes of 
recent neurosurgical attempts at lesioning or stimulat-
ing the CM/Pf in patients with Parkinson’s disease or 
Tourette’s syndrome. Because of space limitation, readers 
are referred to previous reviews for additional information 
and a broader coverage of early literature on the thalamo 
striatal projections (Groenewegen and Berendse, 1994; 
Parent and Hazrati, 1995; Mengual et al., 1999; Haber 
and McFarland, 2001; Van der Werf et al., 2002; Kimura  
et al., 2004; Smith et al., 2004; McHaffie et al., 2005; 
Benabid, 2009; Kerlerian-LeGoff et al., 2009; Haber and 
Calzavara, 2009; Lanciego et al., 2009; Minamimoto et al., 
2009; Sadikot and Rymar, 2009; Smith et al., 2009).

II.  Anatomy of the Thalamostriatal 
Systems

A.  Sources of Thalamostriatal Projections

The CM/Pf is the main source of thalamostriatal projec-
tions, but significant inputs also originate from rostral 
intralaminar, midline and specific relay nuclei in primates 
and nonprimates (Smith and Parent, 1986; Berendse 
and Groenewegen, 1990; Fenelon et al., 1991; Francois  
et al.,1991; Sadikot et al., 1992a,b; Deschenes et al., 1995, 
1996a,b; Mengual et al., 1999; McFarland and Haber, 2000, 
2001, 2002; Elena Erro et al., 2002; Smith et al., 2004, 
2009; Castle et al., 2005; McHaffie et al., 2005; Parent 
and Parent, 2005; Raju et al., 2006; Lacey et al., 2007).  
In primates, the topography of CM/Pf inputs to the striatum 
has been studied in great detail. Based on the anatomical 
relationships between sections of the CM/Pf and specific 
functional territories of the striatum, the primate CM/Pf 
complex can be divided into five major sub-regions: (1) The 
rostral third of Pf innervates mainly the nucleus accumbens; 
(2) the caudal two thirds of Pf project to the caudate 
nucleus; (3) the dorsolateral extension of Pf (Pfdl) targets 
selectively the anterior putamen; (4) the medial two thirds 
of CM (CMm) innervates the post-commissural putamen; 
and (5) the lateral third of CM (CMl) is the source of inputs 
the primary motor cortex (Fig. 22.1). Through these projec-
tions, the CM/Pf gains access to all functional territories of 
the striatum: the rostral Pf is the main source of inputs to the 
limbic striatum, the Pf/Pfdl is preferentially connected with 
associative striatal regions, whereas the CMm is a major 
source of inputs to the sensorimotor striatum (Fig. 22.1) 
(Smith et al., 2004, 2009) (see also Chapter 20). In rodents, 
the lateral part of Pf is considered as the homologue of the 
primate CM, whereas the medial Pf displays strong similari-
ties with the Pf proper (Groenewegen and Berendse, 1994; 
Smith et al., 2004, 2009). Overall, the organization of stri-
atal projections from the different parts of the rat Pf is con-
sistent with the organization of the CM/Pf-striatal system in 
primates (Figs 22.1, 22.2).

As mentioned above, thalamostriatal projections 
also originate from non-intralaminar nuclei, including 
specific, associative and midline nuclei (Fig. 22.1). In 
rodents, midline thalamic nuclei project preferentially to 
the ventral striatum, though significant inputs to dorsal 
striatal regions have also been reported (Groenewegen 
and Berendse, 1994; Smith et al., 2004, 2009). In mon-
keys, several non-intralaminar thalamic nuclei, including 
the mediodorsal nucleus, the pulvinar, the lateral pos-
terior nucleus and the ventral motor nuclear group have 
been recognized as modest sources of thalamostriatal 
projections to the caudate nucleus, putamen and nucleus 
accumbens (Smith and Parent, 1986; Gimenez-Amaya 
et al., 1995; Smith et al., 2004, 2009). Recent data from 
Haber and colleagues (McFarland and Haber, 2000; 
2001) have emphasized the importance of thalamostriatal  
projections from the ventral motor thalamic nuclei in 
monkeys (see also Chapter 24). In brief, striatal inputs 
from the ventral anterior and ventral lateral (VA/VL) 
nuclei terminate in broad rostrocaudal regions of the 
dorsal striatum that correspond to functionally related 
regions of the motor cortex. Interconnected regions of 
the ventral motor thalamic nuclei and motor cortices 
send convergent inputs to the sensorimotor striatum sug-
gesting that interactions exist between corticostriatal and 
thalamostriatal projections that may be of importance in 
motor behaviors (McFarland and Haber, 2000; Smith  
et al., 2004, 2009; Haber and Calzavara, 2009). The pars 
oralis of the VL (VLo), the main recipient of sensorimo-
tor GPi outflow, terminates preferentially in the postcom-
missural putamen, whereas the magnocellular division of 
the VA, the principal target of SNr and associative GPi 
outflow, innervates the caudate nucleus (McFarland and 
Haber, 2000, 2001). Within striatal territories, VA/VL 
projections terminate in a non-homogeneous patchy man-
ner indicating another level of complexity (Groenewegen 
and Berendse, 1994; McFarland and Haber, 2000, 2001; 
Smith et al., 2004, 2009).

Thus, although the CM/Pf complex is the main source 
of thalamostriatal projections, many other non-intralaminar  
thalamic nuclei also contribute to this system. The func-
tional role of thalamostriatal connections remain enigmatic,  
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Figure 22.1   Schematic illustrations showing, on three rostrocaudal levels of the striatum, the pattern of distribution of thalamic inputs from caudal 
intralaminar thalamic nuclei in monkey (left) and from rostral intralaminar, caudal intralaminar and midline thalamic nuclei in rat (right). The color-
coded striatal territories receive inputs from the corresponding color-coded thalamic nuclei (insets). The lateral centromedian (CMl) nucleus in monkey 
projects to the primary motor cortex, but not to the striatum. The antero-posterior stereotaxic coordinates these levels correspond to are indicated at 
the bottom of each section. Abbreviations: A, anterior; AC, anterior commissure; Breg, Bregma; CC, corpus callosum; CD, caudate nucleus; GP/GPe, 
globus pallidus external segment; GPi, globus pallidus internal segment; IC, internal capsule; LV, lateral ventricle; PUT, putamen; PV, paraventricular 
nucleus; STR, striatum; Th, thalamus. (See Smith and Parent, 1986; Sadikot et al., 1992a; Groenewegen and Berendse, 1994; Sidibe and Smith, 1996, 
for more details.)�����������������������������������������������������������������������             (see Color Plate Section to view the color version of this figure)����

Figure 22.2  Summary of results from anterograde tracing studies of thalamic projections to the rat striatum. The histogram illustrates the percentage 
of labeled boutons from each of the thalamic or cortical (M1) regions injected. Apart from Pf, all other thalamic nuclei and M1 give rise to terminals 
that contact almost exclusively dendritic spines in the rat striatum. These findings are summarized in the model of a striatal medium spiny neuron on 
the right. Abbreviations: AV, anteroventral nucleus; CL, centrolateral nucleus; LD, laterodorsal nucleus; MD, mediodorsal nucleus; M1, primary motor 
cortex; PF, parafascicular nucleus; VA/VL, ventral anterior/ventral lateral nucleus. (See Raju et al., 2006, for more details.)
but recent physiological evidence suggests that the CM/Pf 
neurons supply striatal neurons with information related 
to attentional values and likely play a key role in regulat-
ing reward-related information processing of striatal cho-
linergic interneurons (see below). Other thalamostriatal 
projections may be an important substrate for relying thal-
amocortical information to the striatum and provide addi-
tional routes through which ascending information from 
brainstem and cerebellar regions may be transmitted to the 
basal ganglia.
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B. Thalamostriatal versus Thalamocortical 
Systems: Segregated or Collateralized Origins

As discussed in the previous section, the thalamostriatal 
system has two main origins, the CM/Pf and other thalamic 
nuclei. Striatal projections from these different regions dif-
fer significantly in their degree of collateralization to the 
cerebral cortex. The CM/Pf neurons send massive and topo-
graphically organized projections to specific regions of the 
dorsal striatum, while providing minor inputs to the cer-
ebral cortex (Smith and Parent, 1986; Sadikot et al., 1992b; 
Parent and Parent, 2005). In contrast, the rostral intralami-
nar, associative and relay thalamic nuclei send major inputs 
to specific cortical areas, while contributing a modest inner-
vation of functionally related areas of the dorsal and ventral 
striatum (Deschenes et al., 1996a,b; McFarland and Haber, 
2001; Smith et al., 2004, 2009; Haber and Calzavara, 2009). 
In monkeys, CM projections to the primary motor cor-
tex arise mainly from the lateral part of the nucleus (Smith 
and Parent, 1986; Sadikot et al., 1992a; Smith et al., 2004, 
2009), whereas the medial CM project to the sensorimotor 
putamen (Fig. 22.1). The recent use of single cell filling has 
further refined our understanding of the origin of the CM-
striatal system in primates (Parent and Parent, 2005; Smith 
et al., 2009). Three major groups of CM neurons have been 
identified based on their extent of projections to the striatum 
and cerebral cortex in monkeys. More than half of all neu-
rons innervate densely and focally the striatum without any 
significant input to the cerebral cortex, about one third of 
neurons innervate diffusely the cerebral cortex, without any 
significant projection to the striatum, and the remaining neu-
rons project to both targets with a preponderance of innerva-
tion towards the dorsal striatum (Parent and Parent, 2005).

Thus, although many thalamic nuclei give rise to thal-
amostriatal projections, those from the CM/Pf complex 
significantly differ from thalamostriatal projections origi-
nating from other thalamic nuclei in their degree of col-
lateralization to the cerebral cortex. The CM/Pf appears to 
have a much closer relationship with the striatum and other 
basal ganglia nuclei (see below) than with cortical regions, 
while it is the opposite for other thalamic nuclei.

C.  Afferents to Thalamostriatal Neurons: 
Sources of Basal Ganglia-Thalamostriatal 
Loops

The internal globus pallidus (GPi) and the substantia nigra 
pars reticulata (SNr) are the two main sources of synaptic 
inputs to thalamostriatal neurons in CM/Pf (Sidibe et al., 
2002b) (see also Chapter 1). In monkeys, this projec-
tion system mostly originates from axon collaterals of 
the basal ganglia-thalamocortical system that terminate in 
the ventrobasal nuclear group (Parent and Hazrati, 1995; 
Sidibe et al., 2002b; Smith et al., 2004, 2009). In turn, the  
CM/Pf sends highly topographic and specific inputs to dif-
ferent functional territories of the striatum (Groenewegen 
and Berendse, 1994; Sidibe and Smith, 1996; Sidibe et al., 
1997; Smith et al., 2004, 2009), forming segregated basal 
ganglia-thalamostriatal loops that involve functionally 
related areas of the striatum, pallidum (and SNr) and CM/
Pf (Smith et al., 2004, 2009) (Fig. 22.3).

Other subcortical loops that involve projections from the 
superior colliculus to the rostral or caudal intralaminar nuclei, 
as well as the lateral posterior nucleus and pulvinar have also 
been suggested as routes for transmission of subcortical sen-
sorimotor information to the striatum that may act in concert 
with the basal ganglia-thalamocortical system to regulate the 
mechanism of action selection (McHaffie et al., 2005) (see 
also Chapter 23). Various brainstem, cerebellar, and spinal 
cord nuclei, as well as the amygdala, superior colliculus, 
and pretectal nuclei also contribute to the innervation of ros-
tral and caudal intralaminar nuclei (McHaffie et al., 2005). 
Ascending cholinergic and monoaminergic inputs from the 
pedunculopontine nucleus, raphe nuclei, and locus coeruleus 
have also been established. Projections from the pedunculo-
pontine nucleus are mainly directed toward Pf and display 
a high degree of chemical heterogeneity using acetylcho-
line, GABA, and glutamate as co-existing neurotransmitters 
(Sidibe et al., 2002a) (see Chapter 23). The reticular forma-
tion (RF) also provides massive inputs to anterior and poste-
rior intralaminar nuclei. By virtue of these strong associations 
with the RF, the intralaminar nuclei are traditionally seen as 
part of the “reticular activating system” that regulates the 
mechanisms of cortical arousal and attention (Kinomura et al., 
1996; Smith et al., 2004, 2009; Minamimoto et al., 2009).

Through the use of the transynaptic retrograde transport 
of rabies viruses, Strick and colleagues recently showed 
that thalamostriatal projections from VA/VL and rostral 
intralaminar nuclei are paths through which cerebellotha-
lamic information from the dentate nucleus reaches the 
striatum (Hoshi et al., 2005), thereby providing a mecha-
nism for cerebellar outflow to influence striatal processing 
of motor and non-motor information. Disruption of these 
connections may underlie some aspects of basal ganglia 
and cerebellar dysfunctions observed in dystonia (Jinnah 
et al., 2005; Neychev et al., 2008).
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Figure 22.3  Segregated basal ganglia-thalamostriatal loops through the caudal intralaminar (left) and ventral motor (right, shaded) thalamic nuclei 
in monkeys. The black arrows indicate GABAergic projections, white arrows indicate glutamatergic pathways. The skeletomotor (ventrolateral 2/3) GPi 
projects exclusively to the CM, whereas the limbic (rostromedial pole) and associative/cognitive (dorsal third) GPi innervate the rostral and the dorsolat-
eral Pf, (Pfdl), respectively. In turn, CM/Pf neurons project back to the corresponding functional territories of the dorsal and ventral striatum. The sub-
stantia nigra pars reticulata (SNr) innervates Pf neurons that project to the caudate nucleus, which provides an additional “associative” circuit between 
basal ganglia and thalamostriatal neurons. A basal ganglia-ventral motor thalamostriatal loop that involves specific regions of the ventral anterior/ventral 
lateral (VA/VL) nuclear complex, the post-commissural putamen and the ventrolateral 2/3 of GPi has been described in monkeys. (See McFarland and 
Haber, 2000; Sidibe and Smith, 2002b, for more details.)
III.  Synaptic Organization of 
Thalamostriatal Systems

A.  Synaptic Organization of CM/Pf 
Projections to the Striatum

The microcircuitry of the thalamostriatal projection from 
the CM/Pf has been studied in detail in rodents and non-
human primates. Overall, there is a consensus across these 
data that a majority of CM and Pf terminals target prefer-
entially dendritic shafts of medium spiny projection neu-
rons and interneurons in the striatum (Fig. 22.2) (Dube 
et al., 1988; Sadikot et al., 1992b; Sidibe and Smith, 1996; 
Sidibe and Smith, 1999; Smith et al., 2004, 2009; Raju 
et al., 2006). It is worth noting that a subset of Pf neurons 
in rats preferentially target dendritic spines, but the exist-
ence of such neurons remains to be established in other 
species (Lacey et al., 2007).

Although both “direct” and “indirect” striatal output 
neurons (see Chapter 1) receive CM/Pf inputs, tracing stud-
ies have suggested that CM projections innervate preferen-
tially direct striato-GPi neurons in monkeys (Sidibe and 
Smith, 1996; Smith et al., 2004, 2009). However, this does 
not rule out the possibility of CM/Pf regulation of indirect 
pathway neurons. In fact, lesion of Pf in a rat model of 
Parkinson’s disease reduces the Parkinson’s disease-related 
abnormal increase in enkephalin mRNA in indirect pathway 
neurons, but has no significant effect on the decreased 
substance P mRNA level in direct pathway neurons (Bacci 
et al., 2004; Kerkerian-Le Goff et al., 2009). Whether this 
represents a species difference between rodents and mon-
keys, a differential pattern of synaptic organization of CM 
versus Pf inputs onto the two populations of striatofu-
gal neurons or a genuine regulatory influence of Pf upon 
striatal output neurons that cannot be predicted by the mere 
prevalence of direct Pf inputs onto direct or indirect path-
way neurons remains to be established.

In primates, all striatal interneurons (see Chapter 8), 
except those that express calretinin, are directly contacted by 
CM terminals (Sidibe and Smith, 1999; Smith et al., 2004, 
2009). The cholinergic interneurons (see Chapter 7) appear 
to be the most densely innervated by the rat Pf or the monkey 
CM (Meredith and Wouterlood, 1990; Lapper and Bolam, 
1992; Sidibe and Smith, 1999; Smith et al., 2004, 2009). 
However, despite significant monosynaptic innervation from 
the caudal intralaminar nuclei, CM stimulation results pre-
dominantly in reduced activity of tonically active neurons 
(TANs; likely corresponding to cholinergic interneurons) and 
decreased acetylcholine release in the rat and monkey stria-
tum (Zackheim and Abercrombie, 2005; Nanda et al., 2009, 
see below). It is also worth noting that CM plays a critical 
role in regulating the pattern of physiological responses of 
TANs to reward (Minamimoto and Kimura, 2002).
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B.  Synaptic Organization of non-CM/Pf 
Thalamostriatal Projections

In the rat and monkey striatum, vesicular glutamate trans-
porters 1 and 2 (vGluT1 and vGluT2) immunoreactivity is 
almost completely segregated between corticostriatal and 
thalamostriatal terminals, respectively, thereby providing 
unique tools to study the synaptology of the two main gluta-
matergic afferents to the mammalian striatum (Lacey et al., 
2005; Raju et al., 2005, 2006, 2008). Taking advantage 
of these new markers, recent studies have shown that as 
much as 50–70% of vGluT2-positive thalamic terminals in  
the rat and monkey striatum form asymmetric synapses 
with spines, while the remaining contact dendritic shafts 
(Lacey et al., 2005; Raju et al., 2006, 2008), a pattern 
strikingly different from thalamic inputs originating from 
CM/Pf which, for the most, form axo-dendritic synapses 
(Dube et al., 1988; Sadikot et al., 1992a, Raju et al., 2006). 
Anterograde labeling studies of thalamostriatal projections 
from various thalamic nuclei including the centrolateral, 
mediordorsal, VA/VL, lateroposterior, anteroventral and 
laterodorsal nuclei, indeed, demonstrated that more than 
95% of these thalamic afferents target dendritic spines, a 
pattern similar to that found for vGluT1-containing corti-
costriatal afferents (Raju et al., 2006).

There is a significant difference in the ratio of axo-
dendritic vs. axo-spinous asymmetric synapses formed 
by vGluT2-containing thalamostriatal terminals between 
the patch and matrix striatal compartments in rats (see  
Chapter 1); although as much as 90% vGluT2-positive 
boutons target spines in patches, only 50–70% do so in 
the matrix (Fujiyama et al., 2006; Raju et al., 2006). This 
difference can be explained by the fact that vGluT2-posi-
tive terminals from Pf which, for the most part, form axo-
dendritic synapses arborize preferentially in the matrix 
compartment (Herkenham and Pert, 1981; Sadikot et al., 
1992b; Smith et al., 2004, 2009).

In addition to a differential pattern of synaptic interac-
tions with striatal neurons, thalamic inputs from CM/Pf 
and other thalamic nuclei also differ in their relationships 
with dopaminergic afferents, the main modulator of stria-
tal glutamatergic transmission. Thalamic terminals from 
nuclei other than CM/Pf are often closely apposed to 
dopaminergic boutons on the surface of dendritic spines, 
thereby suggesting tight dopaminergic modulation of glu-
tamatergic thalamostriatal transmission at these synapses, a 
pattern reminiscent of the functional relationship between 
dopaminergic and cortical glutamatergic inputs to the 
striatum (Smith and Bolam, 1990; Moss and Bolam, 2008). 
However, the situation may be different for axo-dendritic 
CM/Pf inputs because these terminals do not display any 
particular relationships with dopaminergic afferents on 
dendrites of striatal neurons (Smith et al., 1994).

Thus, the thalamostriatal systems comprise two major 
sets of afferents based on their pattern of synaptic inter-
actions with striatal neurons and relationships with dopa-
minergic afferents: (1) The CM/Pf projections that target 
preferentially the dendrites of striatal projection neurons 
and interneurons without any specific relationships with 
dopaminergic afferents; and (2) The projections from 
other thalamic nuclei that terminate almost exclusively 
onto spines of striatal projection neurons and display close 
relationships with dopaminergic afferents, reminiscent of 
the synaptic interactions described between dopaminergic 
afferents and cortical glutamatergic inputs.

C.  Plasticity of the Synaptic Connectivity 
of the Thalamostriatal and Corticostriatal 
Systems in Parkinsonism

There is a dramatic loss of dendritic spines on striatal 
projection neurons in Parkinson’s disease patients and 
dopamine-depleted animal models of parkinsonism (Ingham 
et al., 1988, 1989, 1998; Meshul et al., 2000; Stephens et al., 
2005; Day et al., 2006; Villalba et al., 2009) (see Chapters 6 
and 35). This loss of spines results in significant morpho-
logical changes consistent with increased synaptic activity 
of remaining glutamatergic axo-spinous synapses formed 
by thalamic and cortical terminals in the striatum of MPTP-
treated parkinsonian monkeys (Villalba et al., 2008, 2009b). 
Quantitative measurements have demonstrated a significant 
increase in the relative abundance of vGluT1 immunore-
activity in the striatum of MPTP-treated monkeys (Raju et 
al., 2008) and humans with Parkinson’s disease (Kashani 
et al., 2007), while no significant change in the prevalence 
of vGluT2-positive terminals was found in MPTP-treated 
monkeys (Raju et al., 2008). These observations are sur-
prising in light of significant spine loss in the striatum 
of MPTP-treated parkinsonian monkeys (Villalba et al., 
2009), 6-OHDA-treated rats (Ingham et al., 1989, 1998) 
and Parkinson’s disease patients (Stephens et al., 2005). 
However, because vGluT1-positive terminals undergo 
major ultrastructural changes characterized by an increased 
volume and increased incidence of perforated synapses in 
parkinsonian condition (Ingham et al., 1998; Meshul et al.,  
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2000; Villalba et al., 2008, 2009b), the higher level of 
vGluT1 immunoreactivity measured in the parkinsonian 
striatum does not necessarily imply an increase in the total 
number of vGluT1-immunoreactive terminals. Unbiased 
stereological measurements of the total number of vGluT1-
immunoreactive terminals are needed to directly address this 
issue. Although no clear change in the relative abundance 
of vGluT2-positive terminals was found in the striatum of 
parkinsonian monkeys, the ratio of axo-spinous to axo-den-
dritic synapses was substantially increased in the post-com-
missural putamen of these animals (Raju et al., 2008). This 
change may result from cell loss in CM and related neuro-
degeneration of the CM-striatal system, a pathological fea-
ture of Parkinson’s disease in humans (see below). Another 
striking change about vGluT2-positive terminals in the par-
kinsonian striatum is the increased incidence of terminals 
forming multiple synapses with different dendritic spines 
(Villalba et al., 2009b), providing a mechanism for a higher 
degree of divergence of thalamostriatal information from 
non-CM/Pf nuclei in parkinsonism.

Although the functional significance of these major 
changes in the microcircuitry of glutamatergic projec-
tions to the striatum in parkinsonian condition have not 
been related to specific functional consequences, they are 
most likely involved in the increased synaptic strength and 
changes in long-term plasticity of the corticostriatal system 
described in animal models of Parkinson’s disease (Chen 
et al., 2001; Calabresi et al., 2007; Liang et al., 2008) (see 
also Chapters 12, 35 and 37).

IV.  Physiology of CM/Pf Neurons 
and Related Thalamostriatal 
Projections

A.  Functional Characteristics of  
CM/Pf Neurons

Although our knowledge of the anatomy of the thalamostri-
atal system has grown significantly in the past decades, much 
less is known about the function of this system. However, 
the recent work of Kimura and colleagues has started shed-
ding light on this issue and provided some important infor-
mation on the physiological properties of CM/Pf neurons 
in monkeys. These authors proposed that CM/Pf neurons 
supply the striatum with information that have attentional 
values, acting as detectors of behaviorally significant 
events occurring on the contralateral side (Minamimoto 
and Kimura, 2002, Kimura et al., 2004; Smith et al., 2004; 
Minamimoto et al., 2005, 2009). These observations are 
consistent with functional imaging data in humans show-
ing increased activity of the CM/Pf complex in response to 
attention-demanding reaction-time tasks (Kinomura et al., 
1996). Two main functional characteristics have been pro-
posed for CM/Pf neurons in monkeys. First, neurons have 
multimodal properties allowing them to respond to a large 
variety of sensory stimuli (auditory, visual, somatosensory) 
presented in or outside the sensorimotor conditioning tasks. 
Second, CM/Pf neurons are temporally tuned, i.e., they can 
generate in a timely fashioned manner discrete responses to 
a wide variety of sensory stimuli (Minamimoto and Kimura, 
2002; Minamimoto et al., 2005, 2009).

Two groups of CM/Pf neurons have been identified 
based of their latency and pattern of responses to sensory 
stimuli; the short-latency facilitatory responses (SLF) neu-
rons are mainly found in Pf, while the long-latency facili-
tatory responses (LLF) neurons are particularly abundant 
in CM (Minamimoto and Kimura, 2002; Kimura et al., 
2004; Minamimoto et al., 2005, 2009). Neither SLF nor 
LLF neurons respond to expected reward. In contrast, 
their magnitude of responses is larger when the stimulus is 
unpredictable or different from expectations (Minamimoto 
et al., 2005). For instance, many CM neurons increase their 
firing in response to small-reward actions when a large-
reward option is anticipated (Minamimoto and Kimura, 
2002). This pattern is different from that of tonically active 
neurons (TANs; putative striatal cholinergic interneurons), 
one of their main targets of CM inputs to the striatum (see 
above), which under the same experimental conditions, 
respond preferentially to rewarding stimuli (Aosaki et al., 
1994; Graybiel et al., 1994; Matsumoto et al., 2001; Cragg, 
2006). Despite this differential response between TANs 
and CM/Pf neurons to rewarding stimuli, CM/Pf inputs 
are required for the expression of the sensory responses of 
TANs acquired through sensorimotor learning (Matsumoto 
et al., 2001; Kimura et al., 2004; Minamimoto et al., 2009). 
Inactivation of the CM/Pf, indeed, decreases the character-
istic pause and subsequent rebound facilitation, but does 
not affect the early short latency facilitation, of TANs 
in response to sensorimotor conditioning in monkeys 
(Matsumoto et al., 2001; Kimura et al., 2004; Minamimoto 
et al., 2009). Taken into consideration the importance of 
the dopaminergic system in modulating striatal activity 
through TANs, one may suggest that the behavioral events 
transmitted along the thalamostriatal projection from  
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Table 22.1  Summary of key differences between the thalamostriatal systems that originate from CM/Pf versus other 
thalamic nuclei

Dual thalamostriatal systems

CM/PF Other thalamic nuclei

l	 Neurons have reticular dendrites
l	 Innervate preferentially the striatum with collaterals to cortex
l	 Focal highly convergent sites of termination in the striatum
l	 Form axo-dendritic synapses (75%)
l	 Do not display any relationships with dopaminergic afferents

l	 Discharge single spikes during cortical slow-wave activity

l	 Sensitive to attention-related multisensory information
l	� Provide the striatum with attention-related information from 

brainstem?
l	� Key components of sub-cortical loops with basal ganglia and 

brainstem (superior colliculus, PPN etc…)
l	 Partly degenerate in Parkinson’s disease

l	 Neurons have bushy-like dendrites
l	 Innervate preferentially the cortex with collaterals to striatum
l	 Diffuse less convergent innervation of the striatum
l	 Form axo-spinous synapses (95%)
l	� Converge with dopaminergic inputs onto common dendritic 

spines
l	� Discharge low-threshold calcium bursts during cortical slow-

wave activity
l	 Respond to specific modalities (sensory, motor, limbic, etc…)
l	� Provide the striatum with context-dependent functionally-

related cortical information
l	� Key components of basal ganglia thalamocorticothalamic 

loops
l	 Do not degenerate in Parkinson’s disease
CM/Pf, in coordination with the motivational value of the 
dopamine inputs, provide a strong basis for proper selec-
tion of actions through the basal ganglia thalamocorti-
cal/striatal circuitry (Matsumoto et al., 2001; Kimura et 
al., 2004). Therefore, based on their strong physiological 
responses to unanticipated small-reward action, CM/Pf 
neurons may complement decision and action bias through 
the thalamostriatal system and basal ganglia- thalamocorti-
cal functional loops (Kimura et al., 2004; Smith et al.,2004, 
2009; Minamimoto et al., 2005, 2009; Cragg, 2006).

B.  Physiological Effects of CM/Pf Activation 
Upon Striatal Neurons

The manner in which attentional and reward-related 
information is relayed to the striatum by the CM/PF, and 
the impact of CM/PF activation on striatal physiology 
remain poorly understood. In early studies, carried out 
in anesthetized cats and rats, electrical stimulation of the 
intralaminar complex was found to induce short-latency 
excitatory responses, often followed by inhibitory post- 
synaptic potentials of longer latency in striatal neurons 
(Kitai et al., 1976; Kocsis et al., 1977; Vandermaelen and 
Kitai, 1980; Wilson et al., 1983, 1990) of which some were 
electrophysiologically characterized as spiny projection 
neurons (MSNs) (Wilson et al., 1983) (see also Chapter 5),  
or aspiny cholinergic interneurons (likely TANs) (Wilson  
et al., 1990) (see Chapter 7). The initial excitatory 
responses were considered as being monosynaptically 
mediated through direct activation of the thalamostriatal 
system, while the later inhibitory components were inter-
preted as polysynaptic responses.

More recently, the physiology of thalamostriatal projec-
tions has been studied in sagittal rat brain slices that pre-
serve part of the cortical and thalamic inputs to the striatum 
(Smeal et al., 2007, 2008; Ding et al., 2008). Recordings 
in this preparation have suggested differences in short- and 
long-term plasticity, and probability of glutamate release 
between cortical and thalamic inputs to MSNs (Smeal  
et al., 2007; Ding et al., 2008). In addition, thalamic, but 
not cortical stimulation, can generate burst-pause pattern 
of activity in cholinergic interneurons, which differentially 
gates corticostriatal signaling through striatopallidal and 
striatonigral pathways (Ding et al., 2008). Synapse-specific 
differences in NMDA receptor content and pharmacology 
between corticostriatal and thalamostriatal synapses have 
also been proposed (Smeal et al., 2008). The main caveat 
of these in vitro studies is the limited knowledge about 
the exact origin(s) of thalamic inputs recruited in these 
stimulations.

We recently undertook a series of in vivo experi-
ments in awake monkeys to study the electrophysiological 
responses of striatal MSNs and TANs to electrical stimula-
tion of CM (Nanda et al., 2009). Various interesting fea-
tures characterize striatal responses to these stimulations. 
Most striatal projection neurons and cholinergic inter-
neurons respond to prolonged trains of electrical stimuli 
in CM, but not to single pulse stimulation of the nucleus 
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(Nanda et al., 2009). Striatal phasically active neurons 
(PANs, which likely correspond to MSNs) often present 
increases in firing, whereas many TANs decrease their fir-
ing in response to CM stimulation (Nanda et al., 2009). 
However, a large proportion of both neuronal subtypes 
show combinations of increases and decreases in firing fol-
lowing CM activation (Nanda et al., 2009). These complex 
response patterns are probably shaped by direct CM inputs 
and by secondary processing of the thalamostriatal inputs 
through intrastriatal GABAergic or cholinergic inputs (see 
above); suggesting the possibility that CM inputs may 
have widespread effects on striatal activity through the 
activation of inhibitory striatal microcircuits. Microdialysis 
studies have shown that chemical or electrical activation 
of the intralaminar nuclei, indeed, reduces striatal acetyl-
choline levels, probably through activation of intrastriatal 
GABAergic circuits (Zackheim and Abercrombie, 2005; 
Nanda et al., 2009).

V.  Extrastriatal Basal Ganglia 
Targets of CM/Pf

The CM/Pf also innervates basal ganglia nuclei other than 
the striatum including the subthalamic nucleus (STN) (see 
Chapter 15), the globus pallidus (GP) (see Chapter 13)  
and the substantia nigra (Sadikot et al., 1992b; Feger et al.,  
1994; Deschenes et al., 1996a,b; Marini et al.,1999; Vercelli 
et al., 2003; Lanciego et al., 2004, 2009; Smith et al., 
2004; Yasukawa et al., 2004). In primates, the thalamo-
subthalamic projection is functionally organized, so that 
sensorimotor neurons in CMm terminate preferentially in 
the “motor-related” dorsolateral part of the STN, whereas 
limbic and associative neurons in Pf project almost exclu-
sively to the medial “limbic-related” region of the STN 
(Sadikot et al., 1992a). A similar topographical organi-
zation was also found for the Pf-STN projection in rats 
(Lanciego et al., 2004). Thalamostriatal and thalamosub-
thalamic projections partly originate from the same Pf 
neurons, though the exact degree of axonal collateraliza-
tion remains controversial (Feger et al., 1994; Deschenes 
et al., 1996a). The thalamosubthalamic input is excitatory 
and tonically drives the activity of STN neurons (Hirsch  
et al., 2000). This excitatory thalamic drive may be critical 
in mediating some of the pathophysiological effects of STN 
neurons in Parkinson’s disease (Hirsch et al., 2000). In rats, 
the thalamopallidal projection arises predominantly from 
axon collaterals of thalamostriatal axons from Pf, though 
rostral intralaminar nuclei also provide significant pallidal 
inputs (Deschenes et al., 1996a,b; Yasukawa et al., 2004). 
This projection is highly topographic and supplies function-
ally segregated information to the associative, sensorimotor 
and limbic parts of the rat and monkey GP (Sadikot et al., 
1992a, Smith et al., 2004; Yasukawa et al., 2004).

Thus, in addition to their massive thalamostriatal pro-
jection, CM/Pf neurons most likely contribute to the regu-
lation of basal ganglia circuits via extrastriatal projections 
to the STN and GP. These non-striatal projections may play 
an important role in the dysregulation of the firing rate of 
STN neurons in parkinsonism.

VI.  Pathophysiology of CM/Pf 
Neurons in Parkinson’s Disease  
and Related Disorders

There is significant degeneration of CM/Pf neurons in 
patients with progressive supranuclear palsy, Huntington’s 
disease, Lewy body diseases and Parkinson’s disease 
(Heinsen et al., 1996; Henderson et al., 2000a,b; Brooks 
and Halliday, 2009). In Parkinson’s disease, parvalbumin-
immunoreactive neurons are most affected in Pf, while 
non-parvalbumin/non-calbindin neurons are specifically 
targeted in CM (Henderson et al., 2000b). Recent imaging 
data reported significant changes in the shape, but not the 
volume, of thalami between parkinsonian patients and con-
trols (McKeown et al., 2008). The loss of Pf neurons in rat 
and mice models of Parkinson’s disease remains controver-
sial (Freyaldenhoven et al., 1997; Henderson et al., 2005; 
Aymerich et al., 2006). In MPTP-treated monkeys, a signif-
icant reduction in the ratio of axo-dendritic vs. axo-spinous 
synapses was found in the putamen, thereby raising the 
possibility of a decreased prevalence of vGluT2-containing 
terminals from CM forming axo-dendritic synapses in the 
striatum of parkinsonian monkeys (Raju et al., 2008).

GABA levels are significantly reduced in postmor-
tem CM/Pf tissue of parkinsonian patients (Gerlach et al., 
1996). There is a significant correlation between CM/Pf 
neuronal activity and rest tremor or voluntary movements 
in parkinsonian patients, consistent with strong ascending 
proprioceptive inputs to CM/Pf from brainstem and spinal 
cord (Apkarian and Hodge, 1989). Pf firing rates are tran-
siently decreased in anesthetized dopamine-depleted rats 
(Ni et al., 2000), while small changes in glucose utilization 
have been reported in the CM/Pf of MPTP-treated mon-
keys (Palombo et al., 1990).
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VII.  Neurosurgical CM/Pf 
Interventions for Movement 
Disorders

Although the physiologic properties of the caudal intralami-
nar nuclei and their projections remain poorly characterized, 
these nuclei have been used as targets for surgical interven-
tions, aimed at treating pain, seizures, impairments of con-
sciousness, or movement disorders. A complete review of 
these surgical approaches is beyond the scope of this chapter.  
We will focus our discussion on the current experience with 
the use of neurosurgical procedures as treatment of move-
ment disorders, because this use is most easily linked to the 
connections between CM/PF and the basal ganglia.

During several decades of neurosurgical practice, two 
major applications for CM/Pf interventions for movement 
disorders have emerged: the treatment of the symptoms of 
Tourette’s syndrome, and the treatment of some aspects of 
Parkinson’s disease. Similar to the use of functional neu-
rosurgery aimed at other brain targets, ablative treatments 
predated the current use of DBS (see also Chapter 39).

A.  Ablative Surgeries of CM/Pf

The documentation of ablative surgical interventions at the 
level of the intralaminar thalamic nuclei is rudimentary. 
In the 1960s, Hassler and Dieckmann carried out studies 
of the effects of bilateral lesions of the intralaminar and 
medial thalamic nuclei, as well as the nucleus ventro-oralis  
internus (Voi) in patients with Tourette’s syndrome 
(Hassler and Dieckmann, 1970). While methodological 
details are lacking, impressive reductions in tic frequency 
were reported. Most of these patients (uni- or bilaterally 
operated) experienced significant improvement in tics. 
Other authors who targeted the same thalamic regions as 
those used in these early studies also reported temporary tic  
improvement and some reduction of compulsive symptoms 
in one patient (de Divitiis et al., 1977).

The effects of CM/Pf lesions in other movement dis-
orders (such as parkinsonism) have not been extensively 
studied. However, a recent study has shown that a unilat-
eral lesion of CM does not have strong antiparkinsonian 
effects in MPTP-treated monkeys (Lanciego et al., 2008).

B.  CM/Pf Deep-Brain Stimulation and 
Tourette’s Syndrome

As with most functional neurosurgical approaches to 
movement disorders, ablative procedure have been largely 
replaced by electrical stimulation approaches which offer the 
promise of reversibility and adjustability (see Chapter 39).  
Early investigations on the use of stimulation of CM/Pf 
against movement disorders were carried out in patients 
that were enrolled in pain treatment studies, but also suf-
fered from movement disorders. Observations in such 
patients were communicated in short reports that described 
cases in whom CM/Pf stimulation eliminated both pain 
and various forms of hyperkinetic movement disorders 
(Andy, 1980; Krauss et al., 2002). Although details of the 
stimulation conditions and the effect duration are not pro-
vided, it seems that in all of these cases there were signifi-
cant reductions in the movement disorder components of 
the patient’s disorder.

Currently, the primary indication of CM/Pf DBS is the 
treatment of symptoms of Tourette’s syndrome, a disor-
der characterized by the occurrence of motor and vocal 
tics, usually starting in the pre-teen and teenage years, and 
often combined with obsessive-compulsive symptoms. 
Our understanding of the pathophysiology of Tourette’s 
syndrome remains rudimentary, although imaging studies 
have suggested that trans-basal ganglia pathways may be 
involved (Albin and Mink, 2006; Mink, 2006). Given the 
clinical features of the disorder, it is likely that motor- and 
non-motor circuits are affected. In most cases, the severity 
of the disorder wanes after reaching its peak in the late teen-
age years, and the symptoms are adequately controlled with 
medications such as dopamine receptor blocking agents or 
catecholamine depleting medications. However, in some 
cases, tics persist into the adult years, and are accompanied 
by self-injurious behaviors and severe obsessive-compulsive 
symptoms which often do not respond to medications alone. 
If other etiologies of tics and psychiatric symptoms are 
excluded (Mink et al., 2006), such patients may be appro-
priate candidates for functional neurosurgery.

Following early investigations of CM/Pf DBS in 
Tourette’s syndrome patients (Visser-Vandewalle et al., 
2003), most of the available studies have used the ste-
reotactic CM/Pf target that had previously been used by 
Hassler and Dieckman (see above). In order to avoid pen-
etration of the ventricle, the DBS lead trajectory generally 
followed an anterior laterodorsal-toposterior-medioventral 
path (i.e., it is tilted laterally from the parasagittal plane, 
and anteriorly from the coronal plane). The most ven-
tral DBS contacts were placed into the lateral and central 
CM. An exception to this approach was the case report by 
Houeto et al. (2005), in which the CM/Pf lead was targeted 
mainly at the Pf nucleus instead.
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The total number of patients treated with CM/Pf DBS 
remains very small. Case reports and small case series of 
these interventions (Visser-Vandewalle et al, 2003, 2004, 
2006; Temel and Visser-Vanderwalle, 2004; Houeto et al., 
2005; Ackermans et al., 2006, 2008; Bajwa et al., 2007; 
Maciunas et al., 2007; Riley et al., 2007; Servello et al., 
2008; Shields et al., 2008) have, however, documented 
impressive reductions in tic frequency and severity, per-
haps with greater effectiveness against motor than vocal 
tics (Houeto et al., 2005). In one study, unilateral and bilat-
eral stimulations were contrasted (in patients that were 
bilaterally implanted). In these cases, bilateral stimulation 
appears to be more effective than unilateral DBS (Maciunas 
et al., 2007). In an attempt to counter the obvious concern 
that some of the reported effects are due to placebo effects, 
several of these studies have included trials of “sham stimu 
lation” (Houeto et al., 2005; Servello et al., 2008), demon-
strating greater symptom severity in the sham stimulated 
than in the effectively stimulated patients. The time course 
of tic improvement seen after CM/Pf interventions differs 
greatly between patients. While some patients experience 
immediate anti-tic effects (Visser-Vandewalle et al., 2003; 
Maciunas et al., 2007), others described a more protracted 
time course (Maciunas et al., 2007; Servello et al., 2008). 
Immediate effects may, in part, be due to micro-lesion 
effects, although such differences in time course may also 
hint at differences in patients or electrode location.

In addition to the motor symptoms of the disorder, CM/Pf  
DBS also effectively treats some of the psychiatric com-
ponents of Tourette’s syndrome. Thus, measures of obses-
sive-compulsive behaviors and anxiety are significantly 
reduced in most of the implanted patients (Houeto et al., 
2005; Mink et al., 2006; Visser-Vanderwalle et al., 2006).

Bilateral lead placement at the CM/Pf target is a rela-
tively safe procedure. Most reports do not state surgical 
complications, and only one study mentions the develop-
ment of a small hematoma at the DBS electrode tip, result-
ing in transient vertical gaze palsy (Ackermans et al., 
2007). However, several studies have reported side effects 
of electrical stimulation at this site, with frequent reports 
of subjective sensations of stimulation-induced dizziness, 
vertigo or lack of energy (Visser-Vanderwalle et al., 2006; 
Servello et al., 2008), and other reports of oculomotor 
abnormalities (Taylor et al., 2000; Servello et al., 2008), 
weight loss (Houeto et al., 2005), changes in sexual func-
tions (Temel et al., 2004), and mild dysarthria. In addi-
tion, the fact that many Tourette’s syndrome patients have 
obsessive-compulsive symptoms may result in significant 
postoperative complications. There are, indeed, several 
reports of lead failure and wound healing problems as 
patients repeatedly manipulate the surgical site or pick at 
subcutaneous device locations (Visser-Vandewalle et al., 
2003; Servello et al., 2008). Several investigators reported 
that close supervision and repeated programming adjust-
ments are essential in ensuring beneficial outcomes in 
these patients (Maciunas et al., 2007; Servello et al., 2008).

C.  CM/Pf Deep-Brain Stimulation and 
Parkinson’s Disease

CM/Pf DBS has also been used in a small number of 
patients with Parkinson’s disease. Thus, in a compara-
tive study of the experience of two French groups, it was 
noted that placement of thalamic DBS leads (aimed at 
the ventral intermediate nucleus (Vim)) in patients with 
severe parkinsonian tremor seemed to have additional anti- 
dyskinetic effects if the trajectory of the DBS electrode 
(and presumably the stimulation) involved the caudal 
intralaminar complex (Caparros-Lefebvre et al., 1999). In 
subsequent studies, Mazzone et al. combined DBS of the 
GPi with DBS of CM/PF and found that stimulation at the 
CM/PF site may be a useful treatment for freezing of gait 
(Stefani et al., 2006). This finding is significant, as freez-
ing of gait is a very significant clinical problem in patients 
with advanced Parkinson’s disease that is not satisfacto-
rily treated with either medications or conventional DBS 
approaches, directed at subthalamic and pallidal targets. 
More recent studies of the utility of CM/PF DBS in parkin-
sonism have suggested that this approach may also be use-
ful against parkinsonian tremor (Peppe et al., 2008; Stefani 
et al., 2009), perhaps similar to the single earlier tremor 
case reported by Krauss et al. (2002).

Both in patients with Parkinson’s disease and in those 
with Tourette’s syndrome, the optimal surgical target(s) 
and electrode configuration remain unclear. It is likely that 
the optimal DBS target is not the same in these disorders. 
For instance, Tourette’s syndrome patients, suffering from 
motor and psychiatric symptoms, may benefit from DBS 
lead placement that permits stimulation of CM and Pf, so 
that motor (CM) and non-motor (Pf) regions of the nucleus 
can be reached. In contrast, patients with parkinsonism 
may benefit more from localized stimulation of CM, which 
would predominately affect the putamen (i.e., the striatal 
motor territory), and may limit non-motor side effects of 
the procedure. Summarizing the experience with functional 
neurosurgery at the CM/Pf target, there is relatively good 
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empiric evidence that such interventions help patients with 
Tourette’s syndrome, and perhaps also some individuals 
with specific parkinsonian symptoms (such as freezing of 
gait or severe tremor). The mechanism of action, and spe-
cifics of the optimal surgical approach and DBS stimula-
tion characteristics are not clear. Furthermore, inclusion 
and exclusion criteria for trials of these interventions are 
only beginning to emerge for Tourette’s syndrome patients, 
while no formal criteria have yet been developed for trials 
in patients with Parkinson’s disease.

VIII.  Conclusions

Although the exact functions of the thalamostriatal systems 
remain poorly understood, the recent knowledge gained 
about the anatomical and physiological organization of the 
relationships between the caudal intralaminar nuclei and 
the striatum has generated significant interest both in basic 
and clinical basal ganglia research. The high degree of 
functional specificity of basal ganglia-thalamostriatal loops 
that flow through the CM/Pf highlight the fact that these 
nuclei are an integrative part of the basal ganglia circuitry. 
The significant degeneration of CM/Pf neurons in parkin-
sonian subjects combined with recent evidence that CM/Pf 
deep brain stimulation has beneficial symptomatic effects 
in patients with Parkinson’s disease or Tourette’s syndrome 
further demonstrate the importance of the caudal intrala-
minar nuclear complex in the pathophysiology of basal 
ganglia disorders. The evidence that the thalamostriatal 
system does not originate solely from the CM/Pf, but also 
involves relay, associative and midline thalamic nuclei pro-
vides evidence for dual thalamostriatal systems which dis-
play significant differences in their anatomical and, most 
likely, physiological organization. A deeper understanding 
of the functional properties of thalamostriatal versus cor-
ticostriatal neurons in normal and pathological conditions 
is needed to elucidate the complementary roles these two 
glutamatergic systems play in the functional organization 
of the basal ganglia in normal and pathological conditions.

Abbreviations

AC  Anterior commissure
AV  Anteroventral nucleus
CC  Corpus callosum
CD  Caudate nucleus
CL  Centrolateral nucleus
CM/Pf	 Centre median/parafascicular nuclei
CMl	 Lateral part of the centre median nucleus
CMm	 Medial part of the centre median nucleus
GABA	 Gamma-aminobutyric acid
GP	 Globus pallidus
GPe	 Globus pallidus, external segment
GPi	 Globus pallidus, internal segment
IC	 Internal capsule
LD	 Laterodorsal nucleus
LV	 Lateral ventricle
MD	 Mediodorsal nucleus
M1	 Primary motor cortex
NMDA	 N-methyl-D-aspartate receptor
Pfdl	 Dorsolateral parafascicular nucleus
PUT	 Putamen
PV	 Paraventricular nucleus of the thalamus
RF	 Reticular formation
SNr	 Substantia nigra, pars reticulata
STN	 Subthalamic nucleus
TANs	 Tonically active neurons
Th	 Thalamus
VA/VL	 Ventral anterior/ventral lateral nuclei
VLo	 Ventral lateral nucleus, pars oralis
vGluT1	 Vesicular glutamate transporter 1
vGluT2	 Vesicular glutamate transporter 2
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I.  Introduction

The connections between cortex, basal ganglia and thala-
mus in the form of cortico-basal ganglia-thalamo-cortical 
loops are believed to function for the selection of appropri-
ate movements, actions and goals (Mink, 1996; Redgrave 
et al., 1999; Haber, 2003; Everitt and Robbins, 2005). 
However, de-corticated rats seem able to make appropri-
ate selections of simple movements, actions and goals. 
Decorticate rats can move around their environment, effec-
tively orient to sounds, perform coordinated sequences of 
actions in order to feed or groom, and can discriminate 
food types (see Humphries et al., 2007). Indeed, the pre-
cortical development of the basal ganglia means that fully 
397

functional connections will have been established between 
the basal ganglia and brainstem structures (see Chapter 2).  
The abilities of de-corticated rats suggest that the evolu-
tionary development of the cerebral cortex has added to 
the pre-existing machinery rather than remove or render 
it wholly ineffective. In order to understand fully how the 
brain selects appropriate movements, actions and goals we 
must not simply concentrate on cortical processes and con-
nections, but incorporate into our discussions the influence 
of subcortical inputs to the basal ganglia and the outputs of 
basal ganglia to the brainstem. In this chapter, we review 
the functional connections of the basal ganglia with two 
subcortical sites that have been relatively well studied – the 
pedunculopontine tegmental nucleus (PPN) and the superior  
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colliculus (SC) – and attempt to develop a framework of 
basal ganglia function that includes subcortical connec-
tions with the midbrain and brainstem.

First, we will provide a brief overview of the anatomical 
connections of cortico-basal ganglia-thalamo-cortical loops 
(see also Chapter 1), drawing parallels with subcortical-
thalamus-basal ganglia-subcortical looped circuits. Using the 
PPN and SC as two subcortical examples, we will consider 
their anatomical connections with basal ganglia and current 
hypotheses concerning their functions. We will then describe 
one influential hypothesis on basal ganglia functioning – that 
it acts as a general-purpose action selector – and discuss 
ways in which the PPN and SC functionally interact with it. 
We will conclude that the PPN and SC are critical parts of 
the interface between brainstem and basal ganglia process-
ing and are therefore key sites contributing to the selection of 
appropriate movements, actions and goals.

II.  Cortical and subcortical loops 
through the basal ganglia

Multiple cortico-basal ganglia-thalamus-cortico parallel cir
cuit loops have been implicated in processing emotional, 
cognitive and motor information (Parent and Hazrati, 1995; 
Joel and Weiner, 2000; Haber, 2003; Voorn et al., 2004). 
These three functions are associated with three main loop 
regions that project to the striatum, the major input station 
to the basal ganglia. These are: (i) motor loops, implicated 
in selecting particular movements, have projections from 
caudal premotor, pre-supplementary motor and cingulate 
motor cortical neurons to dorsolateral striatum; (ii) cogni-
tive loops, which may be responsible for selecting the ideas 
associated with planning appropriate actions, have projec-
tions from dorsolateral prefrontal cortex to central, dorsal 
striatum; and (iii) limbic loops, which are thought to par-
ticipate in selecting appropriate motivational goals, include 
projections from medial and orbital prefrontal cortex to 
ventromedial striatum.

This tripartite division of “loop regions” based on 
function is thought to be maintained throughout the inter-
nal circuitry of the basal ganglia (Haber, 2003). However, 
information can cross from one functional loop to another, 
both within the intrinsic structures of the basal ganglia and 
between functionally connected regions external to the basal 
ganglia. For example, there are feed-forward projections 
between cortical and thalamic neurons and between stria-
tal and midbrain dopamine (DA) neurons (Joel and Weiner, 
2000; Haber, 2003; Ikemoto, 2007). Additionally, many 
components of the looped architecture are reciprocally con-
nected [e.g., subthalamic nucleus (STN)-globus pallidus 
(GP)-STN and cortico-thalamo-cortical projections] mean-
ing that information does not simply flow one-way around 
the loops (see also Chapter 24).

This concept of multiple, parallel, largely-closed loops 
running through the basal ganglia carrying different sets 
of functional information has been extended to apply to  
subcortical afferents of the basal ganglia, such as the 
PPN, SC, inferior colliculus, periaqueductal grey, cunei-
form nucleus, and parabrachial nucleus (McHaffie et al., 
2005; Hikosaka, 2007). One way that these nuclei can 
connect into the basal ganglia is via the thalamus. It has 
been proposed that these subcortical structures form part  
of a similar looped architecture as cortico-basal ganglia-
thalamus-cortico loops, conceivably even providing a tem-
plate for the subcortical-thalamus-basal ganglia-subcortical 
loop structure (McHaffie et al., 2005; Redgrave and Coizet, 
2007). The obvious difference between cortical and sub-
cortical loops is that in the former case the thalamic relay 
is on the output side of the loop, whereas in the latter it is 
on the input side (see Fig. 23.1). While the full extent to 
which subcortical loops represent functionally segregated 
parallel closed-loops remains to be determined, we never-
theless wish to draw attention to two relatively well stud-
ied subcortical structures (PPN and SC) that are heavily 
connected both with the basal ganglia and with the down-
stream brainstem sites which generate motor output.

III.  Functions of 
pedunculopontine tegmental 
nucleus and its connections with 
basal ganglia

A.  Anatomical Connections

The PPN, situated in the mesopontine tegmentum, is a phy-
logenetically ancient structure with precortically established 

Figure 23.1  A simplified schematic showing the difference between 
cortical and subcortical loops: in the former case the thalamic relay is on 
the output side of the loop, whereas in the latter it is on the input side.
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functional connections with brainstem and basal ganglia. 
It is comprised of cholinergic neurons of the Ch5 group 
(Mesulam et al., 1983) and a mixture of unknown cell types, 
commonly referred to as non-cholinergic neurons. Many of 
these non-cholinergic neurons contain gamma-aminobutyric 
acid (GABA) or glutamate (Charara et al., 1996; Parent et al.,  
1999; Mena-Segovia et al., 2009; Wang and Morales, 2009) 
but, as with the cholinergic neurons, it is likely that they 
have the capacity to synthesize other neurotransmitters as 
well – PPN neurons are known to express a variety of amino 
acid and neuropeptide transmitters. The PPN is densely 
interconnected with a variety of brain areas located at dif-
ferent levels of the neuraxis. Its main inputs originate from 
the motor cortex and from component nuclei of the basal 
ganglia, notably the internal segment of the globus pal-
lidus (GPi), STN and substantia nigra pars reticulata (SNr). 
There is some evidence for direct projections to the PPN 
from the dorsal striatum (the ventrolateral caudate-putamen 
especially); the ventral striatum appears to have little con-
nection, although the extended amygdala (with which it is 
closely associated) does (Zahm et al., 2001). In addition to 
these cortical and basal ganglia connections there are inputs 
from the locus coeruleus, raphe nuclei, laterodorsal tegmen-
tal nucleus and mamillary bodies. It sends outputs to all 
thalamic nuclei, basal forebrain, lateral hypothalamus, mid-
brain DA neurons, SC, all main basal ganglia nuclei, pons, 
medulla and spinal cord (see Winn, 1998).

The PPN has several main routes through which it is 
connected with the basal ganglia. These are: (i) projections 
to striatum via different thalamic nuclei; (ii) projections to  
striatum via midbrain DA neurons in both the ventral teg-
mental area (VTA) and substantia nigra pars compacta 
(SNc); (iii) direct projections to basal ganglia nuclei 
such as the STN; and (iv) afferents from the main basal  
ganglia output nuclei, the GPi and SNr. Moreover, the 
PPN is reciprocally connected to every main basal ganglia 
nucleus (see Fig. 23.2).

Studies examining immediate early gene expression in 
the thalamus following PPN stimulation have shown acti-
vation of centrolateral, ventrolateral and the thalamic retic-
ular nucleus (Ainge et al., 2004). The two principal nuclei, 
ventrolateral and centrolateral are functionally related to 
movement and project to the striatum and cortex whereas 
the thalamic reticular nucleus has more general functions in 
controlling thalamic state. Importantly, tract tracing studies 
have revealed that all PPN neurons appear to project to at 
least one thalamic nucleus (Oakman et al., 1999) and that 
overlap exists between thalamic areas receiving projections 
from the PPN with those thalamic areas that project to the 
striatum (Erro et al., 1999). Moreover, it has recently been 
reported that in the rat there are direct contacts between 
terminals of PPN neurons and cells in lateral posterior 
thalamus that project to the striatum (Kobayashi et al., 
2007). Thus, PPN-thalamus connections seem to fit the 
template of subcortical-thalamus-basal ganglia-subcortical  
loop structure proposed by McHaffie and his colleagues 
(McHaffie et al., 2005). Different sets of neurons in the 
PPN have the potential to influence different corticostria-
tal loops throughout all regions of the striatum. Although 
no differential distribution of projections to thalamic 
nuclei across anterior-posterior sites in the PPN have been 
described, anterior portions project more densely to the 
thalamus than posterior portions (Erro et al., 1999).

There are also indirect projections from PPN cholin-
ergic neurons to striatum via its afferents to midbrain DA 
neurons. In rodents, a functional gradient has been found 
whereby cholinergic neurons in anterior PPN project to DA 
neurons in the SNc (which tend to project to more dorsal 
Figure 23.2  Schematic diagram of the reciprocal relationships between the PPN and basal ganglia nuclei, and descending connections to brainstem 
sites of motor control. Note the striking similarities with the connections of the superior colliculus. Abbreviations: GPe, globus pallidus external segment; 
GPi, globus pallidus internal segment; PPN, pedunculopontine tegmental nucleus; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus.
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sites in the striatum) whereas cholinergic neurons in poste-
rior PPN project predominantly to DA neurons in the VTA 
(which target the ventral striatum) (Oakman et al., 1995; 
Mena-Segovia et al., 2008). It is important to note that it 
is collaterals of thalamus-projecting PPN neurons that are 
the main sources of innervation of midbrain DA neurons 
(Oakman et al., 1999). Potentially, therefore, one action 
potential from a single neuron in PPN could provide two 
different signals to striatum, via thalamus and VTA/SNc, 
the functional implications of which will be discussed in 
Section 6. The PPN has ascending projections to the STN 
and it receives output from the GPi and SNr. In summary, 
the PPN is connected with the basal ganglia through a vari-
ety of both direct and indirect connections with the thala-
mus and midbrain DA neurons.

The PPN also projects extensively into the medial retic-
ular formation (mRF) of the brainstem (Humphries et al., 
2007). Neurons in the mRF are organized into clusters that 
are not reflective of a sensory or motor topography. Instead, 
neuronal activity within a cluster is correlated with the 
recruitment of disparate types of muscles and movements 
that are idiosyncratic for a particular action. Therefore it 
has been hypothesized that, because co-activation of differ-
ent clusters can trigger a coordinated behavioral response, 
the mRF is a potential action selection system (Humphries 
et al., 2007).

Aside from differential outputs by anterior and pos-
terior PPN to midbrain DA neurons, the inputs to ante-
rior and posterior PPN also seem to be different and it is 
becoming clear that the PPN has an internal anatomical 
dissociation. Posterior PPN, which contains the majority 
of the cholinergic neurons, receives fast-relayed sensory 
information. Transmission of visual, auditory and somato-
sensory information all appear to impact these neurons, 
evoking neuronal firing with very short latencies of around 
8 msec in the case of imperative auditory signals (Dormont 
et al., 1998; Pan and Hyland, 2005). Indeed, this short 
transmission speed suggests that the PPN could be in direct 
contact from neurons positioned at early stages of auditory 
processing. In contrast, the anterior PPN appears to be tar-
geted by outflow from both basal ganglia and structures of 
the extended amygdala (Parent and Hazrati, 1995; Zahm  
et al., 2001) (though whether these target the same neurons, 
or the same parts of single neurons is not clear). Therefore, 
it seems possible that the anterior and posterior PPN are 
differentially incorporated into the corticostriatal archi-
tecture: the posterior PPN appears to be in receipt of fast 
sensory polymodal data that is then directed at VTA DA 
neurons. In contrast, the anterior PPN receives descending 
input from the basal ganglia and extended amygdala and 
has output to the DA neurons of the SNc.

B.  Functions

The functions of the PPN are still not fully established, 
perhaps because they are so generalized. Traditionally 
the PPN has been regarded as being important in behav-
ioral state control and locomotion. The large choliner-
gic neurons in the PPN – the Ch5 group (Mesulam et al., 
1983) – do indeed change their activity in characteristic 
ways across the sleep–wake cycle, while the idea that the 
PPN was involved with locomotion came primarily from 
the belief that it was part of the mesencephalic locomotor 
region. However, contemporary studies suggest that the 
PPN is an important member of the basal ganglia family 
of structures (Mena-Segovia et al., 2004), and that it has 
functions that go beyond the rather automatic processes 
with which it has traditionally been associated – even to 
the extent that it appears to have functions related to learn-
ing, memory and attention that could be regarded as cog-
nitive (Winn, 1998; Keating and Winn, 2002; Alderson  
et al., 2004; Taylor et al., 2004; Winn, 2008). As the tripar-
tite functional territories of the basal ganglia have become 
more clearly delineated (motivational, cognitive and senso-
rimotor), it is perhaps only to be expected that manipula-
tions of the PPN have been shown modulate motivational, 
cognitive and sensorimotor operations principally through 
its effects on learning.

Following excitotoxic lesions of the PPN basic behav-
ioral patterns such as feeding, drinking, locomotion and 
grooming remain normal yet deficits are found in tasks 
that involve associative learning for reinforcement. For 
example, rats with bilateral excitotoxic lesions of the 
whole PPN could not complete radial maze tasks that 
are also challenged by interference within corticostriatal 
systems (Keating and Winn, 2002; Taylor et al., 2004). 
Additionally, rats with PPN lesions made fewer lever press 
responses for food reinforcement than control rats when 
lesions were made prior to any training (learning required 
post-lesion) but were able to make these responses at nor-
mal rates for amphetamine reinforcement when prior to 
their lesion they had already learnt the same response con-
tingencies for food reinforcement (less learning required 
post-lesion) (Alderson et al., 2004).

There is evidence that anterior and posterior PPN are 
functionally different. Behavioral impairments caused by 
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damage to either anterior or posterior PPN might be best 
explained by their differential projections to lateral (SNC) 
or medial (VTA) midbrain DA neurons, respectively. Thus, 
lesions of the posterior PPN produced no change in baseline 
levels of locomotion yet altered rats’ locomotor response 
to nicotine and rates of nicotine self-administration  
(Alderson et al., 2006, 2008). In contrast, lesions of the 
anterior PPN had no effect on rats’ response to nicotine but 
significantly reduced baseline levels of locomotor activity 
(Alderson et al., 2006, 2008). These effects are consistent 
with the idea that the anterior PPN interacts more closely 
with SNC DA neurons, which project to central and dor-
sal striatum, and are functionally related to motor events; 
and that the posterior PPN interacts with VTA DA neurons, 
which project throughout striatum, and have functions 
related to novelty, reward and reinforcement. For exam-
ple, the reinforcing properties of nicotine, clearly affected 
by posterior PPN lesions, are strongly linked to VTA DA 
neurons (Corrigall et al., 1994). Intriguingly, interest in the 
motor functions associated with the PPN has been revived 
by studies of Parkinsonian patients: low frequency stimula-
tion – most likely in the anterior parts of the PPN, avoid-
ing the densely packed cholinergic neurons of the posterior 
PPN (pars compactus) – has benefit in the treatment of 
posture and gait disturbances in Parkinson’s disease (Plaha 
and Gill, 2005; Stefani et al., 2007).

IV.  Functions of superior 
colliculus and its connections 
with basal ganglia

A.  Background

Like the PPN, the SC is a phylogenetically ancient subcor-
tical structure with precortically established functional con-
nections with brainstem and basal ganglia. Situated in the 
roof of the midbrain, the SC is responsible for the sensori-
motor transformations required to direct eye and head move-
ments towards or away from unexpected, biologically salient 
events (Stein et al., 1993). Its superficial layers receive only 
visual input from the retina (and visual cortex in mammals), 
whereas the deep layers are in receipt of multisensory (vis-
ual, auditory and somatosensory [tactile and nociceptive]) 
and non-sensory modulatory inputs from widespread cortical 
and subcortical regions. This connectivity has some analo-
gies with PPN, in that it also receives very fast sensory infor-
mation (primarily to posterior PPN) as well as polymodal 
sensory input (Dormont et al., 1998; Pan and Hyland, 2005).
Descending outputs from the SC deep layers target 
regions in the pons and medulla [including the reticular 
formation and associated pre-cerebellar structures such as 
the nucleus reticularis tegmentis pontis and the inferior 
olive (Redgrave et al., 1987b; Chen and May, 2000; Smit 
et al., 2005)]. It is particularly important that deep layer 
outputs make direct contact with pre-motor nuclei respon-
sible for directing the animal toward or away from salient 
sensory cues (Dean et al., 1989; Stein et al., 1993). This 
parallels the PPN projections to the mRF as these regions 
also directly correlate with movement activation (Redgrave 
et al., 1987b; Dean et al., 1989; Chen and May, 2000; Smit 
et al., 2005). As well as this commonality in their descend-
ing outputs, it is noteworthy that there are also connections 
from the SC to the PPN (Redgrave et al., 1987a) and from 
PPN to SC (Beninato and Spencer, 1986).

B.  Connections with the Basal Ganglia

As well as these local and descending interactions, the 
SC is connected with the basal ganglia in a strikingly  
similar way to the PPN (see Fig. 23.3). Input to basal gan-
glia from SC is provided via: (i) projections into several 
thalamic regions that contain neurons that project to stria-
tum (McHaffie et al., [2005]; although it is possible that 
these terminate on thalamocortical neurons), (ii) connec-
tions to midbrain DA neurons that in turn project to stria-
tum (Comoli et al., 2003), and (iii) by direct connections 
to STN (Redgrave and Coizet, 2007; Coizet et al., 2009). 
The SC also receives direct inhibitory projections from the 
basal ganglia output nuclei, SNr and the GPi (Deniau and 
Chevalier, 1992; Redgrave et al., 1992; Takada et al., 1994; 
Jiang et al., 2003).

Analogous to cortico-basal ganglia-thalamus-cortico 
looped architecture, it has been proposed that there are 
multiple, largely closed but overlapping, SC-thalamus-
basal ganglia-SC loops (McHaffie et al., 2005; Redgrave 
and Coizet, 2007). These loops have been subdivided based 
on differing SC projections to thalamic nuclei (comparable 
to the subdivision of cortico-thalamus-basal ganglia-cortico  
loops based upon differing corticostriatal projections, 
described in Section II). The three main loop subdivi-
sions are: (i) from superficial layers of SC through visual 
thalamic nuclei (lateral posterior nucleus and pulvinar) to 
dorsolateral striatum; (ii) from deep layers of SC through 
caudal intralaminar thalamic nuclei (centromedian and 
parafascicular nuclei) to all regions of the striatum; and 
(iii) from deep layers of SC through rostral intralaminar 
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Figure 23.3  Schematic showing the relationships between the superior colliculus and basal ganglia nuclei, and descending connections to brainstem 
sites of motor control. Note the striking similarities with the connections of the pedunculopontine tegmental nucleus. Abbreviations: GPe, globus pal-
lidus external segment; GPi, globus pallidus internal segment; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus.
thalamic nuclei (central lateral, paracentral and central 
medial nuclei) to all regions of the striatum. Thus, like the 
PPN, the SC has access to different corticostriatal loops 
throughout all of the striatum. Since the SC is one of the 
principal targets of both major output nuclei of the basal 
ganglia – the SNr and the GPi (Deniau and Chevalier, 
1992; Redgrave et al., 1992; Takada et al., 1994; Jiang 
et al., 2003) – it is presumed that information can flow 
around the loop from SC-thalamus-striatum-SNr/GPi-SC.

In addition to these loops, just like the PPN, the SC 
makes direct projections into the basal ganglia via pro-
jections to the STN (Redgrave and Coizet, 2007; Coizet 
et al., 2009). The SC can also gain access to the striatum 
via projections from deep layers to midbrain DA neurons 
(Comoli et al., 2003). It is likely that the SC is the main, 
if not exclusive, source of short-latency visual input to DA 
neurons in the SNc and VTA (Dommett et al., 2005). The 
functions of these projections and how they compare with 
the PPN are discussed further in Section VI.

Overall, both SC and PPN are connected into the basal 
ganglia similarly with direct connections and indirect pro-
jections through thalamus and midbrain DA neurons. In 
regard to basal ganglia-SC connections, one main way that 
information related to salient, visual stimuli and oculo-
motion can reach the basal ganglia is through SC and the 
principal route through which the basal ganglia can access 
brainstem motor mechanisms of oculomotor control is 
through the SC (Haber et al., 2000; McHaffie et al., 2005; 
Hikosaka, 2007). In regard to basal ganglia-PPN connec-
tions, these have perhaps more generalized functions. The 
PPN has influence on the learning and selection of move-
ments, actions and goals within basal ganglia, whilst the 
basal ganglia has access to brainstem motor centers such 
as the “action clusters” in the mRF.
V.  Function of basal ganglia in 
relation to cortico-basal ganglia-
thalamo-cortical loops and their 
dopaminergic afferents

Having considered the functional roles of SC and PPN and 
their connectivity to basal ganglia, we need to address how 
they might interact functionally with the basal ganglia. To 
do so, we must briefly review current thinking on the func-
tion of the basal ganglia. This thinking has often been made 
in relation to its cortically driven loops and/or its afferents 
from midbrain DA neurons. Many psychological func-
tions are thought to be mediated by these loops, often in 
interaction with their dopaminergic inputs. These include 
response selection (Lyon and Robbins, 1975), behavioral 
switching (Redgrave et al., 1999), behavioral activation 
(Salamone et al., 2003), incentive salience (Berridge and 
Robinson, 1998), hedonic attribution (Berridge, 2003), 
reward learning (Schultz, 1998) and the learning of novel 
actions (Redgrave and Gurney, 2006). Most researchers 
agree that cortico-basal ganglia-thalamus-cortico loops 
and their dopaminergic afferents provide animals with 
the ability to respond appropriately in instrumental tasks, 
although the participation of different loops to differ-
ent components of this process is under debate (Berridge 
and Robinson, 1998; Schultz, 1998; Prescott et al., 1999; 
Everitt and Robbins, 2005; Redgrave and Gurney, 2006; 
Yin and Knowlton, 2006; Atallah et al., 2007; Wickens  
et al., 2007).

It has been hypothesized that within these loops the basal 
ganglia provides the essential function of a general-purpose 
selection mechanism, the solution to “the selection problem” 
(Redgrave et al., 1999). The selection problem is a funda-
mental computational issue for the brain that arises when 



403Chapter | 23  Subcortical Connections of the Basal Ganglia
multiple distributed parallel-processing sensory, cognitive 
and affective systems, each with the potential to influence 
movement, have to share a limited set of motor resources 
– the final common motor path (Redgrave et al., 1999). It 
is not possible to execute two exclusive acts (e.g. approach/
run away) using the same set of muscles (those in the legs) 
at the same time. Similarly, sensory systems can present 
simultaneously more than one stimulus that can motivate or 
guide different movements that have to be exclusive. There 
are several main arguments in favor of the basal ganglia pro-
viding the solution to this.

A.  Internal Circuitry of Basal Ganglia Could 
Aid Selection

Firstly, the internal circuitry of the basal ganglia lends 
itself to functioning as a selector of appropriate move-
ments, actions and goals and an inhibitor (de-selector) of 
the inappropriate ones. Cortical neurons provide glutama-
tergic (excitatory) inputs to the two main input regions of 
the basal ganglia (the striatum and the STN). In the direct 
pathway the output neurons of the striatum, which are 
inhibitory GABA-containing neurons, project directly to 
the output stations of the basal ganglia, the GPi and SNr, 
both of which contain mostly GABAergic (inhibitory) neu-
rons. These neurons project to thalamocortical neurons that 
are excitatory in nature. In the indirect pathway, striatal 
output neurons make indirect projections to the main out-
put stations of the basal ganglia, the GPi and SNr, via the 
external segment of the globus pallidus (GPe; GABAergic, 
inhibitory neurons) and STN (glutamatergic, excitatory 
neurons). Finally, in the hyperdirect pathway cortical neu-
rons can bypass the inhibitory links through striatum and 
project to the basal ganglia output stations via the STN 
(Mink, 1996; Nambu, 2004). The classic view is that at the 
final stage of processing in these looped pathways, excita-
tion of thalamocortical neurons determines the selection of 
appropriate movements, actions or goals, while inhibition 
of thalamocortical neurons leads to de-selection of inappro-
priate ones (Mink, 1996; Nambu, 2004). Thus, activation of 
striatal neurons in the direct pathway causes disinhibition, 
via double inhibitory links, of thalamocortical neurons (that 
is, excitation); activation of striatal neurons in the indirect 
pathway causes inhibition of thalamocortical neurons; and 
activation of STN via the hyperdirect pathway also causes 
inhibition. The latter route has been proposed to be a fast 
route (due to its single excitatory link) and has been linked 
with inhibiting irrelevant motor programs and/or changing 
motor plans (Nambu, 2008). It has been proposed in theory 
that it depends on whether the neurons activated are situ-
ated within a motor, cognitive or limbic functional loop (as 
described in Section II) as to whether selections are made 
of movements, actions or goals (Redgrave et al., 1999; 
Haber, 2003). Although this classic view of basal ganglia 
pathways is important, it is only a first pass to understand-
ing one aspect of how these loops might function given the 
dynamic reciprocal interactions between different regions, 
the lack of knowledge on the relative timings of neural 
responses and the additional functions they may serve (as 
described at the start of Section V).

B.  Basal Ganglia Can Compress Information 
Aiding Selection

A second main argument in favor of the basal ganglia act-
ing as a general purpose action selection mechanism is 
that sensory information that is widespread (polysensory, 
cognitive, affective) becomes compressed (and therefore 
generalized) as it passes through the basal ganglia (Bar-
Gad et al., 2003). There is a massive cortical input to the 
striatum with approximately 17  106 corticostriatal neu-
rons present in the rat (Zheng and Wilson, 2002) (with 
additional striatal inputs from thalamus and subcortical 
structures; see Section VI). However, the number of stri-
atal projection neurons is a factor of 10 less than this, and 
the number of output neurons in the basal ganglia output 
stations a further reduction by a factor of 100–1000 (Bar-
Gad et al., 2003). This, coupled with the fact that the basal 
ganglia outputs to motor regions throughout the brain, pro-
motes the idea that the basal ganglia acts as a solution to 
the selection problem (Redgrave et al., 1999).

C.  Dopamine Can Modulate Selection 
Mechanisms within the Basal Ganglia

A third line of evidence consistent with the basal gan-
glia functioning as a general-purpose selector comes from 
the neurophysiology of midbrain DA neurons. Dopamine 
neurons that project into the basal ganglia have been 
considered to be functionally important in reinforce-
ment learning in a manner which can aid the selection of 
appropriate movements, actions or goals. Midbrain DA 
neurons make phasic bursts in activity following the pres-
entation of unexpected reward-related stimuli, conditioned 
stimuli or novel stimuli and inhibitions to the absence of a 
predicted reward-related stimulus (Schultz, 1998; Tobler  
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et al., 2005). From these data it has been theorized that DA 
bursts encode an error in the prediction of the reward value 
of a stimulus and that this error signal could be used within 
the striatum as a teaching signal to induce plasticity in cor-
ticostriatal synapses (Schultz et al., 1997; Schultz, 1998). 
Intriguingly, recent neurophysiological data from primate PPN 
suggests the existence of two populations of neurons, one 
that fires in a graded manner in response to signals of reward 
expectation, and another that fires in response to reward deliv-
ery, again in proportion to the magnitude of reward (Okada  
et al., 2009). These could be construed as the necessary com-
ponent parts of a reward prediction error signal. Alternatively, 
it has been proposed that the DA responses act in the striatum 
to “reinforce” salient stimuli or actions that might have caused 
the sensory-evoked DA pulse (Redgrave and Gurney, 2006). 
Either way, it seems that DA neurons can influence learning 
and selection processes throughout cortico-basal ganglia- 
thalamus-cortico loops (see Chapter 31 for more discussion 
on the functions of DA neurons within basal ganglia).

In summary, the basal ganglia can be considered, in the 
context of its cortically driven loops and its DA afferents, 
to function as a general-purpose learning and selection 
machine. We now consider how different subcortical struc-
tures such as the SC and PPN might functionally interact 
with the basal ganglia.

VI.  Comparison of functional 
connections of pedunculopontine 
tegmental nucleus and superior 
colliculus with basal ganglia and 
midbrain dopamine neurons

So far we have established that the SC and PPN make 
similar connections with the basal ganglia and midbrain 
DA neurons, but have yet to explore fully why they might 
interact and how they might interact functionally.

A.  Why are there Subcortical Connections 
with the Basal Ganglia?

Why are the PPN, SC, and other subcortical structures con-
nected with the basal ganglia? To take the SC as an exam-
ple, it has all the sensorimotor maps required to transform 
a sensory input at a particular location on the retina to the 
motor commands which will bring the stimulus onto the 
fovea or into the mouth. However, lesions that reduce neos-
triatal DA demonstrate that without a normal-functioning  
basal ganglia rats are unable to perform behaviors associated 
with the SC, such as orienting in a normal manner to sensory 
stimuli (Marshall et al., 1980). It seems that the SC is depend-
ent upon output from the basal ganglia in order for it to func-
tion normally. Why might the brain have evolved in this way?

In the early stages of vertebrate evolution, before sig-
nificant development of the cerebral cortex, the selection 
problem existed. It is not practical to look at two objects at 
the same time or to react in two different ways (approach 
or avoid) to the same stimulus. The basal ganglia provide 
a mechanism (pre-cortex and post-cortex development) 
whereby these decisions can be made taking into account 
an organism’s context. Thus, in order for a subcortical struc-
ture to gain access to motor output, its “bid” can compete 
in the basal ganglia with other “bids” from other subcorti-
cal structures. These bids can be integrated with contextual 
and reward information to determine a “winning bid” which 
is selected and “losing bids” not selected or de-selected. 
Another potential reason for precortical connections between 
PPN, SC and basal ganglia is to aid learning new actions to 
new stimuli in different contexts. As organisms have evolved, 
behaviors have become more complex and flexible. The 
addition of the basal ganglia might have facilitated organisms 
to be able to learn new oculomotor (SC) or specific actions 
(PPN) in the presence of salient stimuli (see Chapter 31).

B.  How might the Input from Subcortical 
Structures to the Basal Ganglia Function?

How do SC and PPN functionally integrate with the basal 
ganglia and DA neurons? Single neurons in the SC respond 
to visual, auditory, somatosensory and nociceptive informa-
tion and it has been demonstrated that information related to 
vision (Dommett et al., 2005) is provided directly from SC 
to DA neurons in VTA and SNc. PPN neurons (primarily 
in the posterior portion) also respond to visual input (Pan 
and Hyland, 2005) although there is a bias towards audi-
tory responses (often these have an extremely short latency 
[mean, 7.7 ms]). Somatosensory responses have also been 
reported (Grunwerg et al., 1992). PPN activation is essen-
tial in driving burst-firing in DA neurons without influenc-
ing the overall number of activated DA cells (Lodge and 
Grace, 2006) and inactivation of PPN was found to reduce 
the magnitude of responses by DA neurons to conditioned 
stimuli (Pan and Hyland, 2005). Therefore, it has been sug-
gested that PPN neurons relay sensory information to DA 
neurons related to the content, rather than the salience, of 
a given stimulus (Lodge and Grace, 2006; Grace et al., 
2007) and might provide the input to DA neurons that aid 
in the formation of stimulus-reward associations (Pan and 
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Hyland, 2005). It has been theorized that the PPN might 
pass on modality-integrated stimulus information, whereas 
the SC might primarily provide DA neurons with visual 
input (Dommett et al., 2005; Coizet et al., 2006).

However, the control that the PPN has over DA neu-
rons is complex. There is a mix of neurons in the PPN 
that use cholinergic, GABAergic, glutamatergic neuro-
transmission. GABAergic neurons seem to project to the 
same targets as cholinergic neurons (Mena-Segovia et al., 
2008). Following electrical stimulation of PPN cholinergic 
neurons and activation of different cholinergic receptors –  
muscarinic or nicotinic – on DA neurons in SNc and VTA, 
a distinctive triphasic pattern of DA release is found in 
the striatum (Forster and Blaha, 2003; Miller and Blaha, 
2005). Initially there is a fast increase in DA efflux (lasting 
approximately 2 min) that is followed by a decrease (last-
ing around 9 min) and then a subsequent increase of rela-
tively long duration (over around 35 min) and magnitude. 
The initial DA increase is primarily dependent on nicotinic 
and ionotropic glutamate receptors in the midbrain, while 
the subsequent reduction depends on muscarinic M2 recep-
tor activation in the PPN/ laterodorsal tegmental nucleus, 
and the late increase is considered to be VTA muscarinic 
receptor-dependent (M5 receptor). Blockade of muscarinic 
receptors in SNc and VTA results in decreased DA levels 
in the striatum (Forster and Blaha, 2003; Miller and Blaha, 
2005). Functionally, it has been argued that cholinergic 
PPN neurons might have a dual role in maintaining steady-
state, tonic levels of DA and also in driving burst-firing of 
DA neurons to salient environmental or behavioral events 
(Mena-Segovia et al., 2008).

If DA neurons are activated to burst fire then the stim-
ulus information provided by the PPN to striatum (via 
thalamus) can be reinforced (McHaffie et al., 2005). It is 
interesting that PPN-thalamus neurons send collaterals to 
DA neurons (Oakman et al., 1999), suggesting that a single 
PPN neuron could provide information relating to stimu-
lus content (via thalamus) and at the same time ‘reinforce’ 
that information in relation to other stimuli or actions via 
its projections to DA neurons. Given that thalamic oscil-
latory activity is gated by cholinergic input (McCormick 
and Prince, 1986; McCormick, 1989) and the PPN proj-
ects to all thalamic nuclei including the thalamic reticu-
lar nucleus, this provides a mechanism whereby the PPN 
could influence what is learned in the striatum and when 
learning can occur. In this way, the information regarding 
stimulus content that is to be conditioned in the striatum is 
produced by (primarily posterior) PPN circuitry. Therefore, 
following lesion of posterior PPN, subcortical information  
relating to the content of unpredicted, salient stimuli (pos-
sibly reward-related) would be unable to induce burst firing 
in DA neurons. Consequently, the lesioned animal would 
be unable to learn goal-directed behaviors, which we know 
to be the case.

C.  How might the Output from the Basal 
Ganglia to Subcortical Structures Function?

Having considered how the SC and PPN might influ-
ence the basal ganglia we should now discuss the reverse 
situation: that is, how might the basal ganglia influence 
processing in subcortical structures? The SC and PPN 
(and other subcortical structures) are kept under inhibitory 
control by the output neurons of the basal ganglia allow-
ing for focused selections of neurons in subcortical struc-
tures (Saitoh et al., 2003; Hikosaka, 2007). What would 
the basal ganglia be selecting in the cases of SC and PPN? 
Hikosaka (2007) suggests that each subcortical structure 
connected to the basal ganglia is associated with particular 
sets of movements: periaqueductal gray with vocalization, 
the SC with eye and mouth movements and the PPN and 
cuneiform nucleus with locomotion and posture. Similarly, 
it has been proposed that the PPN might output to mod-
ify posture and to facilitate locomotion (Takakusaki et al., 
2003). This idea is consistent with the findings that low fre-
quency deep brain stimulation in PPN can improve postural 
instability and gait dysfunction in people with Parkinson’s 
disease (Plaha and Gill, 2005; Stefani et al., 2007).

However, as described above in Section III, PPN lesion 
studies show clear differentiation between posterior and 
anterior portions, suggesting a distinct role in learning for 
the posterior portion and in motor and postural control for 
the anterior portion. Given this, and the possibility that 
learned action sequences could be carried out by mRF, it 
seems worth considering, albeit speculatively, that basal 
ganglia output via the anterior PPN could instruct partic-
ular clusters in mRF to execute particular actions. In this 
way the anterior PPN could link action representations in 
the mRF (for example, a lever-press cluster) with instru-
mental learning procedures throughout basal ganglia.

D.  Subcortical-Basal Ganglia Connections 
within a Heterarchical Layered Network

It has been posited that these systems might be part of a 
heterarchical layered network, such that they can work 
together (as outlined above), independently or compete 
towards action selection (Prescott et al., 1999; Humphries 
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et al., 2007). Thus, there may be situations where the basal 
ganglia may subsume the mRF (via PPN connections) 
or hindbrain pre-motor nuclei (via SC) and gain control. 
Humphries et al. (2007) suggest this would be most likely 
to happen when multiple action choices are available of 
approximately equal salience, as is often the case in new 
environments where learning is required. Indeed, it is in 
these situations that DA neurons tend to fire – perhaps this 
relinquishes control from brainstem circuits to that of the 
basal ganglia? On the flip side, it is also possible for brain-
stem circuits not to require the basal ganglia. Thus, the PPN 
or SC could trigger responding in the brainstem when an 
action is clearly more salient than its competitors and the 
environment demands it.

Additionally, the brainstem could act before the basal gan-
glia, for instance when quick decisions are required, although 
in these situations the basal ganglia would continue process-
ing in parallel to enable the animal to learn how to respond 
more effectively in the future. The connections that PPN and 
SC make with the STN, mRF and hindbrain motor structures 
provide routes whereby control of behavior can be switched 
quickly from cortico-basal ganglia loops to subcortical-basal 
ganglia loops. The most obvious example of this multi-level 
approach to action selection – low level fast, higher level mod-
erated – is the startle response (Koch et al., 1993; Koch, 1999): 
the PPN is known to be involved in the production of startle 
responses to unpredictable stimuli, but its actions can also be 
brought under learned control by corticostriatal systems.

Finally, in its most general form, occasions where sub-
cortical connections with basal ganglia dominate action 
control could explain how knowingly irrational actions 
are sometimes chosen and momentary lapses of control 
claimed (Berridge, 2002). An example of this might be 
addiction. Addicts are often able to understand and believe 
(cortical control of behavior?) that they should change their 
addictive behavior. However, in particular situations (that 
are often highly associated with their addictive behaviors) 
they feel uncontrollable urges and relapse (sub-cortical 
control of behavior?). Other examples of this might include 
normal situations involving sex and violence or psycholog-
ical disorders including most of the phobias, anxiety/panic 
attacks, post-traumatic stress disorders and psychopathy.

VII.  Conclusions

Subcortical connections with the basal ganglia form essen-
tial components of the mechanism that facilitates the selec-
tion of appropriate movements, actions and goals. Moreover,  
subcortical sites such as the PPN and SC sit at pivotal posi-
tions between two action selection centers, basal ganglia and 
brainstem. Prior to the evolutionary development of cortex, 
subcortical sites would have required connections with the 
basal ganglia to aid in selection problems. As cortex has 
evolved, more selections have become available that are often 
highly conceptual requiring further integration with basal 
ganglia, thalamus and subcortical sites. The PPN and SC 
might allow important switches to occur between slow, com-
plex selections via cortico-basal ganglia loops and faster or 
more simple selections via subcortical (PPN/SC)–brainstem 
circuits. These might relate to situations in which we make 
selections that seem to be ruled by our heads or our heart.

References

Ainge JA, Jenkins TA, Winn P (2004) Induction of c-fos in specific tha-
lamic nuclei following stimulation of the pedunculopontine tegmen-
tal nucleus. Eur J Neurosci 20:1827–1837.

Alderson HL, Latimer MP, Winn P (2006) Intravenous self-
administration of nicotine is altered by lesions of the posterior, but 
not anterior, pedunculopontine tegmental nucleus. Eur J Neurosci  
23:2169–2175.

Alderson HL, Latimer MP, Winn P (2008) A functional dissociation of 
the anterior and posterior pedunculopontine tegmental nucleus: 
excitotoxic lesions have differential effects on locomotion and the 
response to nicotine. Brain Struct Funct 213:247–253.

Alderson HL, Latimer MP, Blaha CD, Phillips AG, Winn P (2004) An 
examination of D-amphetamine self-administration in pedunculopon-
tine tegmental nucleus-lesioned rats. Neuroscience 125:349–358.

Atallah HE, Lopez-Paniagua D, Rudy JW, O’Reilly RC (2007) Separate 
neural substrates for skill learning and performance in the ventral and 
dorsal striatum. Nat Neurosci 10:126–131.

Bar-Gad I, Morris G, Bergman H (2003) Information processing, dimen-
sionality reduction and reinforcement learning in the basal ganglia. 
Prog Neurobiol 71:439–473.

Beninato M, Spencer RF (1986) A cholinergic projection to the rat supe-
rior colliculus demonstrated by retrograde transport of horserad-
ish peroxidase and choline acetyltransferase immunohistochemistry.  
J Comp Neurol 253:525–538.

Berridge KC (2002) Irrational pursuit: Hyper-incentive from a visceral 
brain. In: The Psychology of Economic Decisions (Brocas I, Carrillo 
JD, eds), pp. 17–40. Oxford: Oxford University Press. 

Berridge KC (2003) Pleasures of the brain. Brain Cogn 52:106–128.
Berridge KC, Robinson TE (1998) What is the role of dopamine in 

reward: hedonic impact, reward learning, or incentive salience? Brain 
Res Brain Res Rev 28:309–369.

Charara A, Smith Y, Parent A (1996) Glutamatergic inputs from the 
pedunculopontine nucleus to midbrain dopaminergic neurons in 
primates: Phaseolus vulgaris-leucoagglutinin anterograde labeling 
combined with postembedding glutamate and GABA immunohisto-
chemistry. J Comp Neurol 364:254–266.

Chen B, May PJ (2000) The feedback circuit connecting the superior col-
liculus and central mesencephalic reticular formation: a direct mor-
phological demonstration. Exp Brain Res 131:10–21.



407Chapter | 23  Subcortical Connections of the Basal Ganglia

 

 

 

 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

  
  
 

 

 

 

 

 
 

 
 

Coizet V, Dommett EJ, Redgrave P, Overton PG (2006) Nociceptive 
responses of midbrain dopaminergic neurones are modulated by the 
superior colliculus in the rat. Neuroscience 139:1479–1493.

Coizet V, Graham JH, Moss J, Bolam JP, Savasta M, McHaffie JG, 
Redgrave P, Overton PG. (2009). Short-Latency visual input to the 
subthalamic nucleus is provided by the midbrain superior colliculus. 
J. Neuroscience 29:5701–5709.

Comoli E, Coizet V, Boyes J, Bolam JP, Canteras NS, Quirk RH, Overton 
PG, Redgrave P (2003) A direct projection from superior colliculus 
to substantia nigra for detecting salient visual events. Nat Neurosci 
6:974–980.

Corrigall WA, Coen KM, Adamson KL (1994) Self-administered nicotine 
activates the mesolimbic dopamine system through the ventral teg-
mental area. Brain Res 653:278–284.

Dean P, Redgrave P, Westby GW (1989) Event or emergency? Two 
response systems in the mammalian superior colliculus. Trends 
Neurosci 12:137–147.

Deniau JM, Chevalier G (1992) The lamellar organization of the rat 
substantia nigra pars reticulata: distribution of projection neurons. 
Neuroscience 46:361–377.

Dommett E, Coizet V, Blaha CD, Martindale J, Lefebvre V, Walton N, 
Mayhew JE, Overton PG, Redgrave P (2005) How visual stimuli acti-
vate dopaminergic neurons at short latency. Science 307:1476–1479.

Dormont JF, Conde H, Farin D (1998) The role of the pedunculopontine 
tegmental nucleus in relation to conditioned motor performance in 
the cat. I. Context-dependent and reinforcement-related single unit 
activity. Exp Brain Res 121:401–410.

Erro E, Lanciego JL, Gimenez-Amaya JM (1999) Relationships between 
thalamostriatal neurons and pedunculopontine projections to the thal-
amus: a neuroanatomical tract-tracing study in the rat. Exp Brain Res 
127:162–170.

Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for 
drug addiction: from actions to habits to compulsion. Nat Neurosci 
8:1481–1489.

Forster GL, Blaha CD (2003) Pedunculopontine tegmental stimulation evokes 
striatal dopamine efflux by activation of acetylcholine and glutamate 
receptors in the midbrain and pons of the rat. Eur J Neurosci 17:751–762.

Grace AA, Floresco SB, Goto Y, Lodge DJ (2007) Regulation of firing of 
dopaminergic neurons and control of goal-directed behaviors. Trends 
Neurosci 30:220–227.

Grunwerg BS, Krein H, Krauthamer GM (1992) Somatosensory input 
and thalamic projection of pedunculopontine tegmental neurons. 
Neuroreport 3:673–675.

Haber SN (2003) The primate basal ganglia: parallel and integrative net-
works. J Chem Neuroanat 26:317–330.

Haber SN, Fudge JL, McFarland NR (2000) Striatonigrostriatal pathways 
in primates form an ascending spiral from the shell to the dorsolateral 
striatum. J Neurosci 20:2369–2382.

Hikosaka O (2007) GABAergic output of the basal ganglia. Prog Brain 
Res 160:209–226.

Humphries MD, Gurney K, Prescott TJ (2007) Is there a brainstem sub-
strate for action selection? Philos Trans R Soc Lond B Biol Sci 
362:1627–1639.

Ikemoto S (2007) Dopamine reward circuitry: two projection systems 
from the ventral midbrain to the nucleus accumbens-olfactory tuber-
cle complex. Brain Res Rev 56:27–78.

Jiang H, Stein BE, McHaffie JG (2003) Opposing basal ganglia pro-
cesses shape midbrain visuomotor activity bilaterally. Nature 
423:982–986.
Joel D, Weiner I (2000) The connections of the dopaminergic system with
the striatum in rats and primates: an analysis with respect to the func-
tional and compartmental organization of the striatum. Neuroscience
96:451–474.

Keating GL, Winn P (2002) Examination of the role of the pedunculopon-
tine tegmental nucleus in radial maze tasks with or without a delay.
Neuroscience 112:687–696.

Kobayashi K, Hoshino K, Homma S, Takagi S, Norita M (2007) A pos-
sible monosynaptic pathway links the pedunculopontine tegmental
nucleus to thalamostriatal neurons in the hooded rat. Arch Histol
Cytol 70:207–214.

Koch M (1999) The neurobiology of startle. Prog Neurobiol 59:107–128.
Koch M, Kungel M, Herbert H (1993) Cholinergic neurons in the pedunculo-

pontine tegmental nucleus are involved in the mediation of prepulse inhi-
bition of the acoustic startle response in the rat. Exp Brain Res 97:71–82.

Lodge DJ, Grace AA (2006) The laterodorsal tegmentum is essential for
burst firing of ventral tegmental area dopamine neurons. Proc Natl
Acad Sci USA 103:5167–5172.

Lyon M, Robbins TW (1975) The action of central nervous system stimu-
lant drugs: A general theory concerning amphetamine effects. In:
Current Developments in Psychopharmacology (Essman W, Valzelli
L, eds). New York: Spectrum. 

Marshall JF, Berrios N, Sawyer S (1980) Neostriatal dopamine and sen-
sory inattention. J Comp Physiol Psychol 94:833–846.

McCormick DA (1989) Cholinergic and noradrenergic modulation of
thalamocortical processing. Trends Neurosci 12:215–221.

McCormick DA, Prince DA (1986) Acetylcholine induces burst firing in
thalamic reticular neurones by activating a potassium conductance.
Nature 319:402–405.

McHaffie JG, Stanford TR, Stein BE, Coizet V, Redgrave P (2005)
Subcortical loops through the basal ganglia. Trends Neurosci
28:401–407.

Mena-Segovia J, Bolam JP, Magill PJ (2004) Pedunculopontine nucleus
and basal ganglia: distant relatives or part of the same family? Trends
Neurosci 27:585–588.

Mena-Segovia J, Winn P, Bolam JP (2008) Cholinergic modulation of
midbrain dopaminergic systems. Brain Res Rev 58:265–271.

Mena-Segovia J, Micklem BR, Nair-Roberts RG, Ungless MA, Bolam
JP (2009) GABAergic neuron distribution in the pedunculopontine
nucleus defines functional subterritories. J Comp Neurol 515:
397-408.

Mesulam MM, Mufson EJ, Wainer BH, Levey AI (1983) Central cholin-
ergic pathways in the rat: an overview based on an alternative nomen-
clature (Ch1-Ch6). Neuroscience 10:1185–1201.

Miller AD, Blaha CD (2005) Midbrain muscarinic receptor mechanisms
underlying regulation of mesoaccumbens and nigrostriatal dopami-
nergic transmission in the rat. Eur J Neurosci 21:1837–1846.

Mink JW (1996) The basal ganglia: focused selection and inhibition of
competing motor programs. Prog Neurobiol 50:381–425.

Nambu A (2004) A new dynamic model of the cortico-basal ganglia loop.
Prog Brain Res 143:461–466.

Nambu A (2008) Seven problems on the basal ganglia. Curr Opin
Neurobiol 18:595–604.

Oakman SA, Faris PL, Cozzari C, Hartman BK (1999) Characterization
of the extent of pontomesencephalic cholinergic neurons’ projections
to the thalamus: comparison with projections to midbrain dopaminer-
gic groups. Neuroscience 94:529–547.

Oakman SA, Faris PL, Kerr PE, Cozzari C, Hartman BK (1995)
Distribution of pontomesencephalic cholinergic neurons projecting to



Handbook of Basal Ganglia Structure and Function408
substantia nigra differs significantly from those projecting to ventral 
tegmental area. J Neurosci 15:5859–5869.

Okada K, Toyama K, Inoue Y, Isa T, Kobayashi Y (2009) Different 
pedunculopontine tegmental neurons signal predicted and actual task 
rewards. J Neurosci 29:4858-4870.

Pan WX, Hyland BI (2005) Pedunculopontine tegmental nucleus controls 
conditioned responses of midbrain dopamine neurons in behaving rats.  
J Neurosci 25:4725–4732.

Parent A, Hazrati LN (1995) Functional anatomy of the basal ganglia. I. 
The cortico-basal ganglia-thalamo-cortical loop. Brain Res Brain Res 
Rev 20:91–127.

Parent A, Parent M, Charara A (1999) Glutamatergic inputs to midbrain dopa-
minergic neurons in primates. Parkinsonism Relat Disord 5:193–201.

Plaha P, Gill SS (2005) Bilateral deep brain stimulation of the pedunculo-
pontine nucleus for Parkinson’s disease. Neuroreport 16:1883–1887.

Prescott TJ, Redgrave P, Gurney K (1999) Layered control architectures 
in robots and vertebrates. Adaptive Behavior 7:99–127.

Redgrave P, Gurney K (2006) The short-latency dopamine signal: a role 
in discovering novel actions? Nat Rev Neurosci 7:967–975.

Redgrave P, Coizet V (2007) Brainstem interactions with the basal gan-
glia. Parkinsonism Relat Disord 13(Suppl 3):S301–S305.

Redgrave P, Mitchell IJ, Dean P (1987a) Further evidence for segregated 
output channels from superior colliculus in rat: ipsilateral tecto-pontine  
and tecto-cuneiform projections have different cells of origin. Brain 
Res 413:170–174.

Redgrave P, Mitchell IJ, Dean P (1987b) Descending projections from 
the superior colliculus in rat: a study using orthograde transport of 
wheatgerm-agglutinin conjugated horseradish peroxidase. Exp Brain 
Res 68:147–167.

Redgrave P, Marrow L, Dean P (1992) Topographical organization of 
the nigrotectal projection in rat: evidence for segregated channels. 
Neuroscience 50:571–595.

Redgrave P, Prescott TJ, Gurney K (1999) The basal ganglia: a vertebrate 
solution to the selection problem? Neuroscience 89:1009–1023.

Saitoh K, Hattori S, Song WJ, Isa T, Takakusaki K (2003) Nigral 
GABAergic inhibition upon cholinergic neurons in the rat pedunculo-
pontine tegmental nucleus. Eur J Neurosci 18:879–886.

Salamone JD, Correa M, Mingote S, Weber SM (2003) Nucleus accum-
bens dopamine and the regulation of effort in food-seeking behavior: 
implications for studies of natural motivation, psychiatry, and drug 
abuse. J Pharmacol Exp Ther 305:1–8.

Schultz W (1998) Predictive reward signal of dopamine neurons.  
J Neurophysiol 80:1–27.

Schultz W, Dayan P, Montague PR (1997) A neural substrate of prediction 
and reward. Science 275:1593–1599.

Smit AE, Zerari-Mailly F, Buisseret P, Buisseret-Delmas C, VanderWerf F 
(2005) Reticulo-collicular projections: a neuronal tracing study in the 
rat. Neurosci Lett 380:276–279.
Stefani A, Lozano AM, Peppe A, et al. (2007) Bilateral deep brain stimu-
lation of the pedunculopontine and subthalamic nuclei in severe 
Parkinson’s disease. Brain 130:1596–1607.

Stein BE, Meredith MA, Wallace MT (1993) The visually responsive 
neuron and beyond: multisensory integration in cat and monkey. Prog 
Brain Res 95:79–90.

Takada M, Tokuno H, Ikai Y, Mizuno N (1994) Direct projections from 
the entopeduncular nucleus to the lower brainstem in the rat. J Comp 
Neurol 342:409–429.

Takakusaki K, Habaguchi T, Ohtinata-Sugimoto J, Saitoh K, Sakamoto T  
(2003) Basal ganglia efferents to the brainstem centers controlling 
postural muscle tone and locomotion: a new concept for understand-
ing motor disorders in basal ganglia dysfunction. Neuroscience 
119:293–308.

Taylor CL, Kozak R, Latimer MP, Winn P (2004) Effects of changing 
reward on performance of the delayed spatial win-shift radial maze 
task in pedunculopontine tegmental nucleus lesioned rats. Behav 
Brain Res 153:431–438.

Tobler PN, Fiorillo CD, Schultz W (2005) Adaptive coding of reward 
value by dopamine neurons. Science 307:1642–1645.

Voorn P, Vanderschuren LJ, Groenewegen HJ, Robbins TW, Pennartz CM 
(2004) Putting a spin on the dorsal-ventral divide of the striatum. 
Trends Neurosci 27:468–474.

Wang HL, Morales M (2009) Pedunculopontine and laterodorsal teg-
mental nuclei contain distinct populations of cholinergic, gluta-
matergic and GABAergic neurons in the rat. Eur J Neurosci 29: 
340–358.

Wickens JR, Horvitz JC, Costa RM, Killcross S (2007) Dopaminergic 
mechanisms in actions and habits. J Neurosci 27:8181–8183.

Winn P (1998) Frontal syndrome as a consequence of lesions in the 
pedunculopontine tegmental nucleus: a short theoretical review. Brain 
Res Bull 47:551–563.

Winn P (2008) Experimental studies of pedunculopontine functions: 
are they motor, sensory or integrative? Parkinsonism Relat Disord 
14(Suppl 2):S194–S198.

Yin HH, Knowlton BJ (2006) The role of the basal ganglia in habit for-
mation. Nat Rev Neurosci 7:464–476.

Zahm DS, Williams EA, Latimer MP, Winn P (2001) Ventral mesopontine 
projections of the caudomedial shell of the nucleus accumbens and 
extended amygdala in the rat: double dissociation by organization 
and development. J Comp Neurol 436:111–125.

Zheng T, Wilson CJ (2002) Corticostriatal combinatorics: the implica-
tions of corticostriatal axonal arborizations. J Neurophysiol 87: 
1007–1017.



Integrative Networks Across Basal Ganglia 
Circuits

Chapter 24

Suzanne N. Haber
Department of Pharmacology and Physiology, University of Rochester School of Medicine, New York, USA

I.	 Introduction
II.	 Parallel Processing

A.	 Functional Organization of 
Frontal Cortex

B.	 General Topography of 
Cortico-Striatal Projections

C.	 General Topography of 
Thalamo-Striatal Projections

D.	Pathways Through the Basal 
Ganglia and Back to Cortex

III.	 Integrative Pathways
A.	 Cortico-Striatal Connections
B.	 Integration Through 

Connections of the Pallidum
C.	 The Striato-Nigro-Striatal 

Projection System

D.	The Place of the Thalamus in 
Basal Ganglia Circuitry

IV.	 Functional Considerations
	 Abbreviations
	 References
Handbook of Basal Ganglia Structure and Function
Copyright © 2010 Elsevier B.V. All rights reserved.2010

I.  Introduction

The basal ganglia work in concert with the frontal cortex 
to orchestrate and execute motivated, planned behaviors 
requiring limbic, cognitive, and motor control systems. The 
basal ganglia are traditionally considered to process this 
information in parallel and segregated functional streams 
consisting of reward (limbic), associative (cognitive), and 
motor control circuits (Alexander and Crutcher, 1990)  
(see Chapter 1). Moreover, microcircuits within each region 
are thought to mediate different aspects of each function 
(Middleton and Strick, 2002). However, while frontal cor-
tex contains divisions associated with specific functions, 
expressed behaviors are the result of a combination of 
complex information processing that involves all of fron-
tal cortex. Indeed, appropriate responses to environmental 
stimuli require continual updating, and learning to adjust 
behaviors according to new data. This necessitates coor-
dination between limbic, cognitive, and motor systems, to 
form smoothly executed, goal-directed behaviors. Parallel 
processing of functional information through different basal 
ganglia circuits does not address how information flows 
409

between circuits, thereby developing new, or adapting to 
previously, learned behaviors (or actions). While the ana-
tomical pathways appear to be generally topographic from 
cortex through BG circuits, and there are some physiologi-
cal correlates to the functional domains of the striatum, a 
large growing body of evidence supports a duel processing 
system. Thus, information is not only processed in parallel 
streams, but also through integrative mechanisms through 
which information can be transferred between func-
tional circuits (Percheron and Filion, 1991; Bevan et al., 
1997; Bar-Gad et al., 2000; Haber et al., 2000; Kolomiets  
et al., 2001; McFarland and Haber, 2002; Mena-Segovia 
et al., 2005; Haber et al., 2006; Belin and Everitt, 2008; 
Draganski et al., 2008). This chapter will: first, review the 
basic circuitry that underlies parallel processing; second, 
outline the anatomical basis for integration across different 
cortico-basal ganglia circuits; and finally, discuss functional 
data that support integrative processing through the basal 
ganglia. The chapter focuses on circuitry in the primate; 
however, when discussing integrative circuitry, rodent stud-
ies are also highlighted.
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II.  Parallel processing

A.  Functional Organization of Frontal Cortex

Frontal cortex is organized in a hierarchical manner and can 
be divided into functional regions (Fuster, 2001): the orbital 
(OFC) and anterior cingulate (ACC) prefrontal cortex are 
involved in reward, emotion, and motivation; the dorsal 
prefrontal cortex (DPFC) are involved in higher cognitive 
processes or “executive” functions; and the premotor and 
motor areas are involved in motor planning and the execu-
tion of those plans. The ACC is divided into ventral, or sub-
genual ACC, and dorsal ACC (dACC) areas. The medial 
orbital areas and the subgenual ACC cortex are collectively 
referred to as the ventral, medial prefrontal cortex (vmPFC) 
and are particularly important in the expression of emotion. 
The vmPFC plays a role in monitoring correct responses 
based on previous experience and the internal milieu, and 
is engaged when previously learned responses are no longer 
appropriate and need to be suppressed (Mayberg et al., 
1999; Milad et al., 2005; Milad et al., 2007). These areas 
play a key role in reward processing, particularly in the 
anticipation of expected value (Knutson et al., 2005). The 
more lateral OFC regions play a central role in evaluation 
of reward value, and in the development of reward and aver-
sive-based learning (Hikosaka and Watanabe, 2000; Schultz 
et al., 2000; Tremblay and Schultz, 2000; O’Doherty et 
al., 2001; Wallis and Miller, 2003; Kringelbach and Rolls, 
2004; Roesch and Olson, 2004; Padoa-Schioppa and Assad, 
2006). This area receives input from multimodal sensory 
regions and is closely linked to the vmPFC (Barbas, 1992; 
Price et al., 1996). The dACC is a unique part of frontal 
cortex, containing diverse frontal lobe functions. However, 
the overall role of the ACC appears to be involved in moni-
toring these functions in conflict situations (Paus, 2001; 
Walton et al., 2003; Vogt et al., 2005). Lesions of the OFC, 
vmPFC and the dorsal ACC (dACC) areas result in an 
inability to initiate and carry out goal-directed behaviors, 
and lead to socially inappropriate and impulsive behaviors 
(Butter and Snyder, 1972; Fuster, 1989; O’Doherty et al., 
2003; Milad and Rauch, 2007). The dorsal prefrontal cor-
tex (DPFC) is involved in working memory, set shifting, 
and strategic planning, often referred to as ‘executive func-
tions’ (Goldman-Rakic, 1996; Smith and Jonides, 1997; 
Fuster, 2000; Passingham and Sakai, 2004; Blumenfeld 
and Ranganath, 2006). Motor cortices are the most clearly 
defined of frontal cortex. Caudal motor areas are highly 
microexcitable, closely timed to the execution of movement, 
and send a direct descending projection to spinal motor 
nuclei. Rostral motor areas are involved in sequence gen-
eration, and motor learning. They are less microexcitable 
than the caudal motor areas, but more so than the prefron-
tal cortex (Mushiake et al., 1991; Dum and Strick, 1993; 
He et al., 1993; Tanji and Mushiake, 1996; Strick et al., 
1998; Schieber, 1999). Each of these frontal areas projects 
to specific striatal regions. However, in addition to the well-
described topographic organization, corticostriatal projec-
tions also follow non-topographic rules. We will return to 
this non-topographic organization later in the chapter.

B.  General Topography of Cortico-Striatal 
Projections

The striatum is the main input structure of the basal gan-
glia and receives a massive and topographic input from 
cerebral cortex and thalamus (see Chapter 1). These 
afferent projections to the striatum terminate in a general 
topographic manner, such that the ventromedial striatum 
receives input from the vmPFC, OFC, and dACC, the 
central striatum receives input from the DPFC including 
areas 9 and 46, and the dorsolateral striatum receive input 
from motor control areas (Fig. 24.1). Together, the frontal 
regions that mediate reward, motivation, and affect regula-
tion project primarily to the rostral striatum, including the 
nucleus accumbens, the medial caudate nucleus, and the 
medial and ventral rostral putamen, collectively referred 
to as the ventral striatum, which occupies over 20% of the 
striatum (Haber et al., 2006). In general, this striatal region 
is also involved in various aspects of reward evaluation and 
incentive-based learning (Schultz et al., 2000; Knutson  
et al., 2001; Elliott et al., 2003; Corlett et al., 2004; Tanaka 
et al., 2004), and are associated with pathological risk-tak-
ing and addictive behaviors (Kuhnen and Knutson, 2005; 
Volkow et al., 2005). Within the ventral striatum, cortical 
afferent projections are also organized in a somewhat top-
ographic manner (Ferry et al., 2000; Haber et al., 2006). 
The hippocampal projection is mostly limited to the shell. 
In contrast, the amygdala projects throughout a wider 
ventral striatal area (Friedman et al., 2002; Fudge et al.,  
2002). Projection fields from the vmPFC are the most 
limited, and are concentrated within and just lateral to  
the shell. The vmPFC also projects to the medial wall of the 
caudate nucleus, adjacent to the ventricle. In contrast, the 
central and lateral parts of the ventral striatum, (including  
the ventral caudate nucleus and putamen) receive inputs 
from the OFC. These terminals also extend dorsally, along 
the medial caudate nucleus, but lateral to those from the 
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vmPFC. There is some medial to lateral and rostral to cau-
dal topographic organization of the OFC terminal fields. 
For example, projections from area 11 terminate rostral to 
those from area 13, and those from area 12 terminate later-
ally. Projections from the dACC (area 24b) extend from the 
rostral pole of the striatum to the anterior commissure, and 
are located in both the central caudate nucleus and puta-
men. They primarily avoid the shell region. These fibers 
terminate somewhat lateral to those from the OFC. Thus, 
the OFC terminal fields are positioned between the vmPFC 
and dACC.

The DPFC projects to the head of the caudate nucleus 
and to the putamen, rostral to the anterior commissure. 
Physiological, imaging, and lesion studies support the idea 
that these striatal areas are involved in working memory 
and strategic planning processes, working together with 
the DPFC in mediating this function (Battig et al., 1960; 
Levy et al., 1997; Elliott and Dolan, 1999; Pasupathy and 
Miller, 2005). Caudal to the commissure, this projection 
is confined to the medial, central portion of the head of 
the caudate nucleus with few terminals in the central and 
caudal putamen. There is a complex topography of the 
focal projections from different regions of areas 9 and 46. 
At rostral levels, area 9 projects primarily to the caudate 
nucleus, whereas projections from area 46 also terminate 
in the putamen. Caudal to the anterior commissure level, 
the collective DPFC focal projections occupy the same 

Figure 24.1  Schematic illustrating parallel circuits through cortico-
basal ganglia pathways. Corresponding shaded striatal and cortical areas 
demonstrates topographic projections; white, the limbic circuit; light grey, 
the associative circuit; dark grey, the motor control circuit.
region of the caudate nucleus, and are no longer found in 
the putamen (Selemon and Goldman-Rakic, 1985; Ferry et 
al., 2000; Haber et al., 2006; Calzavara et al., 2007). Focal 
projections from the frontal eye fields are primarily located 
in the central and lateral caudate nucleus, adjacent to the 
cell bridges of the internal capsule, with isolated patches in 
the medial and central putamen, especially at the anterior 
commissure level. The supplementary eye field projection 
field terminates primarily lateral to those from the frontal 
eye fields (Calzavara et al., 2007).

Rostral premotor areas terminate in both the caudate 
and putamen, bridging the two with a continuous projec-
tion at rostral levels. However, at caudal levels, these focal 
projections primarily occupy the dorsal caudate nucleus. 
Projections from caudal motor areas terminate almost 
entirely in the dorsolateral putamen, caudal to the ante-
rior commissure. Few terminals are found rostral to the 
anterior commissure. Both caudal and rostral motor areas 
occupy much of the putamen, caudal to the anterior com-
missure, a region that also receives overlapping projections 
from somatosensory cortex, resulting in a somatotopically 
organized sensory-motor area (Kunzle, 1975; Künzle, 
1977; Aldridge et al., 1980; Alexander and DeLong, 1985; 
Kimura, 1986; Flaherty and Graybiel, 1994). In summary, 
projections from frontal cortex form a functional gradient 
of inputs from the ventromedial sector through the dorso-
lateral striatum, with the limbic inputs terminating in the 
ventromedial part, and the motor cortex terminating in the 
dorsolateral region. Moreover, there is a fine topography 
within each system.

C.  General Topography of Thalamo-Striatal 
Projections

The thalamus provides the second largest input to the stria-
tum (see Chapter 22). As seen with the corticostriatal pro-
jection, these projections are also organized in a general 
topographical manner, such that interconnected and func-
tionally associated thalamic and cortical regions terminate 
in the same general striatal region (McFarland and Haber, 
2000). There are two major thalamo-striatal projections, 
both topographically organized. First, there is the well-
described input from the midline and intralaminar nuclei 
(Dubé et al., 1988; Nakano et al., 1990; Fenelon et al., 
1991; Sadikot et al., 1992; Giménez-Amaya et al., 1995). 
These nuclei are further subdivided and associated with 
specific functions related to their cortical connections. The 
midline and medial intralaminar nuclei project to medial 
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prefrontal areas, the amygdala and hippocampus, and, for 
that reason, are considered the limbic-related thalamic 
nuclear groups. The intralaminar nuclei central medial 
(CM) and parafascicularis (Pf) have connections with asso-
ciation areas. The lateral CM nucleus projects to both the 
primary motor (M1) and sensory cortices and, therefore, 
considered to be related to motor control (Herkenham, 
1986; Groenewegen and Berendse, 1994; Jones, 1998). 
These midline and intralaminar thalamic nuclei project 
topographically to the striatum such that the midline and 
medial Pf nuclei project mainly to ventral (limbic) striatal 
areas, whereas the more lateral intralaminar nuclei have 
connections with the dorsolateral (association-sensorimo-
tor) caudate and putamen (Francois et al., 1991; McFarland 
and Haber, 2000). Thus, the “non-specific” thalamic nuclei 
project to striatal areas that are consistent with the cortical 
area they are connected to, thus maintaining the functional 
distinction of different striatal regions.

Second, in primates there is an equally large input to 
the dorsal striatum from the BG relay nuclei, the media-
lis dorsalis nucleus (MD), ventralis anterior (VA) and ven-
tralis lateralis (VL) nuclei (McFarland and Haber, 2001; 
McFarland and Haber, 2002). These thalamic nuclei are 
also intimately connected with specific frontal cortical 
areas (Goldman-Rakic and Porrino, 1985; Wiesendanger 
and Wiesendanger, 1985; Giguere and Goldman-Rakic, 
1988). Different regions of the ventral motor nuclei (VA-
VL) have reciprocal projections with specific premotor, 
motor and cingulate cortices. The MD nucleus is linked 
to specific prefrontal areas. As with the midline and intra-
laminar nuclei, interconnected ventral VA/VL MD nuclei 
and cortical areas project to the same region of the stria-
tum. For example, rostral motor areas, including PMdr, 
PreSMA, and rostral cingulate motor area (CMAr), receive 
inputs from the parvicellular part of VA (VApc). Thalamic 
projections from these areas converge within the putamen 
and dorsolateral caudate. Thus, there is a tight, anatomi-
cal and functional triad of basal ganglia input and output 
structures, involving the frontal motor cortices, the stria-
tum, and the thalamic relay nuclei (McFarland and Haber, 
2000; McFarland and Haber, 2002).

D.  Pathways Through the Basal Ganglia and 
Back to Cortex

The striatal projection to the pallidal complex and sub-
stantia nigra are also generally topographically organized,  
thus maintaining the functional organization of the striatum  
in these output nuclei. The ventral striatum terminates 
in the ventral pallidum and in the dorsal part of the mid-
brain. Terminals from the central striatum terminate more 
centrally in both the pallidum and in the SN, while those 
from the sensorimotor areas of the striatum innervate the 
ventrolateral part of each pallidal segment and the vent-
rolateral SN. Finally, the pallidum and SN pars reticulata 
(SNr) project to the different basal ganglia output nuclei 
of the thalamus, the mediodorsal, and ventral anterior 
and ventral lateral cell groups (Szabo, 1979; Haber et al., 
1990; Selemon and Goldman-Rakic, 1990; Hedreen and 
DeLong, 1991; Lynd-Balta and Haber, 1994b; Strick et 
al., 1995; Middleton and Strick, 2002). The thalamus rep-
resents the final basal ganglia link back to cortex, which 
also maintains a general functional topographic organi-
zation. The ventral lateral thalamic complex and the MD 
nucleus receive the bulk of basal ganglia output (from the 
pallidum and SNr). Each subdivision of the VA and VL 
nuclei receives input from different pallidal and nigral 
regions. The magnocellular part of the VA nucleus (VAmc) 
receives nigral inputs, whereas the VAmc and VLo nuclei 
receive pallidal inputs. The MD nucleus receives input 
from the medial SNr and the ventral pallidum (VP) (Haber 
et al., 1985; Ilinsky et al., 1985). Regions of VL that 
receive the main output from motor regions of dorsal pal-
lidum, project to motor and premotor areas of frontal cor-
tex. Likewise, VA is associated with the rostral premotor 
cortex and DLPFC, and the MD nucleus is linked to the 
DLPFC, OFC and ACC (Giguere and Goldman-Rakic, 
1988; Matelli and Luppino, 1996). Thus, the organization 
of connections through the cortico-basal ganglia–cortical 
network preserves a general functional topography within 
each structure, from the cortex through the striatum, from 
the striatum to the pallidum/pars reticulata, from these out-
put structures to the thalamus, and finally, back to cortex 
(Fig. 24.1) (Middleton and Strick, 2000).

This organization of the dense terminal fields from 
a given cortical area in each basal ganglia nuclei has led 
to the concept that each functionally identified cortical 
region drives (and is driven by) a specific basal ganglia 
loop or circuit. The overall functionally topography has 
led to the idea of parallel processing of cortical informa-
tion through segregated basal ganglia circuits (Alexander 
and Crutcher, 1990). However, this concept does not take 
into account the detailed analysis of these projection sys-
tems, thereby overlooking its complexity. Moreover, fro a 
functional perspective, the focus has been on the role of 
the basal ganglia in the selection and implementation of 
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an appropriate motor response, (while inhibiting unwanted 
ones) (Mink, 1996). This model assumes that the basal 
ganglia primarily mediates motor output. In other words, 
it assumes that the behavior has been learned and that 
the role of the basal ganglia is to carry out a coordinated 
action. We now know that the cortico-basal ganglia net-
work is critical in mediating the learning process, to adapt 
and to accommodate past experiences to modify behavioral 
responses (Aosaki et al., 1994; Wise et al., 1996; Doyon 
et al., 1997; Hikosaka et al., 1998; Jog et al., 1999; Cools  
et al., 2004; Pasupathy and Miller, 2005; Muhammad et al., 
2006). This process requires links across circuits.

III.  Integrative Pathways

Growing evidence from both primate and rodent stud-
ies have identified possible anatomical substrates through 
which transfer of information can occur across functional 
domains (Bevan et al., 1997; Bar-Gad et al., 2000; Haber 
et al., 2000; Kolomiets et al., 2001; McFarland and Haber, 
2002; Mena-Segovia et al., 2005; Haber et al., 2006; Belin 
and Everitt, 2008; Draganski et al., 2008). This integration 
between different aspects of reward processing with cog-
nitive and motor control regions occurs at several stations 
through the system. Moreover, a number of mechanisms 
serve this integrative function. First, it has been known 
for some time that axons and dendrites from adjacent cor-
tical regions invade neighboring areas, allowing cross-
talk between systems at the edges of functional domains. 
Therefore, it is not surprising that projections carrying 
diverse information through the basal ganglia structures 
would also converge at the edges of different functional 
domains. Thus, while projections from cortex terminate in a 
general topography through the BG structures, the dendrites 
and axons of cells within each functional region often cross-
functional boundaries. For example, the dendritic arbors 
in the GP extend long distances, well beyond the circum-
scribed region of its cell body, invading neighboring terri-
tories. In this way, striatal axons from one functional region 
can contact the distal dendrite of an adjacent one. Moreover, 
convergence is enhanced by the compression of terminals 
from functionally adjacent fields into progressively smaller 
BG structures (Percheron and Filion, 1991; Yelnik, 2002; 
Bar-Gad et al., 2003). Thus, “edges” of functionally identi-
fied regions are likely to process mixed signals.

Second, anatomical integration occurs through specific 
subregions within a functional area that receives input from 
a different functional region. These are not necessarily 
located at the edges of functional domains, but rather rep-
resent relatively isolated subregions within each domain. 
Moreover, this phenomenon can occur between terminal 
fields that are not adjacent. These areas are referred to as 
nodal points of convergence and have been demonstrated 
both within specific corticostriatal and cortico-thalamic ter-
minal fields. Third, corticostriatal, and pallidostriatal con-
nections contain a diffuse fiber projection system. This is 
in addition to the focal dense projections that are used to 
define the functional territories within each structure. It 
refers to groups of fibers that travel widely throughout a 
broad area of the nucleus, giving rise to clusters of termi-
nals, outside of the main, dense, focal terminal field. This 
scattered, and less densely distributed fiber system is likely 
to perform a different function than the focal terminal field. 
Fourth, there are non-reciprocal arrangements between 
structures that are bidirectionally linked. The non-recipro-
cal component of these connections provides input from a 
different functional circuit, and therefore a key element for 
integration of information. Moreover, in some instances, 
such as the striato-nigro-striatal and cortico-thalamo-corti-
cal systems, the complex relationships between the recip-
rocal and non-reciprocal provide a directional flow of 
information between regions. This flow appears to be gen-
erally from limbic through, associative, and then motor con-
trol output areas. The following sections will address these 
integrative mechanisms through each stage of the cortico-
basal ganglia circuit: (1) The cortico-striatal connections 
demonstrate integration across functional domains through 
convergence of terminal fields at the borders of functional 
domains, at nodes of convergence in within subregions of 
functional domains, and through a diffuse projection sys-
tem; (2) The pallidal connections demonstrate integration, 
through convergence at borders and, (particularly the exter-
nal segment) a diffuse fiber feedback projection system; (3) 
The striato-nigro-striatal network and the cortico-thalamo-
cortical network demonstrate integration through a non-
reciprocal, directional specific set of connections.

A.  Cortico-Striatal Connections

While there is a general topographic organization to the 
cortico-striatal terminal fields, this projection system also 
shows important non-topographic rules: (1) Nodal points 
of convergent focal projections from different cortical terri-
tories; and (2) A diffuse projection system from each corti-
cal region that extends through a wide striatal region. Both 
of these include convergence at the edges of functional 
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domains, as well as interfaces deep within a given functional 
domain (Figs 24.2 and 24.3) (Haber et al., 2006; Calzavara 
et al., 2007). Focal projection fields are defined as dense 
clusters of terminals forming the well-known dense corti-
costriatal patches that can be visualized at relatively low 
magnification and are the foundation for the concept of par-
allel and segregated cortico-basal ganglia circuits. The dif-
fuse projections consist of clusters of terminal fibers that are 

Figure 24.2  Schematics demonstrating convergence of corticostriatal 
focal projections from different limbic, associative, and motor areas: (A) 
and (B) show convergence between projections from different prefrontal 
regions; (C) shows convergence between prefrontal regions and motor 
control areas. DPFC, dorsal prefrontal cortex; OFC, orbital prefrontal cor-
tex; vmPFC, ventral medial prefrontal cortex.
widely distributed throughout the striatum, both expanding 
the borders of the focal terminal fields, but also extending 
widely throughout other regions of the striatum. These two 
projection patterns, focal projections and diffuse projections, 
may represent terminals from two different populations of 
cortical neurons (Parent and Parent, 2006). Alternatively, 
they may originate from the collaterals from the same cor-
tical cell. We describe these patterns below in the monkey; 
however, recent studies show that these same patterns exist 
in rats (Deniau, in preparation).

1.  Focal Projections and Nodal Points 
Convergence

Despite the general topography described above, focal ter-
minal fields from the different frontal areas also show a 
complex interweaving and convergence, providing an ana-
tomical substrate for modulation between circuits (Haber 
et al., 2006; Calzavara et al., 2007). As described above, 
corticostriatal topography forms a general ventromedial 
to dorsolateral gradient of projections from limbic cogni-
tive and motor control areas respectively. Moreover each 
of these general areas contains subregions with concentra-
tions of terminals associated with specific cortical areas. 
As might be expected, there is extensive convergence of 
fibers from different cortical areas within each functional 
domain. For example, within the limbic circuits, focal pro-
jections from the dACC and OFC regions do not occupy 
completely separate territories in any part of the stria-
tum, but converge most extensively at rostral levels. Focal 
projections from the vmPFC converge with those from 
the dACC and OFC in relatively small, ventral zones. 
Figure 24.3  Diffuse and focal corticostriatal projections. (A) Diffuse projections from different prefrontal regions. (B) Diffuse  focal projections 
from the same prefrontal areas. Red, vmPFC  inputs; dark orange, OFC inputs; light orange, dACC inputs; yellow, DPFC inputs. To view a color ver-
sion of this image please visit http://www.elsevierdirect.com/companion/9780123747679
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Projections from different parts of areas 9 and 46 terminate 
in a topographic manner, but also converge at more caudal 
striatal levels. At the nucleus accumbens level, focal pro-
jections from the SEF and FEF converge in the lateral cau-
date nucleus, adjacent to the internal capsule.

Of particular interest, however, is the convergence  
of terminal fields from different functional domains  
(Fig. 24.3). For example, focal projections from dACC and 
OFC also converge with inputs from the DPFC. At rostral 
levels, DPFC terminals converge with those from both the 
dACC and OFC, although each cortical projection also 
occupies its own territory. Here, projections from all PFC 
areas occupy a central region, the different cortical projec-
tion extending into non-overlapping zones. This conver-
gence does not take place only at the boundaries or edges 
of different functional domains. Rather, there are dense 
clusters of invading terminals from, for example, the DPFC 
embedded deep within the focal projection field of the 
OFC. Convergence is less prominent caudally, with almost 
complete separation of the dense terminals from the DPFC 
and dACC/OFC just rostral to the anterior commissure. At 
the most rostral striatal levels, projections from the DLPFC 
occupy a large portion of the dorso-central striatum. In 
comparison, the area occupied by terminal fields PMdr is 
relatively small. At this level, projections from PMdr and 
the DLPFC occupy primarily separate regions. However, 
at the level of the nucleus accumbens there are nodes of 
convergence between focal projections from PMdr and 
DPFC, embedded within each functional domain. This is 
particularly evident in the dorsal caudate nucleus. At cau-
dal striatal levels, there is little or no convergence between 
focal projections from areas DPFC and PMdr. In fact, here 
terminals from these cortical regions are segregated occu-
pying somewhat different, but adjacent locations in the 
caudate nucleus. As indicated above, convergence between 
focal projections from different functional regions is not 
unique to primates, rather extensive convergence between 
terminals from different functional regions of cortex is also 
observed in rats (Deniau, in preparation).

Convergence between focal projections from DPFC and 
limbic regions on the one hand and rostral motor-control  
areas on the other, takes place in specific and selected  
striatal regions. At more anterior levels, there is conver-
gence between focal projections from DPFC and those from 
the limbic areas, OFC, dACC, and vmPFC. At the level  
of the nucleus accumbens and anterior commissure, con-
vergence is more prominent between the DPFC and FEF 
and motor control areas. Taken together, projections from 
the DPFC are in a pivotal position in the striatum, con-
verging at rostral levels with inputs from areas associated 
with motivation and reward (rostral striatum), and at more 
posterior levels (nucleus accumbens/anterior commis-
sure levels) with those from cortical areas associated with 
action planning. These nodes of convergence provide an 
anatomical substrate for integration between different pro-
cessing circuits and may represent “hot spots” of plastic-
ity and adaptation. In general, the pivotal position of the 
DPFC in the striatum is similar to that in cortex, in that it 
is connected to both premotor and reward-related areas. 
However, the interaction between cognitive-, motor- and 
reward-related information may serve a different function 
in the striatum. The striatum receives focal cortical projec-
tions that are funneled into a concentrated region, along 
with an input from the dopamine cells that signal reward 
and salience. Thus, the pivotal role of the DLPFC in the 
striatum may differ from its role in cortex due to the com-
bination of concentrated focal projections in addition to 
its dopaminergic input, thereby placing it in a position to 
specifically mediate learning that is associated with habit 
formation. The complexity of these interactions may be 
consistent with the concept that integrative aspects of stria-
tal processing are organized around the striatal compart-
mentation of cortical inputs (Graybiel and Penney, 1999). 
However, while histochemical compartmentation is associ-
ated with cortical connections, this organization is complex 
and relationships switch depending on the cortical input 
(Ragsdale and Graybiel, 1990). Therefore, at this point it is 
not clear whether nodes of convergence are associated with 
histochemical compartmentation.

2.  Diffuse Projections

In addition to the focal projections, each cortical region 
sends a diffuse fiber projection outside of its focal termi-
nal field, invading striatal regions that receive their focal 
input from other prefrontal cortex areas (Fig. 24.3) (Haber 
et al., 2006; Calzavara et al., 2007). These projections are 
extensive and at some distance from the focal projection 
field. For example, the diffuse projection from the OFC 
extends deep into the dorsal, central caudate, and putamen, 
with extensive convergence with the focal and diffuse pro-
jections from both the dACC and the DPFC. Likewise, the 
diffuse projections from dACC overlap with focal projec-
tions from the vmPFC, OFC and DPFC. Moreover, clusters 
of fibers are found in the dorsal lateral caudate nucleus and 
in the caudal ventral putamen, areas that do not receive a 
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focal input from other prefrontal regions. Clusters of DPFC 
fibers terminate throughout the rostral striatum, including 
the ventral striatum and lateral putamen. Although DPFC 
focal projections do not reach into the ventro-medial 
region, its diffuse projection does (Fig. 24.3). Diffuse 
projections from premotor areas terminate throughout the 
striatum, with the exception of its ventro-medial part.

Significant and extensive diffuse projections from each 
frontal cortical region is consistent with the demonstra-
tion that a single cortico-striatal axon can innervate 14% 
of the striatum, demonstrating this pattern exists also in 
rats (Zheng and Wilson, 2002). However, activation of a 
medium spiny neuron requires a large coordinated gluta-
matergic input from many cortical cells (Wilson, 2004). 
Therefore, the invasions of relatively small fiber clusters 
from other functional regions are not considered to have 
much relevance for cortico-striatal information process-
ing and, as a result, anatomical studies have focused on 
the large, dense focal projections (Selemon and Goldman-
Rakic, 1985; Ferry et al., 2000). While under normal con-
ditions in which a routine behavior is executed, these fibers 
may have little impact; this diffuse projection may serve a 
separate integrative function. Collectively, these projections 
represent a large population of axons invading each focal 
projection field, and, under certain conditions, if collec-
tively activated, they may provide the recruitment strength 
necessary to modulate the focal signal. This would serve 
to broadly disseminate cortical activity to a wide striatal 
region, thus providing an anatomical substrate for cross-
encoding cortical information to influence the future firing 
of medium spiny neurons (Kasanetz et al., 2008). Taken 
together, the combination of focal and diffuse projections 
from frontal cortex occupies the rostral striatum and con-
tinues caudally through the caudate n and putamen. The 
fronto-striatal network, therefore, constitutes a duel system 
comprising both topographically organized terminal fields, 
along with subregions that contain convergent pathways 
derived from functionally discrete cortical areas (Haber  
et al., 2006; Draganski et al., 2008).

B.  Integration Through Connections of the 
Pallidum

The globus pallidus, like the striatum, is also organized 
according to functional domains. However, specific fea-
tures of the pallidum make this an important way sta-
tion for potential integration. This arises from the unique  
morphology of both pallidal segments and from the  
connections. Integration through the pallidum occurs pri-
marily through convergence at the borders between func-
tional domains. However, in some cases, particularly with 
connections of the external segment, fibers extend well 
into other functional domains. Connections through which 
integration can occur include, external pallido-striatal con-
nections and subthalamo-pallidal connections, and external 
pallido-nigral connections.

1.  Unique Morphological Features of the 
Globus Pallidum

Pallidal cells are large, with long, thick dendrites that are 
wrapped with striatal axons, forming a dense plexus of 
synapses that ensheath the axon. This distinct morphology 
is nicely outlined with immunoreactivity for enkephalin 
(external pallidal segment-GPe) and substance P (internal 
pallidal segment-GPi), which shows the extent of these 
dendrites that are wrapped in striatal fibers. These tubu-
lar-like structures, referred to as ‘woolly fibers’, are par-
ticularly useful for determining the boundaries and extent 
of the pallidum and their expansive span across functional 
territories (Fox et al., 1974; DiFiglia et al., 1982; Haber 
and Watson, 1985; Mai et al., 1986). Thus, a given pallidal 
neuron that lies within a particular dense focal projection, 
sends its dendrite into a neighboring territory. The proxi-
mal part of the dendrite receives a topographic input from 
a specific cortical area, via the striatum, but distal part of 
the dendrite is likely to receive input from an other func-
tional region (Percheron and Filion, 1991).

2.  Pallido-Striatal Projections

The pallidostriatal pathway, which has received relatively 
little attention, is extensive and organized in a general dor-
sal-to-ventral and medial-to-lateral topography (Staines 
et al., 1981; Beckstead, 1983; Haber et al., 1985; Shu and 
Peterson, 1988; Kuo and Chang, 1992; Groenewegen et al., 
1993; Spooren et al., 1996) (see Chapter 14). These arise 
from the GPe and parts of the VP in both primates and rats. 
It is therefore generally considered a simple feedback sys-
tem. However, pallidostriatal terminal fields from each area 
of the pallidum contain a dense center that is surrounded 
by a less dense, albeit wide and extensive innervated area. 
The dense center region is referred to as the “core”, and 
the collective cores from each pallidostriatal terminal field 
are topographically organized. However, surrounding each 
core is a wide-spread terminal region that expands the  
pallidal influence on the striatum. Thus, although the  
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pallidostriatal pathway reciprocates the striatopallidal 
pathway, the terminal arrangement is such that pallidal 
regions innervate parts of the striatum from which they 
receive no input, indicating that the pallidostriatal pathway 
is not a point-to-point feedback for striatopallidal projec-
tions. Rather, the pallidum modulates a wider region of the 
striatum than it receives input from. Striatopallidal projec-
tions obey a stricter topographic organization, suggesting 
that distinct striatopallidal pathways may be more closely 
maintained in one direction (striatopallidal) but not in its 
feedback (pallidostriatal). Therefore, GPe and VP regions 
that form part of distinct cortico-striatopallidal circuits 
send fibers to the striatum that interact with different cor-
tico-striatopallidal circuits. Of particular interest, however, 
is that pallidal fibers from limbic regions do not reach 
motor control areas of the striatum, and those from motor 
control areas do not reach limbic striatal regions. The non- 
reciprocal relationship of the pallidum with the stria-
tum subsequently creates both closed and opened loops 
between the striatum and pallidum. However, these non-
reciprocal connections differ from the cortico-striatal path-
ways in that it is organized in a center (core)-surround 
configuration. The diffuse fiber projections seen in the cor-
tico-striatal system have a wider distribution and are not 
organized in a center-surround configuration.

3.  Subthalamo-Pallidal Projections

A major afferent source of both pallidal segments is the 
subthalamic nucleus. The GPe has reciprocal connec-
tions with the subthalamic nucleus and adjoining lat-
eral hypothalamic area (Kuo and Carpenter, 1973; Kim 
et al., 1976; DeVito and Anderson, 1982; Harnois and 
Filion, 1982). Like the striatopallidal projections, the  
pallido-subthalamic pathway is topographic. However, the  
subthalamo-pallidal pathway to the GPe is not topographi-
cally organized, but rather arranged in bands parallel to the 
medullary lamina (Smith et al., 1990). Like the pallidos-
triatal system, distinct regions of the subthalamic nucleus 
may thus influence wider pallidal regions than it receives 
input from (Smith et al., 1990; Parent and Hazrati, 1993; 
Bevan et al., 1994). In other words, while descending pro-
jections from the various striatal regions maintain generally 
separate lines of conduction from the striatum to the pal-
lidum and from the pallidum to the subthalamic nucleus, 
such segregation is apparently not strictly maintained in 
the ascending projections from the subthalamic nucleus to 
the pallidum and from the pallidum to the striatum. Thus, 
separation of circuits is maintained in one direction, i.e. the  
striato-pallido-subthalamic direction, but not in the oppo-
site direction, i.e. the subthalamic-pallido-striatal direction. 
Hence, a relatively small part of the subthalamic nucleus 
can influence greater parts of the striatum along these 
ascending lines of conduction. The general flow of infor-
mation through the basal ganglia is from cortex to stria-
tum and via the pallidum and thalamus, back to cortex. 
Information flowing in the opposite direction is seen only 
in the context of feedback loops. However, this is likely to 
underestimate the impact of these pathways on the output 
of the basal ganglia as seen with the extent and organiza-
tion of both the pallidostriatal and subthalamo-pallidal 
pathways. As discussed later, this is also the case with the 
connection of cortex back to the thalamus.

4.  Pallido-Nigral Projections

While descending efferent projections from the pallidum 
terminate topographically in the subthalamic nucleus and 
thalamus, those projecting from the GPe and VP to the sub-
stantia nigra overlap extensively (Haber et al., 1993; Bevan 
et al., 1996). In particular, fibers from the ventral pallidum 
converge with those from the dorsal pallidum on single 
dopaminergic neurons. Therefore, individual substantia 
nigra cells receive both limbic and nonlimbic input. This 
convergence has important implications for the role of the 
dopamine cells in processing diverse information, which in 
turn is sent back to the striatum (see below). The pars retic-
ulata neurons also receive this diverse information, which 
is then sent to the thalamus. A unique feature to the ventral 
pallidum in that it also projects to both the GPi and GPe 
of the dorsal pallidum. While the GPe does project to the 
internal segment, neither the internal nor GPe project to the 
ventral pallidum. This is an example of unilateral interface, 
in which the limbic system influences the cognitive and/or 
motor systems, but the reverse does not appear to occur. 
In summary, there is extensive integrative processing that 
occurs through the GPe and parts of the VP connections 
(the indirect pathway). In contrast, the GPi appears to be 
more involved in parallel processing (the direct pathway).

C. The Striato-Nigro-Striatal Projection 
System

The dopamine cells are an integral part of the basal ganglia 
and are involved mediating all functions, including reward, 
cognition and motor control. The ventral tegmental area 
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(VTA) is most closely linked to reward and reinforcement. 
The substantia nigra pars compacta (SNc) is associated 
with cognition and motor control. While subpopulations 
of dopamine neurons have been associated with these dif-
ferent functions: the mesolimbic, mesocortical system, 
and nigrostriatal pathways, respectively, all dopamine 
cell groups are now thought to be important for the devel-
opment of reward-based learning and habit formation 
(Berridge and Robinson, 1998; Matsumoto et al., 1999; 
Schultz, 2002; Wise, 2004). Before turning to its projec-
tions, it is important to understand the organization of the 
midbrain dopamine cells.

1.  The Organization of Dopamine Neurons

Anatomically, the midbrain dopamine neurons are not 
clearly defined within the mesolimbic, mesocortical, and 
nigrostriatal categories. The midbrain dopamine neurons are 
generally divided into the SNc; the VTA; and the retroru-
bral cell groups (Hokfelt et al., 1984) (see also Chapter 16).  
In primates, the SNc is further divided into three groups: 
a dorsal group (the a group); a main, densocellular region 
(the  group); and a ventral group (the g group), or cell col-
umns (Olszewski and Baxter, 1982; Haber et al., 1995). The 
dorsal group is oriented horizontally and extends dorsola-
terally, circumventing the ventral and lateral superior cere-
bellar peduncle and the red nucleus. These cells merge with 
the immediately adjacent dopamine cell groups of the VTA 
to form a continuous mediodorsal band of cells. Calbindin 
(CaBP), a calcium-binding protein, marks both the VTA and 
the dorsal SNc. In contrast, the ventral cell groups (the den-
socellular group and the cell columns) are calbindin nega-
tive, and, unlike the dorsal tier, have high expression levels 
for dopamine transporter and for the D2 receptor mRNAs 
(Lavoie and Parent, 1991; Haber et al., 1995; McRitchie and 
Halliday, 1995). Thus, the midbrain cells can be divided in 
to a dorsal tier that includes the VTA, and the dorsal SNc, 
and a ventral tier that includes the densocellular group and 
cell columns (Fig. 24.4).

2.  Afferent Projections

Input to the midbrain dopamine neurons is primarily from 
the striatum, from both the GPe of the globus pallidus and 
the ventral pallidum, and from the brainstem (for review see 
Haber and Gdowski, 2004) (see also Chapter 16). Descending  
projections from the central nucleus of the amygdala also 
terminate in a wide mediolateral region, but are limited 
primarily to the dorsal tier cells. In addition, there are  
projections to the dorsal tier from the bed nucleus of the 
stria terminalis and from the sublenticular substantia innom-
inata that travel together with those from the amygdala 
(Fudge and Haber, 2000; Fudge and Haber, 2001). While 
the dopamine neurons receive input from these several 
sources, perhaps the most massive projection is from the 
striatum. Striatal projections terminate on both the dorsal 
and ventral tier, in addition to the pars reticulata. This affer-
ent projection is organized with an inverse ventral/dorsal 
topography. The ventral striatum projects widely to the dor-
sal tier and much of the dorsal part of the densocellular, pars 
compacta cells. This ventral striatal terminal field extends 
laterally to include a large mediolateral region. Descending 
projections from the extended amygdala also terminate in 
a wide mediolateral region, but primarily in the dorsal tier. 
Therefore, the dorsal tier receives a massive limbic input 
through an indirect projection from the OFC/dACC/vmPFC 
(via the striatum), and a direct projection from the extended 
amygdala.

The caudate nucleus, which receives input primar-
ily from the DPFC, projects extensively to the central and 
ventral parts of the densocellular region, extending into 
the cell columns and surrounding pars reticulata. Finally, 
the dorsolateral striatal projection is concentrated in the 
ventral and lateral part of the substantia nigra. Unlike the 
widespread terminal fields of the ventral and central stria-
tum, the distribution of efferent fibers from the dorsolateral 
striatum is more restricted and terminates primarily in the 
pars reticulata. However, their terminal fields do project to 
the cell columns of dopamine neurons that penetrate deep 
into the pars reticulata. Thus, in addition to the inverse 
dorsoventral topographic organization to the striato-nigral 
projection, there is an important difference in the extent of 

Figure 24.4  Schematic illustrating the organization of the midbrain 
dopamine neurons into the dorsal and ventral tiers. SNc, substantia nigra 
pars compacta; SNr, substantia nigra pars reticulata; VTA, ventral teg-
mental area.
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Figure 24.5  Schematic of the substantia nigra showing the combined distribution of striatonigral terminal fields (A and C), nigrostriatal cells (B 
and C) associated with different functional regions of the striatum. Pink/red  inputs and outputs from the limbic striatum; yellow/orange  inputs 
and outputs from the associative striatum; blue  inputs and outputs from the motor striatum. CP, cerebral peduncles; SNc, substantia nigra pars com-
pacta; SNr, substantia nigra pars reticulata; VTA, ventral tegmental area. To view a color version of this image please visit http://www.elsevierdirect.
com/companion/9780123747679
the projections fields from the functional striatal domains. 
Projections from regions receiving PFC inputs have wide 
projection fields throughout the midbrain dopamine cells, 
while those from motor control areas have a relatively lim-
ited projection field (Fig. 24.5A).

3.  Efferent Projections

As with the descending striatonigral pathway, the ascend-
ing nigrostriatal projection also exhibits an inverse dor-
soventral topographic arrangement. Here, there is also a 
mediolateral topographic organization. Thus, the dorsal and 
medial dopamine cells project to the ventral and medial parts 
of the striatum, while the ventral and lateral cells project 
to the dorsal and lateral parts of the striatum (Parent et al., 
1983; Hedreen and DeLong, 1991; Lynd-Balta and Haber, 
1994c, a; Haber et al., 2000). Moreover, as with the striato-
nigral projection, the proportional distribution of cells that 
project to different functional domains of the striatum differ 
(Fig. 24.5B). The shell region of the ventral striatum receives 
the most limited midbrain input, primarily derived from the 
VTA. The rest of the ventral striatum receives input primarily 
from the dorsal tier, including the retrorubral cell group, and 
from the medial and dorsal region of the densocellular group. 
The central part of the striatum, which receives input from 
the DPFC, also receives input from the central part of the 
densocellular region of the dopamine cells. In contrast, the 
dorsolateral part of the striatum receives input from a wide 
range of dopamine cells, derived from the ventral tier, includ-
ing both the densocellular and cell columns groups (Haber  
et al., 2000) (Fig. 24.5B).

4.  Relationship Between Reciprocal and Non-
Reciprocal Connections

The concept of the ventral striatal influence on the dorsal 
striatum, via the midbrain dopamine neurons was first pro-
posed based on rodent studies that demonstrated that the 
ventral striatum projects to SNc cells that, in turn project to 
the dorsal striatum. This was proposed as one mechanism 
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by which the limbic system directly impacted the motor 
system (Nauta et al., 1978; Somogyi and Smith, 1979). In 
primates, the complex relationships between reciprocal and 
non-reciprocal components create an anatomical substrate 
for a directional flow of information processing across sev-
eral circuits (Haber et al., 2000). When considered sepa-
rately, each limb of the system creates a loose topographic 
organization. The VTA and medial substantia nigra are 
associated with the limbic regions, the central substantia 
nigra with associative regions, and the lateral and ventral 
substantia nigra are related to the motor control striatal 
regions (Fig. 24.4C). However, the fact that the descend-
ing and ascending limb of each functional striatonigral and 
nigrostriatal system differs in their proportional projec-
tions significantly alters the relationship of different func-
tional striatal areas with the midbrain. The ventral striatum 
receives a relatively limited midbrain input, but projects to 
a large region, which includes dorsal and ventral tiers and 
the dorsal pars reticulata. In contrast, the dorsolateral stria-
tum receives input from a wide range of dopamine cells, 
but projects to a limited region (Fig. 24.5C).

The proportional differences between inputs and out-
puts of the dopamine neurons, coupled with their topog-
raphy results in complex interweaving of functional 
pathways. In addition, for each striatal region, the afferent 
and efferent striato-nigro-striatal projection system con-
tains three components in the midbrain. There is a recip-
rocal connection that is flanked by two non-reciprocal 
connections. The reciprocal component contains cells that 
project to a specific striatal area. These cells are embedded 
within terminals from that same striatal area. Dorsal to this 
region lies a group of cells that project to the same striatal 
region, but do not lie within its reciprocal terminal field. In 
other words, these cells receive a striatal projection from 
a region that they do not project to. Finally, ventral to the 
reciprocal component are efferent terminals. However, 
there are no cells embedded in these terminals that proj-
ect to that same specific striatal region. The cells located in 
this terminal field project to a different striatal area. These 
three components for each striato-nigro-striatal projection 
system occupy different positions within the midbrain. 
The ventral striatum system lies dorsomedially, the dorso-
lateral striatum system lies ventrolaterally, and the central 
striatal system is positioned between the two. Moreover, 
as indicated above, each functional region differs in its 
proportional projections, which significantly alter their 
relationship to each other. The ventral striatum receives 
a limited midbrain input but projects to a large region. In 
contrast, the dorsolateral striatum receives a wide input but 
projects to a limited region. In other words, the ventral stri-
atum influences a wide range of dopamine neurons, but is 
itself influenced by a relatively limited group of dopamine 
cells. On the other hand, the dorsolateral striatum influ-
ences a limited midbrain region, but is affected by a rela-
tively large midbrain region.

Figure 24.6  Schematic illustrating the striato-nigro-striatal projec-
tions. The colored gradient in cortex and striatum illustrates the organi-
zation of functional corticostriatal inputs. Midbrain projections from the 
shell target both the VTA and ventromedial SNc (red arrows). Midbrain 
projections from the VTA to the shell form a “closed,” reciprocal SNS 
loop (red arrow). Projections from the medial SN feed-forward to the 
central ventral striatum forming the first part of a spiral (orange arrow). 
The spiral continues through the striato-nigro-striatal projections (yellow, 
green, and blue arrows) with pathways originating in the ventral striatum 
and projecting more dorsally. In this way ventral striatal regions influence 
more dorsal striatal regions via these spiraling projections. IC, internal 
capsule; vmPFC/OFC, ventral medial prefrontal cortex/orbital prefrontal 
cortex; DPFC, dorsal prefrontal cortex. ���������������������������������     (see Color Plate Section to view 
the color version of this figure)



421Chapter | 24  Integrative Networks Across Basal Ganglia Circuits
Thus, the combination of proportional differences cou-
pled with the three components, creates an arrangement in 
which information from the limbic system flows through a 
series of connections to reach the motor system. The ven-
tral striatum receives input from limbic regions and proj-
ects to the dorsal tier. The dorsal tier projects back to the 
ventral striatum. However, the ventral striatum efferent 
projection to the midbrain extends beyond the tight ventral 
striatal/dorsal tier/ventral striatal circuit, terminating lateral 
and ventral to the dorsal tier. This area of terminal projec-
tion does not project back to the ventral striatum. Rather, 
cells in this region project more dorsally, into the striatal 
area that receives input from the DPFC. Through this con-
nection, the same cortical information that influences the 
dorsal tier through the ventral striatum also modulates the 
densocellular region that projects to the central striatum. 
This central striatal region is reciprocally connected to the 
densocellular region. But it also projects to the ventral den-
socellular area and into the cell columns. Thus, projections 
from the DPFC, via the striatum, are in a position to influ-
ence cells that project to motor control areas of the stria-
tum. The dorsolateral striatum is reciprocally connected 
to the ventral densocellular region and cell columns. The 
confined distribution of efferent dorsolateral striatal fibers 
limits the influence of the motor striatum to a relatively 
small region involving the cell columns and the pars retic-
ulata. Taken together, the interface between different stria-
tal regions via the midbrain dopamine cells is organized 
in an ascending spiral interconnecting different functional 
regions of the striatum (Fig. 24.6). This creates a feed for-
ward organization. Through this spiral of inputs and out-
puts between the striatum and midbrain dopamine neurons, 
information can be channeled from the shell and ventral 
striatum, through the central striatum, and to the dorsolat-
eral striatum. In this way, information can flow from lim-
bic to cognitive to motor circuits, allowing a mechanism 
by which motivation and cognition can influence motor 
decision-making processes, and appropriate responses to 
environmental cues.

D. The Place of the Thalamus in Basal 
Ganglia Circuitry

The thalamic-cortical pathway is the last link in the circuit and 
is often treated as a simple “one-way relay” back to cortex. 
However this pathway does not transfer information passively 
but rather plays a key role in regulating cortical ensembles of 
neurons through its non-reciprocal connections with cortex. 
This occurs in two ways. First, the thalamus projects to dif-
ferent cortical layers. Therefore, while the thalamus receives 
input from the deep cortical layers, the thalamic projection 
to cortex, from the BG relay nuclei, terminates in superficial, 
middle, and deep layers (layers I/II, III/IV, and V, respec-
tively) (McFarland and Haber, 2002; Erickson and Lewis, 
2004). Projections that terminate in layer V form both direct  
thalamo-corticothalamic and thalamo-corticostriatal loops, 
thus sustaining information processing from the thalamus 
through each specific cortico-BG circuit. However, projec-
tions to the superficial layers play a key role in corticocortical 
processing. These are particularly interesting in that they have 
a more global recruiting action response effecting wide net-
works of cortical activity. In contrast to the topographically-
specific thalamo-cortical projections to middle layers, the 
more widespread, diffuse terminals to layer I are in a position 
to modulate neuronal activity from all cortical layers with api-
cal dendrites ascending into layer I. Moreover, this projection 
can provide an important mechanism for cross-communication  
between basal ganglia circuits. Projections to superficial lay-
ers also interface with corticocortical connections. These 
cortical regions, in turn, send axons to the striatum, thereby 
potentially modulating a different loop.

Second, while corticothalamic projections to specific 
relay nuclei are thought to follow a general rule of reci-
procity, corticothalamic projections to VA/VL and cen-
tral MD sites, as seen in other thalamocortical systems, are 
more extensive than thalamocortical projections (Catsman-
Berrevoets and Kuypers, 1978; Hoogland et al., 1987; 
Sherman and Guillery, 1996; Deschenes et al., 1998; Jones, 
1998; Darian-Smith et al., 1999; McFarland and Haber, 
2002). Furthermore, they are derived from areas not inner-
vated by the same thalamic region, indicating non-reciprocal 
corticothalamic projections to specific basal ganglia relay 
nuclei (McFarland and Haber, 2002). Although each tha-
lamic nucleus completes the cortico-BG segregated circuit, 
the non-reciprocal component is derived from a function-
ally distinct frontal cortical area. For example, the cen-
tral MD has reciprocal connections with the lateral and 
orbital prefrontal areas and also a non-reciprocal input 
from medial prefrontal areas; VA has reciprocal connec-
tions with dorsal premotor areas, and caudal DLPFC and 
also a non-reciprocal connection from medial prefrontal 
areas; and VLo has reciprocal connections with caudal 
motor areas along with a non-reciprocal connection from 
rostral motor regions. The potential for relaying informa-
tion between circuits through thalamic connections, there-
fore, is accomplished both through the organization of 
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projections to different layers and through the non-recip-
rocal corticothalamic pathways. Thus, similar to the stri-
ato-nigro-striatal project system, the thalamic relay nuclei 
from the BG, also appear to mediate information flow from 
higher cortical “association” areas of the prefrontal cortex 
to rostral motor areas involved in “cognitive” or integrative 
aspects of motor control to primary motor areas that direct 
movement execution.

IV.  Functional Considerations

A key component for developing appropriate goal directed 
behaviors is the ability to first correctly evaluate different 
aspects of reward, including value versus risk and predict-
ability, and inhibit maladaptive choices, based on previous 
experience. These calculations rely on integration between 
different aspects of reward processing and cognition to 
develop and execute appropriate action plans. While par-
allel networks that mediate different functions are critical 
to maintaining coordinated behaviors, cross talk between 
functional circuits during learning and adaptation is critical. 
Indeed, reward, associative, and motor control functions 
are not clearly and completely separated within the stria-
tum. For example, consistent with human imaging studies, 
reward-responsive neurons are not restricted to the ventral 
striatum, but rather they are found throughout the stria-
tum. Moreover, cells responding in working memory tasks 
are often found also in the ventral striatum (Apicella et al., 
1991; Levy et al., 1997; Hassani et al., 2001; Takikawa  
et al., 2002; Cromwell and Schultz, 2003; Watanabe et al., 
2003; Tanaka et al., 2004; Delgado et al., 2005).

As described above, embedded within limbic, associa-
tive, and motor control striatal territories, are subregions 
containing convergent terminals between different reward 
processing cortical areas, between these projections and 
those from the DPFC, and between the DPFC and rostral 
motor control areas. These nodes of converging terminals 
may represent “hot spots” that may be particularly sensi-
tive to synchronizing information across functional areas 
to impact on long-term strategic planning, and habit forma-
tion (Kasanetz et al., 2008). Indeed, cells in the dorsal stri-
atum are progressively recruited during different types of 
learning, from simple motor tasks to drug self administra-
tion (Porrino et al., 2004; Lehericy et al., 2005; Pasupathy 
and Miller, 2005; Volkow et al., 2006). The existence of 
convergent fibers from cortex within the ventral striatum, 
taken together with hippocampal and amygdalo-striatal  
projections, places the ventral striatum in a key entry port 
to processing emotional and motivational information that, 
in turn, drives basal ganglia action output. The ventral, 
reward-based striatal region, and the associative, central 
striatal region can impact on motor output circuits, not only 
through convergent terminal fields within the striatum, 
but also through the striato-nigro-striatal pathways. One 
can hypothesize that initially the nodal points of interface 
between the reward and associative circuits, for example, 
send a coordinated signal to dopamine cells. This pathway 
is in a pivotal position for temporal “training” dopamine 
cells. In turn, these nodal points may be further reinforced 
through the burst firing activity of the nigro-striatal path-
way, thus transferring that impact back to the striatum. 
Thus, through the striato-nigro-striatal system, informa-
tion is linked transferred to other functional regions, dur-
ing learning and habit formation (Everitt and Robbins, 
2005; Volkow et al., 2006; Porrino et al., 2007; Belin et al.,  
2008). As demonstrated in rodent, monkey and human 
studies, when the striato-nigro-striatal circuit is interrupted, 
information transfer from Pavlovian to instrumental learn-
ing does not take place (Belin and Everitt, 2008).

In addition, the direct cortico-thalamic and cortico- 
subthalamic signals arrive in those structures prior to sig-
nal generated through the striatum. This likely sets the 
stage for information passed through the striato-pallidal 
loop. Through feed back loops of the pallido-striatal, sub-
thalamo-pallidal, and cortico-thalamic systems information 
is continually updated. In this respect, it is of interest that 
we consider the loop running from cortex through the stri-
atum, back to cortex via the thalamus and not the reverse 
and rises the interesting question, of where is the central 
processing station? In any event, the signal then enters the 
parallel system and, via the pallidum and thalamus, carries 
an integrated signal back to cortex (Fig. 24.7).

Parallel circuits and integrative circuits must work 
together, allowing the coordinated behaviors to be main-
tained, and focused (via parallel networks), but also to be 
modified and changed according to external and internal 
stimuli (via integrative networks) (Fig. 24.7). Both the 
ability to maintain focus in the execution of specific behav-
iors, as well as the ability to adapt appropriately to external 
and internal cues, are key deficits in basal ganglia diseases 
which affect these aspects of motor control, cognition and 
motivation. As outlined in this chapter, within each inter-
connected cortico-basal ganglia loop, there are subregions 
that cross functional domains.
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Figure 24.7  Schematic illustrating both dual parallel and integrative processing through cortico-basal ganglia pathways. Corresponding shaded stria-
tal and cortical areas demonstrates topographic of projections. multiple shaded areas indicate substriatal regions where convergence between terminals 
from different cortical areas occurs. Arrows connecting the striatum and substantia nigra illustrate how ventral striatum can influence the dorsal striatum 
through the midbrain dopamine cells. The connections between integrated areas also enter the parallel processing system, back to cortex, as indicated 
by arrows connecting the striatum via the pallidum and thalamus. DPFC, dorsolateral prefrontal cortex; GP/SNr, globus pallidus/substantia nigra pars 
reticulata; OFC/ACC, orbital prefrontal/anterior cingulate cortex; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; VTA, ven-
tral tegmental area.
Abbreviations

dACC  dorsal anterior cingulate cortex
DPFC  dorsal prefrontal cortex
GPe  globus pallidus, external segment
GPi  globus pallidus, internal segment
OFC  orbital prefrontal cortex
SNc  substantia nigra, pars compacta
SNr  substantia nigra, pars reticulata
vmPFC  ventromedial prefrontal cortex
VP  ventral pallidum

References

Aldridge JW, Anderson RJ, Murphy JT (1980) Sensory-motor process-
ing in the caudate nucleus and globus pallidus: a single-unit study in 
behaving primates. Can J Physiol Pharmacol 58:1192–1201.

Alexander GE, DeLong MR (1985) Microstimulation of the primate neo-
striatum. II. Somatotopic organization of striatal microexcitable zones 
and their relation to neuronal response properties. J Neurophysiol 
53:1417–1430.

Alexander GE, Crutcher MD (1990) Functional architecture of basal gan-
glia circuits: neural substrates of parallel processing. Trends Neurosci 
13:266–271.

Aosaki T, Graybiel AM, Kimura M (1994) Effect of the nigrostriatal 
dopamine system on acquired neural responses in the striatum of 
behaving monkeys. Science 265:410–412.

Apicella P, Ljungberg T, Scarnati E, Schultz W (1991) Responses to reward 
in monkey dorsal and ventral striatum. Exp Brain Res 85:491–500.

Bar-Gad I, Morris G, Bergman H (2003) Information processing, dimen-
sionality reduction and reinforcement learning in the basal ganglia. 
Prog Neurobiol 71:439–473.

Bar-Gad I, Havazelet-Heimer G, Goldberg JA, Ruppin E, Bergman H 
(2000) Reinforcement-driven dimensionality reduction – a model 
for information processing in the basal ganglia. J Basic Clin Physiol 
Pharmacol 11:305–320.

Barbas H (1992) Architecture and cortical connections of the prefrontal 
cortex in the rhesus monkey. In: Advances in Neurology (Chauvel P, 
Delgado-Escueta AV, eds), pp. 91–115. New York: Raven Press. 

Battig K, Rosvold HE, Mishkin M (1960) Comparison of the effect of 
frontal and caudate lesions on delayed response and alternation in 
monkeys. J Comp Physiol Psychol 53:400–404.



Handbook of Basal Ganglia Structure and Function424
Beckstead RM (1983) A pallidostriatal projection in the cat and monkey. 
Brain Res Bull 11:629–632.

Belin D, Everitt BJ (2008) Cocaine Seeking Habits Depend upon 
Dopamine-Dependent Serial Connectivity Linking the Ventral with 
the Dorsal Striatum. Neuron 57:432–441.

Belin D, Mar AC, Dalley JW, Robbins TW, Everitt BJ (2008) High impul-
sivity predicts the switch to compulsive cocaine-taking. Science 
320:1352–1355.

Berridge KC, Robinson TE (1998) What is the role of dopamine in 
reward: hedonic impact, reward learning, or incentive salience? Brain 
Res Brain Res Rev 28:309–369.

Bevan MD, Crossman AR, Bolam JP (1994) Neurons projecting from the 
entopeduncular nucleus to the thalamus receive convergent synaptic 
inputs from the subthalamic nucleus and the neostriatum in the rat. 
Brain Res 659:99–109.

Bevan MD, Smith AD, Bolam JP (1996) The substantia nigra as a site of 
synaptic integration of functionally diverse information arising from 
the ventral pallidum and the globus pallidus in the rat. Neuroscience 
75:5–12.

Bevan MD, Clarke NP, Bolam JP (1997) Synaptic integration of function-
ally diverse pallidal information in the entopeduncular nucleus and 
subthalamic nucleus in the rat. J Neurosci 17:308–324.

Blumenfeld RS, Ranganath C (2006) Dorsolateral prefrontal cortex pro-
motes long-term memory formation through its role in working mem-
ory organization. J Neurosci 26:916–925.

Butter CM, Snyder DR (1972) Alterations in aversive and aggressive 
behaviors following orbital frontal lesions in rhesus monkeys. Acta 
Neurobiol Exp 32:525–565.

Calzavara R, Mailly P, Haber SN (2007) Relationship between the corti-
costriatal terminals from areas 9 and 46, and those from area 8A, dor-
sal and rostral premotor cortex and area 24c: an anatomical substrate 
for cognition to action. Eur J Neurosci 26:2005–2024.

Catsman-Berrevoets CE, Kuypers HG (1978) Differential laminar distri-
bution of corticothalamic neurons projecting to the VL and the cen-
ter median. An HRP study in the cynomolgus monkey. Brain Res 
154:359–365.

Cools R, Clark L, Robbins TW (2004) Differential responses in human 
striatum and prefrontal cortex to changes in object and rule relevance. 
J Neurosci 24:1129–1135.

Corlett PR, Aitken MR, Dickinson A, Shanks DR, Honey GD, Honey 
RA, Robbins TW, Bullmore ET, Fletcher PC (2004) Prediction error 
during retrospective revaluation of causal associations in humans: 
fMRI evidence in favor of an associative model of learning. Neuron 
44:877–888.

Cromwell HC, Schultz W (2003) Effects of expectations for differ-
ent reward magnitudes on neuronal activity in primate striatum.  
J Neurophysiol 89:2823–2838.

Darian-Smith C, Tan A, Edwards S (1999) Comparing thalamocorti-
cal and corticothalamic microstructure and spatial reciprocity in the 
macaque ventral posterolateral nucleus (VPLc) and medial pulvinar. 
J Comp Neurol 410:211–234.

Delgado MR, Miller MM, Inati S, Phelps EA (2005) An fMRI study of 
reward-related probability learning. Neuroimage 24:862–873.

Deschenes M, Veinante P, Zhang ZW (1998) The organization of corti-
cothalamic projections: reciprocity versus parity. Brain Res Rev 
28:286–308.

DeVito JL, Anderson ME (1982) An autoradiographic study of efferent 
connections of the globus pallidus in Macaca mulatta. Exp Brain Res 
46:107–117.
DiFiglia M, Aronin N, Martin JB (1982) Light and electron microscopic 
localization of immunoreactive leu-enkephalin in the monkey basal 
ganglia. J Neurosci 2(3):303–320.

Doyon J, Gaudreau D, Laforce R Jr, Castonguay M, Bedard PJ, Bedard 
F, Bouchard JP (1997) Role of the striatum, cerebellum, and fron-
tal lobes in the learning of a visuomotor sequence. Brain Cogn 
34:218–245.

Draganski B, Kherif F, Kloppel S, Cook PA, Alexander DC, Parker GJ, 
Deichmann R, Ashburner J, Frackowiak RS (2008) Evidence for 
segregated and integrative connectivity patterns in the human Basal 
Ganglia. J Neurosci 28:7143–7152.

Dubé L, Smith AD, Bolam JP (1988) Identification of synaptic terminals of 
thalamic or cortical origin in contact with distinct medium-size spiny 
neurons in the rat neurostriatum. J Comp Neurol 267:455–471.

Dum RP, Strick PL (1993) Cingulate motor areas. In: Neurobiology of 
Cingulate Cortex and Limbic Thalamus: A Comprehensive Treatise 
(Vogt BA, Gabriel M, eds), pp. 415–441. Boston: Birkhauser. 

Elliott R, Dolan RJ (1999) Differential neural responses during perfor-
mance of matching and nonmatching to sample tasks at two delay 
intervals. J Neurosci 19:5066–5073.

Elliott R, Newman JL, Longe OA, Deakin JF (2003) Differential response 
patterns in the striatum and orbitofrontal cortex to financial reward in 
humans: a parametric functional magnetic resonance imaging study. J 
Neurosci 23:303–307.

Erickson SL, Lewis DA (2004) Cortical connections of the lateral 
mediodorsal thalamus in cynomolgus monkeys. J Comp Neurol 
473:107–127.

Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for 
drug addiction: from actions to habits to compulsion. Nat Neurosci 
8:1481–1489.

Fenelon G, Francois C, Percheron G, Yelnik J (1991) Topographic distri-
bution of the neurons of the central complex (Centre median-para-
fascicular complex) and of other thalamic neurons projecting to the 
striatum in macaques. Neuroscience 45:495–510.

Ferry AT, Ongur D, An X, Price JL (2000) Prefrontal cortical projections 
to the striatum in macaque monkeys: evidence for an organization 
related to prefrontal networks. J Comp Neurol 425:447–470.

Flaherty AW, Graybiel AM (1994) Input-output organization of the senso-
rimotor striatum in the squirrel monkey. J Neurosci 14:599–610.

Fox CH, Andrade HN, Du Qui IJ, Rafols JA (1974) The primate globus 
pallidus. A Golgi and electron microscope study. J R Hirnforschung 
15:75–93.

Francois C, Percheron G, Parent A, Sadikot AF, Fenelon G, Yelnik J 
(1991) Topography of the projection from the central complex of the 
thalamus to the sensorimotor striatal territory in monkeys. J Comp 
Neurol 305:17–34.

Friedman DP, Aggleton JP, Saunders RC (2002) Comparison of hippo-
campal, amygdala, and perirhinal projections to the nucleus accum-
bens: combined anterograde and retrograde tracing study in the 
Macaque brain. J Comp Neurol 450:345–365.

Fudge JL, Haber SN (2000) The central nucleus of the amygdala pro-
jection to dopamine subpopulations in primates. Neuroscience 
97:479–494.

Fudge JL, Haber SN (2001) Bed nucleus of the stria terminalis and 
extended amygdala inputs to dopamine subpopulations in primates. 
Neuroscience 104:807–827.

Fudge JL, Kunishio K, Walsh C, Richard D, Haber SN (2002) 
Amygdaloid projections to ventromedial striatal subterritories in the 
primate. Neuroscience 110:257–275.



425Chapter | 24  Integrative Networks Across Basal Ganglia Circuits
Fuster JM (1989). Lesion Studies. In: The Prefrontal Cortex Anatomy, 
Physiology, and Neuropsychology of the Frontal Lobe, 2nd edn, pp. 
51–82: Raven Press. New York. 

Fuster JM (2000) Prefrontal neurons in networks of executive memory. 
Brain Res Bull 52:331–336.

Fuster JM (2001) The prefrontal cortex--an update: time is of the essence. 
Neuron 30:319–333.

Giguere M, Goldman-Rakic PS (1988) Mediodorsal nucleus: area 1 lami-
nar and tangential distribution of afferents and efferents in the frontal 
lobe of rhesus monkeys. J Comp Neurol 277:195–213.

Giménez-Amaya JM, McFarland NR, de las Heras S, Haber SN (1995) 
Organization of thalamic projections to the ventral striatum in the 
primate. J Comp Neurol 354:127–149.

Goldman-Rakic PS (1996) The prefrontal landscape: implications of 
functional architecture for understanding human mentation and 
the central executive. Phil Trans Roy Soc Lond – Ser B: Biol Sci 
351:1445–1453.

Goldman-Rakic PS, Porrino LJ (1985) The primate mediodorsal (MD) 
nucleus and its projection to the frontal lobe. J Comp Neurol 
242:535–560.

Graybiel AM, Penney JB (1999) Chemical architecture of the basal 
ganglia. In: Handbook of Chemical Neuroanatomy (Bloom FE, 
Bjorklund A, Hokfelt T, eds), pp. 227–284. New York: Elsevier 
Science. 

Groenewegen HJ, Berendse HW (1994) The specificity of the ‘nonspecific’ 
midline and intralaminar thalamic nuclei. Trends Neurosci 17:50.

Groenewegen HJ, Berendse HW, Haber SN (1993) Organization of the 
output of the ventral striatopallidal system in the rat: Ventral pallidal 
efferents. Neuroscience 57:113–142.

Haber SN, Watson SJ (1985) The comparative distribution of enkephalin, 
dynorphin and substance P in the human globus pallidus and basal 
forebrain. Neuroscience 14:1011–1024.

Haber SN, Gdowski MJ (2004) The Basal Ganglia. In: The Human 
Nervous System, 2nd edn (Paxinos G, Mai JK, eds), pp. 677–738: 
Elsevier Press. 

Haber SN, Lynd-Balta E, Mitchell SJ (1993) The organization of the 
descending ventral pallidal projections in the monkey. J Comp Neurol 
329(1):111–129.

Haber SN, Fudge JL, McFarland NR (2000) Striatonigrostriatal pathways 
in primates form an ascending spiral from the shell to the dorsolateral 
striatum. J Neurosci 20:2369–2382.

Haber SN, Groenewegen HJ, Grove EA, Nauta WJH (1985) Efferent con-
nections of the ventral pallidum. Evidence of a dual striatopallidofu-
gal pathway. J Comp Neurol 235:322–335.

Haber SN, Lynd E, Klein C, Groenewegen HJ (1990) Topographic orga-
nization of the ventral striatal efferent projections in the rhesus mon-
key: An anterograde tracing study. J Comp Neurol 293:282–298.

Haber SN, Ryoo H, Cox C, Lu W (1995) Subsets of midbrain dopami-
nergic neurons in monkeys are distinguished by different levels of 
mRNA for the dopamine transporter: Comparison with the mRNA 
for the D2 receptor, tyrosine hydroxylase and calbindin immunoreac-
tivity. J Comp Neurol 362:400–410.

Haber SN, Kim KS, Mailly P, Calzavara R (2006) Reward-related corti-
cal inputs define a large striatal region in primates that interface with 
associative cortical inputs, providing a substrate for incentive-based 
learning. J Neurosci 26:8368–8376.

Harnois C, Filion M (1982) Pallidofugal projections to thalamus and mid-
brain: A quantitative antidromic activation study in monkeys and cats. 
Exp Brain Res 47:277–285.
Hassani OK, Cromwell HC, Schultz W (2001) Influence of expectation 
of different rewards on behavior-related neuronal activity in the stria-
tum. J Neurophysiol 85:2477–2489.

He SQ, Dum RP, Strick PL (1993) Topographic organization of cortico-
spinal projections from the frontal lobe: motor areas on the lateral 
surface of the hemisphere. J Neurosci 13:952–980.

Hedreen JC, DeLong MR (1991) Organization of striatopallidal, striato-
nigral, and nigrostriatal projections in the Macaque. J Comp Neurol 
304:569–595.

Herkenham M (1986) New perspectives on the organization and evolu-
tion of nonspecific thalamocortical projections. In: Cerebral Cortex: 
Sensory-Motor Areas and Aspects of Cortical Connectivity (Jones 
EG, Peters A, eds), pp. 403–445. New York: Plenum Press. 

Hikosaka K, Watanabe M (2000) Delay activity of orbital and lateral 
prefrontal neurons of the monkey varying with different rewards. 
Cerebral Cortex 10:263–271.

Hikosaka O, Miyashita K, Miyachi S, Sakai K, Lu X (1998) Differential 
roles of the frontal cortex, basal ganglia, and cerebellum in visuomo-
tor sequence learning. Neurobiol Learn Mem 70:137–149.

Hokfelt T, Martensson R, Bjorklund A, Kleinau S, Goldstein M (1984). 
Distributional maps of tyrosine-hydroxylase immunoreactive neurons 
in the rat brain. In: Handbook of Chemical Neuroanatomy, Vol. II: 
Classical Neurotransmitters in the CNS, I (Bjorklund A, Hokfelt T, 
eds), pp. 277–379: Elsevier. Amsterdam. 

Hoogland PV, Welker E, Van der Loos H (1987) Organization of the 
projections from barrel cortex to thalamus in mice studied with 
Phaseolus vulgaris-leucoagglutinin and HRP. Exp Brain Res 
68:73–87.

Ilinsky IA, Jouandet ML, Goldman-Rakic PS (1985) Organization of the 
nigrothalamocortical system in the rhesus monkey. J Comp Neurol 
236:315–330.

Jog MS, Kubota Y, Connolly CI, Hillegaart V, Graybiel AM (1999) 
Building neural representations of habits. Science 286:1745–1749.

Jones EG (1998) The thalamus of primates. In: The Primate Nervous 
System, Part II (Bloom FE, Björklund A, Hökfelt T, eds), pp. 1–298. 
Amsterdam: Elsevier Science. 

Kasanetz F, Riquelme LA, Della-Maggiore V, O’Donnell P, Murer MG 
(2008) Functional integration across a gradient of corticostriatal 
channels controls UP state transitions in the dorsal striatum. Proc 
Natl Acad Sci USA 105:8124–8129.

Kim R, Nakano K, Jayaraman A, Carpenter MB (1976) Projections of the 
globus pallidus and adjacent structures: an autoradiographic study in 
the monkey. J Comp Neurol 169:263–290.

Kimura M (1986) The role of primate putamen neurons in the association 
of sensory stimulus with movement. Neurosci Res 3:436–443.

Knutson B, Adams CM, Fong GW, Hommer D (2001) Anticipation of 
increasing monetary reward selectively recruits nucleus accumbens. 
J Neurosci 21:RC159.

Knutson B, Taylor J, Kaufman M, Peterson R, Glover G (2005) 
Distributed neural representation of expected value. J Neurosci 
25:4806–4812.

Kolomiets BP, Deniau JM, Mailly P, Menetrey A, Glowinski J, Thierry 
AM (2001) Segregation and convergence of information flow through 
the cortico-subthalamic pathways. J Neurosci 21:5764–5772.

Kringelbach ML, Rolls ET (2004) The functional neuroanatomy of the 
human orbitofrontal cortex: evidence from neuroimaging and neuro-
psychology. Prog Neurobiol 72:341–372.

Kuhnen CM, Knutson B (2005) The neural basis of financial risk taking. 
Neuron 47:763–770.



Handbook of Basal Ganglia Structure and Function426
Kunzle H (1975) Bilateral projections from precentral motor cortex to the 
putamen and other parts of the basal ganglia. An autoradiographic 
study in Macaca fascicularis. Brain Res 88:195–209.

Künzle H (1977) Projections from the primary somatosensory cortex to 
basal ganglia and thalamus in the monkey. Exp Brain Res 30:481–492.

Kuo H, Chang HT (1992) Ventral pallido-striatal pathway in the rat brain: 
A light and electron microscopic study. J Comp Neurol 321:626–636.

Kuo J, Carpenter MB (1973) Organization of pallidothalamic projections 
in the rhesus monkey. J Comp Neurol 151:201–236.

Lavoie B, Parent A (1991) Dopaminergic neurons expressing calbindin in 
normal and parkinsonian monkeys. Neuroreport 2:601–604.

Lehericy S, Benali H, Van de Moortele PF, Pelegrini-Issac M, Waechter T,  
Ugurbil K, Doyon J (2005) Distinct basal ganglia territories are 
engaged in early and advanced motor sequence learning. Proc Natl 
Acad Sci USA 102:12566–12571.

Levy R, Friedman HR, Davachi L, Goldman-Rakic PS (1997) Differential 
activation of the caudate nucleus in primates performing spatial and 
nonspatial working memory tasks. J Neurosci 17:3870–3882.

Lynd-Balta E, Haber SN (1994a) The organization of midbrain projec-
tions to the striatum in the primate: Sensorimotor-related striatum 
versus ventral striatum. Neuroscience 59:625–640.

Lynd-Balta E, Haber SN (1994b) Primate striatonigral projections: A 
comparison of the sensorimotor-related striatum and the ventral stria-
tum. J Comp Neurol 345:562–578.

Lynd-Balta E, Haber SN (1994c) The organization of midbrain projections 
to the ventral striatum in the primate. Neuroscience 59:609–623.

Mai JK, Stephens PH, Hopf A, Cuello AC (1986) Substance P in the 
human brain. Neuroscience 17:709–739.

Matelli M, Luppino G (1996) Thalamic input to mesial and superior area 
6 in the Macaque monkey. J Comp Neurol 372:59–87.

Matsumoto N, Hanakawa T, Maki S, Graybiel AM, Kimura M (1999) 
Nigrostriatal dopamine system in learning to perform sequential 
motor tasks in a predictive manner. J Neurophysiol 82:978–998.

Mayberg HS, Liotti M, Brannan SK, et al. (1999) Reciprocal limbic-cortical  
function and negative mood: converging PET findings in depression 
and normal sadness. Am J Psychiat 156:675–682.

McFarland NR, Haber SN (2000) Convergent inputs from thalamic motor 
nuclei and frontal cortical areas to the dorsal striatum in the primate. 
J Neurosci 20:3798–3813.

McFarland NR, Haber SN (2001) Organization of thalamostriatal termi-
nals from the ventral motor nuclei in the macaque. J Comp Neurol 
429:321–336.

McFarland NR, Haber SN (2002) Thalamic relay nuclei of the basal gan-
glia form both reciprocal and nonreciprocal cortical connections, 
linking multiple frontal cortical areas. J Neurosci 22:8117–8132.

McRitchie DA, Halliday GM (1995) Calbindin D28K-containing neurons 
are restricted to the medial substantia nigra in humans. Neuroscience 
65:87–91.

Mena-Segovia J, Ross HM, Magill PJ, Bolam JP (2005) The pedunculo-
pontine nucleus: towards a functional integration with the basal gan-
glia. New York: Springer Science and Business Media. 

Middleton FA, Strick PL (2000) Basal ganglia and cerebellar loops: motor 
and cognitive circuits. Brain Res Rev 31:236–250.

Middleton FA, Strick PL (2002) Basal-ganglia ‘projections’ to the pre-
frontal cortex of the primate. Cereb Cortex 12:926–935.

Milad MR, Rauch SL (2007) The role of the orbitofrontal cortex in anxi-
ety disorders. Ann N Y Acad Sci 1121:546–561.

Milad MR, Quinn BT, Pitman RK, Orr SP, Fischl B, Rauch SL  
(2005) Thickness of ventromedial prefrontal cortex in humans 
is correlated with extinction memory. Proc Natl Acad Sci USA 
102:10706–10711.

Milad MR, Wright CI, Orr SP, Pitman RK, Quirk GJ, Rauch SL (2007) 
Recall of fear extinction in humans activates the ventromedial prefron-
tal cortex and hippocampus in concert. Biol Psychiatry 62:446–454.

Mink JW (1996) The basal ganglia: focused selection and inhibition of 
competing motor programs. Progress in Neurobiology 50:381–425.

Muhammad R, Wallis JD, Miller EK (2006) A comparison of abstract 
rules in the prefrontal cortex, premotor cortex, inferior temporal cor-
tex, and striatum. J Cogn Neurosci 18:974–989.

Mushiake H, Inase M, Tanji J (1991) Neuronal activity in the primate 
premotor, supplementary, and precentral motor cortex during visu-
ally guided and internally determined sequential movements.  
J Neurophysiol 66:705–718.

Nakano K, Hasegawa Y, Tokushige A, Nakagawa S, Kayahara T, Mizuno 
N (1990) Topographical projections from the thalamus, subthalamic 
nucleus and pedunculopontine tegmental nucleus to the striatum in 
the Japanese monkey, Macaca fuscata. Brain Res 537:54–68.

Nauta WJH, Smith GP, Faull RLM, Domesick VB (1978) Efferent con-
nections and nigral afferents of the nucleus accumbens septi in the 
rat. Neuroscience 3:385–401.

O’Doherty J, Critchley H, Deichmann R, Dolan RJ (2003) Dissociating 
valence of outcome from behavioral control in human orbital and 
ventral prefrontal cortices. J Neurosci 23:7931–7939.

O’Doherty J, Kringelbach ML, Rolls ET, Hornak J, Andrews C (2001) 
Abstract reward and punishment representations in the human orbito-
frontal cortex. Nat Neurosci 4:95–102.

Olszewski J, Baxter D (1982) Cytoarchitecture of the human brain stem, 
2nd edn. Basel: S. Karger. 

Padoa-Schioppa C, Assad JA (2006) Neurons in the orbitofrontal cortex 
encode economic value. Nature 441:223–226.

Parent A, Hazrati LN (1993) Anatomical aspects of information pro-
cessing in primate basal ganglia [see comments]. Trends Neurosci 
16:111–116.

Parent A, Mackey A, De Bellefeuille L (1983) The subcortical afferents 
to caudate nucleus and putamen in primate: a fluorescence retrograde 
double labeling study. Neuroscience 10:1137–1150.

Parent M, Parent A (2006) Single-axon tracing study of corticostriatal 
projections arising from primary motor cortex in primates. J Comp 
Neurol 496:202–213.

Passingham D, Sakai K (2004) The prefrontal cortex and working 
memory: physiology and brain imaging. Curr Opin Neurobiol 
14:163–168.

Pasupathy A, Miller EK (2005) Different time courses of learning-related 
activity in the prefrontal cortex and striatum. Nature 433:873–876.

Paus T (2001) Primate anterior cingulate cortex: where motor control, 
drive and cognition interface. Nat Rev Neurosci 2:417–424.

Percheron G, Filion M (1991) Parallel processing in the basal ganglia: Up 
to a point. Trends Neurosci 14:55–59.

Porrino LJ, Smith HR, Nader MA, Beveridge TJ (2007) The effects 
of cocaine: a shifting target over the course of addiction. Prog 
Neuropsychopharmacol Biol Psychiatry 31:1593–1600.

Porrino LJ, Lyons D, Smith HR, Daunais JB, Nader MA (2004) Cocaine 
self-administration produces a progressive involvement of lim-
bic, association, and sensorimotor striatal domains. J Neurosci 
24:3554–3562.

Price JL, Carmichael ST, Drevets WC (1996) Networks related to the 
orbital and medial prefrontal cortex; a substrate for emotional behav-
ior? Prog Brain Res 107:523–536.



427Chapter | 24  Integrative Networks Across Basal Ganglia Circuits
Ragsdale CW Jr, Graybiel AM (1990) A simple ordering of neocortical 
areas established by the compartmental organization of their striatal 
projections. Proc Natl Acad Sci USA 87:6196–6199.

Roesch MR, Olson CR (2004) Neuronal activity related to reward value 
and motivation in primate frontal cortex. Science 304:307–310.

Sadikot AF, Parent A, Francois C (1992) Efferent connections of the 
centromedian and parafascicular thalamic nuclei in the squirrel 
monkey: A PHA-L study of subcortical projections. J Comp Neurol 
315:137–159.

Schieber MH (1999). Voluntary Descending Control. In Fundamental 
Neuroscience, pp. 931–949: Academic Press. New York. 

Schultz W (2002) Getting formal with dopamine and reward. Neuron 
36:241–263.

Schultz W, Tremblay L, Hollerman JR (2000) Reward processing in 
primate orbitofrontal cortex and basal ganglia. Cerebral Cortex 
10:272–284.

Selemon LD, Goldman-Rakic PS (1985) Longitudinal topography and 
interdigitation of corticostriatal projections in the rhesus monkey.  
J Neurosci 5:776–794.

Selemon LD, Goldman-Rakic PS (1990) Topographic intermingling of 
striatonigral and striatopallidal neurons in the rhesus monkey. J Comp 
Neurol 297:359–376.

Sherman SM, Guillery RW (1996) Functional organization of thalamo-
cortical relays. J Neurophysiol 76:1367–1395.

Shu SY, Peterson GM (1988) Anterograde and retrograde axonal transport 
of phaseolus vulgaris leucoagglutinin (PHA-L) from the globus palli-
dus to the striatum of the rat. J Neurosci Methods 25:175–180.

Smith EE, Jonides J (1997) Working memory: a view from neuroimaging.  
Cognit Psychol 33:5–42.

Smith Y, Hazrati L-N, Parent A (1990) Efferent projections of the sub-
thalamic nucleus in the squirrel monkey as studied by the PHA-L 
anterograde tracing method. J Comp Neurol 294:306–323.

Somogyi P, Smith AD (1979) Projection of neostriatal spiny neurons to 
the substantia nigra. Application of a combined Golgi-staining and 
horseradish peroxidase transport procedure at both light and electron 
microscopic levels. Brain Res 178:3–15.

Spooren WPJM, Lynd-Balta E, Mitchell S, Haber SN (1996) Ventral 
pallidostriatal pathway in the monkey: Evidence for modulation of 
basal ganglia circuits. J Comp Neurol 370:295–312.

Staines WA, Atmadja S, Fibiger HC (1981) Demonstration of a pallidos-
triatal pathway by retrograde transport of HRP-labeled lectin. Brain 
Res 206:446–450.

Strick PL, Dum RP, Mushiake H (1995) Basal Ganglia “Loops” with 
the Cerebral Cortex. In: Functions of the Cortico-Basal Ganglia 
Loop (Kimura M, Graybiel AM, eds), pp. 106–124. New York: 
Springer-Verlag. 

Strick PL, Dum RP, Picard N (1998) Motor areas on the medial wall of 
the hemisphere. Novartis Foundation Symposium 218:64–75 discus-
sion 75-80.
Szabo J (1979) Strionigral and nigrostriatal connections. Anatomical stud-
ies. Appl Neurophysiol 42:9–12.

Takikawa Y, Kawagoe R, Hikosaka O (2002) Reward-dependent spa-
tial selectivity of anticipatory activity in monkey caudate neurons.  
J Neurophysiol 87:508–515.

Tanaka SC, Doya K, Okada G, Ueda K, Okamoto Y, Yamawaki S (2004) 
Prediction of immediate and future rewards differentially recruits cor-
tico-basal ganglia loops. Nat Neurosci 7:887–893.

Tanji J, Mushiake H (1996) Comparison of neuronal activity in the sup-
plementary motor area and primary motor cortex. Cogn Brain Res 
3:143–150.

Tremblay L, Schultz W (2000) Reward-related neuronal activity dur-
ing go-nogo task performance in primate orbitofrontal cortex.  
J Neurophysiol 83:1864–1876.

Vogt BA, Vogt L, Farber NB, Bush G (2005) Architecture and neurocytol-
ogy of monkey cingulate gyrus. J Comp Neurol 485:218–239.

Volkow ND, Wang GJ, Ma Y, Fowler JS, Wong C, Ding YS, Hitzemann R,  
Swanson JM, Kalivas P (2005) Activation of orbital and medial pre-
frontal cortex by methylphenidate in cocaine-addicted subjects but 
not in controls: relevance to addiction. J Neurosci 25:3932–3939.

Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Childress AR, 
Jayne M, Ma Y, Wong C (2006) Cocaine cues and dopamine in dor-
sal striatum: mechanism of craving in cocaine addiction. J Neurosci 
26:6583–6588.

Wallis JD, Miller EK (2003) Neuronal activity in primate dorsolateral and 
orbital prefrontal cortex during performance of a reward preference 
task. Eur J Neurosci 18:2069–2081.

Walton ME, Bannerman DM, Alterescu K, Rushworth MF (2003) 
Functional specialization within medial frontal cortex of the ante-
rior cingulate for evaluating effort-related decisions. J Neurosci 
23:6475–6479.

Watanabe K, Lauwereyns J, Hikosaka O (2003) Neural correlates of 
rewarded and unrewarded eye movements in the primate caudate 
nucleus. J Neurosci 23:10052–10057.

Wiesendanger R, Wiesendanger M (1985) The thalamic connections with 
medial area 6 (supplementary motor cortex) in the monkey (Macaca 
fascicularis). Exp Brain Res 59:91–104.

Wilson CJ (2004) The basal ganglia. In: Synaptic Organization of the 
Brain, 5th edn (Shepherd GM ed), pp. 361–413. New York, NY: 
Oxford University Press. 

Wise RA (2004) Dopamine, learning and motivation. Nat Rev Neurosci 
5:483–494.

Wise SP, Murray EA, Gerfen CR (1996) The frontal cortex-basal ganglia 
system in primates. Crit Rev Neurobiol 10:317–356.

Yelnik J (2002) Functional anatomy of the basal ganglia. Mov Disord 
17(Suppl 3):S15–S21.

Zheng T, Wilson CJ (2002) Corticostriatal combinatorics: the implica-
tions of corticostriatal axonal arborizations. J Neurophysiol 87: 
1007–1017.



Synchronous Activity in Basal Ganglia 
Circuits

Chapter 25

Judith R. Walters and Debra A. Bergstrom
Neurophysiological Pharmacology Section, National Institute of Neurological Disorders and Stroke, National Institutes  

of Health, Bethesda, MD, USA

I.	 Introduction
II.	T esting Predictions of the 

Rate-Based Model: Effects of 
Increased Dopamine Receptor 
Stimulation

III.	T esting Predictions of the 
Rate-Based Model: Effects of 
Dopamine Loss

IV.	 Synchronous Firing Patterns in 
Basal Ganglia Circuits
A.	 Multisecond Oscillations
B.	 1 Hz Oscillations
C.	 4–30 Hz Oscillations
D.	Gamma Frequency 

Oscillations

V.	C onclusions
	 References
I.  Introduction

Early interest in synchronous activity in basal ganglia cir-
cuits focused on how changes in tonic firing rates in the 
striatum might affect tonic activity throughout the basal 
ganglia-thalamocortical network. In the late 1980s – early 
1990s, an operating model of the basal ganglia was proposed 
that incorporated data from in situ hybridization techniques, 
receptor binding studies and dopamine receptor cloning 
(Albin et al., 1989; Alexander and Crutcher, 1990; DeLong, 
1990). This “dual circuit”, “rate”, or “Albin DeLong” model 
(Fig. 25.1) was widely used for generating hypotheses about 
the impact of increases and decreases in striatal dopamine 
receptor stimulation on activity in the basal ganglia output 
nuclei, the internal segment of the globus pallidus (GPi) and 
substantia nigra pars reticulata (SNr) (see Chapter 1).

A therapeutically relevant prediction of the rate model 
was that the dysfunctional motor effects of dopamine 
agonist administration and dopamine loss correlate with 
decreases and increases, respectively, in firing rates of neu-
rons in basal ganglia output nuclei. Increased stimulation of 
the D2 dopamine receptor subtype, preferentially expressed 
by striatopallidal neurons of the “indirect” pathway, was 
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predicted to reduce activity in the striatopallidal pathway, 
thereby enhancing activity in the external segment of the 
globus pallidus (GPe) and inducing a net decrease in basal 
ganglia output. Similarly, increased stimulation of the D1 
receptor subtype, preferentially expressed by striatal pro-
jections of the “direct” pathway to the SNr and GPi, was 
also predicted to induce a net decrease in basal ganglia out-
put (Albin et al., 1989; Gerfen et al., 1990; Gerfen, 1992). 
The hyperactivity associated with dopamine receptor 
stimulating agents was thereby attributed to decreases in 
inhibitory output from the basal ganglia and disinhibition 
of thalamocortical activity. Loss of dopamine, conversely, 
was predicted to induce increases in inhibitory output from 
the basal ganglia and inhibition of thalamocortical activity, 
leading to akinesia, as occurs in Parkinson’s disease.

II.  Testing predictions of the  
rate-based model: effects of 
increased dopamine receptor 
stimulation

The availability of drugs selective for D1 and D2 receptor 
subtypes made it feasible to examine the predictions of the 
429
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rate-based dual circuit model. Neurophysiological recording 
studies conducted in an immobilized, locally anesthetized 
rat preparation in the 1980s and 1990s showed that system-
ically administered dopamine agonists or dopamine uptake 
blockers triggered robust increases in mean firing rate in the 
GPe, as the rate model predicted. However, this increase in 
GPe firing rate only occurred with non-selective D1/D2 
agonists or when both D1 and D2 selective agonists were 
coadministered (Bergstrom and Walters, 1981; Bergstrom 
et al., 1984; Carlson et al., 1986, 1987, 1988, 1990; Walters 
et al., 1987, 1998). In contrast to predictions, D2 agonists 
alone exerted only modest rate increasing effects on GPe 
firing rates, and these modest effects appeared depend-
ent on intact endogenous dopamine tone at D1 receptors 
(Carlson et al., 1988). Similarly, D1 agonists, given alone, 
also induced only modest rate increasing effects on GPe 
activity. However, D1 agonists were unexpectedly effective 
at enhancing activity of subthalamic nucleus (STN) neurons 
while D2 agonists had little effect on STN activity (Kreiss 
et al., 1996, 1997). Other results from these studies were 
also at odds with predictions of the rate model. For exam-
ple, given alone, D1 agonists induced only mild increases 
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Figure  25.1  Schematic diagram of the basal ganglia circuitry. 
Abbreviations: GPe, globus pallidus external; STN, subthalamic nucleus; DA, 
dopamine neurons of the substantia nigra pars compacta; SNr, substantia  
nigra pars reticulata; GPi, globus pallidus internal; ENK, enkephalin; 
SP, substance P; “  ” and open square, excitatory transmission; “–” and 
black square, inhibitory transmission.
in activity in the SNr while drugs stimulating both D1 and 
D2 receptors exerted a mix of increases, decreases and no 
change in activity (Waszczak et al., 1984a, 1984b; Weick 
and Walters, 1987a; Walters et al., 1998).

While many of these early neurophysiological results 
were inconsistent with the rate model’s predictions, the 
synergistic effects of D1 and D2 agonists on mean firing 
rates in the GPe and SNr were notably consistent with 
observations emerging from behavioral studies showing 
that concurrent stimulation of D1 and D2 receptor sub-
types is required to induce the behavioral hyperactivity 
associated with dopamine agonist treatment (Gershanik  
et al., 1983; Molloy and Waddington, 1985; Pugh et al., 
1985; Walters et al., 1987). Taken together, the behavioral 
and neurophysiological studies highlighted the importance 
of synergistic interactions between D1 and D2 receptor 
subtypes in mediating functionally significant effects of 
dopamine, but the specific mechanisms underlying these 
effects still remain to be clarified.

III.  Testing predictions of the  
rate-based model: effects of 
dopamine loss

The effects of dopamine cell lesion on mean firing rates 
of basal ganglia nuclei were also explored in animal mod-
els of Parkinson’s disease. Here, results have been more 
consistent with the rate model predictions. Notably, mean 
firing rates in the STN were significantly increased follow-
ing dopamine cell lesion in primate models of Parkinson’s 
disease (Miller and DeLong, 1987; Bergman et al., 1990, 
1994; Bézard et al., 1999; Wichmann et al., 2002; Soares 
et al., 2004; Wichmann and Soares, 2006) and in rats 
with unilateral dopamine cell lesions (Hassani et al., 
1996; Kreiss et al., 1997; Allers et al., 2000, 2005; Perier 
et al., 2000; Vila et al., 2000; Breit et al., 2001; Magill  
et al., 2001; Parr-Brownlie et al., 2007, 2009; Walters et al., 
2007, 2009; Mallet et al., 2008b). In addition, in dopamine 
cell lesioned rats, administration of a combination of D1 
and D2 agonists caused significant decreases in SNpr fir-
ing rates, in contrast to the variable rate changes observed 
in intact rats ((Weick and Walters, 1987a, 1987b; Walters et 
al., 1998), supporting the idea that loss of dopamine induces 
an enhanced response to dopamine receptor stimulation 
in the denervated striatum resulting in increased activity 
in the striatonigral inhibitory pathway. Some observations 
were less consistent with rate model predictions, however. 
For example, dopamine cell lesion-induced increases in 
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STN firing rates were accompanied by modest or insig-
nificant changes in firing rates in the SNr and GPi (Filion, 
1979; Sanderson et al., 1986; Miller and DeLong, 1987; 
Weick and Walters, 1987a; MacLeod et al., 1990; Filion 
and Tremblay, 1991; Bergman et al., 1994; Burbaud et al., 
1995; Murer et al., 1997; Rohlfs et al., 1997; Boraud et al., 
1998; Bezard et al., 1999; Wichmann et al., 1999; Raz et al., 
2000; Tseng et al., 2000; Ruskin et al., 2002). In addition, 
systemic administration of D1 agonists alone still induced 
increases in STN firing rates after dopamine cell lesion, 
while stimulation of both D1 and D2 receptors appeared 
required to reduce firing rates in the overactive STN (Kreiss 
et al., 1997). Thus, although predictions of the rate-based 
model were more consistent with observations in dopamine 
cell lesioned rats than intact rats (Waszczak et al., 1984a, 
1984b; Weick and Walters, 1987a, 1987b; Huang and 
Walters, 1994; Walters et al., 1998; Ruskin et al., 1999b), 
overall, results from these studies, and, as discussed below, 
many subsequent observations in parkinsonian patients and 
in animal models of Parkinson’s disease, did not support the 
idea that differential rate changes in the direct and indirect 
pathways and simple increases or decreases in basal ganglia 
output could account for the hyperactivity and hypoactivity 
induced by tonic changes in dopamine receptor activation.

In spite of limitations of the rate model, the predic-
tion that lesioning the STN or GPi (Bergman et al., 1990) 
would be an effective treatment for advanced Parkinson’s 
disease was remarkably consistent with clinical outcome. 
Lesion of the GPi proved to be highly therapeutic for many 
advanced Parkinson’s disease patients (Bergman et al.,  
1990; Baron et al., 1996; Lang et al., 1997; Lozano 
and Lang, 1998; Krack et al., 2000). The success of this 
strategy for reducing activity in basal ganglia output 
led to examination of the efficacy of lesioning the STN, 
directly upstream from the GPi. Subsequently, deep brain 
stimulation (DBS) was applied to these nuclei as a rever
sible means for altering basal ganglia output (Gill and 
Heywood, 1997; Limousin et al., 1998; Krack et al., 2000; 
Lozano, 2001; Obeso et al., 2001; Benabid, 2003) (see 
also Chapter 39). However, while GPi and STN lesion and 
DBS treatment have proven effective in reducing motor 
symptoms in advanced Parkinson’s disease, in the years 
since the introduction of these therapies it has become 
clear that the underlying mechanisms involve more than 
a simple reversal of increased firing rate in basal ganglia 
output. At the circuit level, the rate-based model is limited  
in explaining how loss of dopamine promotes both bra-
dykinesia and tremor, how D1 and D2 receptor mediated 
effects interact to induce stereotypy, how intermittent 
dopamine receptor stimulation promotes dyskinesias and 
how lesions of the GPi alleviate not only the hypokinetic 
aspects of Parkinson’s disease but also the hyperkinetic 
symptoms. In addition, data from a variety of sources have 
further highlighted the complexity of basal ganglia cir-
cuitry. Research has called attention to the STN as an input 
nucleus to the basal ganglia (Mink, 1996; Gurney et al.,  
2001; Nambu, 2004, 2005), the colocalization as well as 
segregation of D1/D2 receptor subtypes in the striatum 
(Gerfen et al., 1990; Gerfen, 1992; Surmeier et al., 1996; 
Aizman et al., 2000) (see also Chapters 6 and 28), mul-
tiple dopamine receptor subtypes (Sealfon and Olanow, 
2000) and distributed connections between basal ganglia 
nuclei (Bolam et al., 2000; Wu et al., 2000). Meanwhile, 
software that allows on-line evaluation of neuronal activ-
ity in both time and frequency domains has made it easier 
to assess synchronization of neuronal firing patterns, as 
well as firing rate, throughout the basal ganglia network. 
These advances, together with evidence that dopamine loss 
affects expression of oscillatory activity in the basal gan-
glia, as discussed below, have focused new attention on the 
role of synchronized changes in firing pattern, in addition 
to rate, in basal ganglia circuits.

IV.  Synchronous firing patterns  
in basal ganglia circuits

The last decade has seen growing interest in the poten-
tial for basal ganglia circuits to engage in both function-
ally and dysfunctionally synchronized rhythmic activity. 
In vitro studies have shown that many basal ganglia cell 
types are autonomous pacemakers, capable of firing regu-
larly without input (Bevan and Wilson, 1999; Surmeier  
et al., 2005), and recordings in slices and organotypic cell 
cultures have called attention to the potential for rhyth-
mic activity to emerge in the basal ganglia, especially in 
the reciprocally connected STN and GPe nuclei (Plenz and 
Kital, 1999; Bevan et al., 2002b). However, evidence for a 
role for synchronized and oscillatory activity within basal 
ganglia circuits has lagged behind indications of signifi-
cance of this phenomenon in the cortex, even though the 
basal ganglia is a major target of cortical output. In part, 
this could relate to the fact that neurons in basal ganglia 
nuclei are relatively unaligned, in contrast to neurons in the  
cortex or hippocampus. Synchronized oscillations in neu-
ronal activity are more likely to generate larger fluctua-
tions in net voltage when neurons are aligned in columns 
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or layers, and the lack of such an alignment in basal  
ganglia nuclei has led to questions about whether local 
field potentials (LFP) recorded in these structures can be 
appropriately attributed to local activity. LFPs are thought 
to reflect net potential change in tissue immediately sur-
rounding the electrode, but they can be contaminated 
by electrical field fluctuations from nearby structures if 
these structures generate sufficient power (Berke, 2005). 
Assessment of synchronized activity in in vivo studies 
has extended beyond LFPs, however, to include multi- 
electrode recordings of spiking activity within and between 
basal ganglia nuclei and functional imaging studies, tech-
niques assessing synchronization of neuronal activity on 
short and long time scales, respectively. Notably, studies 
utilizing paired or multiunit recordings to assess tightly 
coupled spiking activity have commented upon the strik-
ing absence of functionally correlated activity in several 
neuronal populations the basal ganglia of normal awake 
behaving animals (Bar-Gad et al., 2003; Nevet et al., 2007; 
Berke, 2008). However, interest in a pathological role for 
such activity in basal ganglia structures has been promoted 
by advances in Parkinson’s disease research showing that 
dopamine cell death is associated with increased synchro-
nization and oscillatory activity in the basal ganglia in a 
range of frequencies, suggesting that increased synchroni-
zation of basal ganglia output may be responsible for some 
aspects of motor dysfunction in Parkinson’s disease. The 
sections below describe investigation of oscillatory activ-
ity in the basal ganglia in four frequency ranges: multisec-
ond or ultraslow oscillations (0.1 Hz), slow oscillations 
(1 Hz) and faster frequency ranges including theta, alpha, 
beta (4–30 Hz) and gamma (30 Hz) range oscillations.

A.  Multisecond Oscillations

Evidence for synchronized ultraslow oscillations in neuro-
nal activity (0.1 Hz) came initially from EEG recordings 
from awake animals in the 1950s (Aladjalova, 1957) and 
subsequently from a number of direct and indirect meas-
ures of neuronal activity, including spiking activity in the 
hippocampus, thalamus and the developing retina, heart 
rate variation, cerebral blood flow and functional magnetic 
resonance imaging (fMRI) of the brain blood oxygenation 
level dependent (BOLD) signal (Norton and Jewett, 1965; 
Ehlers and Foote, 1984; Biswal et al., 1995; Mayhew et al., 
1996; Penttonen et al., 1999; Obrig et al., 2000; Montano 
et al., 2001; Firth et al., 2005; Lorincz et al., 2009). While 
it is not clear what processes generate oscillatory neuro-
nal activity in this ultraslow frequency range, the literature 
suggests these slow fluctuations in firing rate play a role 
in activity-based synaptic connectivity and homeostasis, as 
well as central coordination of autonomic function (Feller, 
1999; Turrigiano, 1999; Pagani and Malliani, 2000; Roerig 
and Feller, 2000). The observation that changes in brain 
activity in the ultraslow frequency band could be visualized 
using f MRI has lead, over the past decade, to the wide-
spread use of ultraslow fluctuations in BOLD signal fMRI 
as a tool to identify brain areas engaged in synchronous 
and correlated activity (Raichle and Mintun, 2006; Fox and 
Raichle, 2007; Fair et al., 2008; Uddin et al., 2008).

Ultraslow oscillations (0.1 Hz) have been observed in 
basal ganglia activity in two types of studies. One approach 
has involved the use of the BOLD signal to assess func-
tional relationships within the basal ganglia and between 
the basal ganglia and other brain regions. Data from the 
basal ganglia fMRI BOLD studies show correlated activ-
ity between basal ganglia nuclei and other brain regions 
in humans consistent with anatomical evidence for motor, 
cognitive and affective subdivisions in the striatum, and 
parallel and integrative basal ganglia-thalamocortical loop 
models described in animals (Di Martino et al., 2008).

Fluctuations in the ultraslow frequency range have 
also been demonstrated in the basal ganglia in spike trains 
recorded in awake rats and monkeys (Ruskin et al., 1999a; 
Allers et al., 2000; Walters et al., 2000; Wichmann et al., 
2002; Walters and Bergstrom, 2009). In awake immo-
bilized rats, 30–70% of spike trains recorded in the SNr, 
GPe, GPi and STN and 20% in the substantia nigra pars 
compacta show significant oscillatory activity with ultra-
slow periodicity, in the range of 0.017–0.5 Hz) (Ruskin  
et al., 1999a, 1999c, 2001, 2003; Allers et al., 2000, 2002; 
Walters et al., 2000). Paired recordings from the STN or 
GPe nuclei in opposite hemispheres, and from GPe and 
STN or GPe and SNr in the same hemisphere demonstrate 
that firing rate oscillations of individual neurons in these 
rats are frequently (30%) correlated in the 10–60 second 
time scale and provided evidence that neurons participating 
in these oscillations are widespread throughout the basal 
ganglia (Allers et al., 2002; Tierney et al., 2002; Ruskin  
et al., 2003; Walters and Bergstrom, 2009) (Fig. 25.2). The 
observation that increased dopamine receptor stimulation 
significantly increases the incidence of correlated ultraslow 
activity in basal ganglia circuits suggests that increased 
synchronization in these ultraslow frequency ranges could 
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Figure 25.2  Correlated multisecond oscillations in GPe and SNr firing rates, and in GPe firing rate and hippocampal (HP) theta local field poten-
tial (LFP) power after dopamine agonist administration in awake immobilized rats. Following D1/D2 dopamine agonist (apomorphine) administration, 
multisecond oscillations were correlated and antiphasic in simultaneously recorded GPe and SNr spike trains (A). As shown in bar graph, the % of pairs 
showing correlated oscillations was significantly increased after agonist administration, and this effect was reversed by dopamine antagonist (haloperi-
dol or eticlopride) administration. Multisecond oscillations were correlated in simultaneously recorded GPe spike trains and HP LFPs filtered for theta 
range activity (4–7 Hz). After dopamine agonist administration (B), in phase multisecond oscillations were correlated in 73% of simultaneously recorded 
GPe spike trains and HP LFPs theta activity. Bar graph shows that HP LFP power in the theta range was significantly greater after agonist administra-
tion, relative to baseline, and this effect was reversed by dopamine antagonist administration. Data in part from Allers et al. (2002) and Ruskin et al. 
(2003). *Significantly different from baseline and antagonist treatment.
contribute to dopamine’s effects on motor activity and 
attention. Single unit recording studies have also utilized 
correlated activity in the ultraslow frequency range to 
explore the impact of dopamine receptor stimulation on 
the dynamics of the basal ganglia. These studies show that 
dopamine agonist administration increases the incidence 
of correlations between the GPe and SNr in the ultraslow 
frequency range, and affects their phase relationships net-
work (Ruskin et al., 2003). Results suggest a model of 
oscillation flow through the basal ganglia circuit in which, 
after agonist treatment, oscillations in the GPe are con-
sistently shaped by STN input, and have the potential of 
entraining oscillatory activity in the SNr, especially if the 
oscillations from the GPe arrive in phase with oscillations 
via the direct pathway from the striatum. In these studies, 
coherence was also observed between ultraslow oscilla-
tions in basal ganglia spike trains and hippocampal theta 
range activity (Allers et al., 2002; Tierney et al., 2002), 
supporting a role for synchronized activity in the ultraslow 
time scale in interactions between basal ganglia and other  
brain regions.

B.  1 Hz Oscillations

In the basal ganglia, 1 Hz “slow wave” oscillatory activity 
has been most frequently studied in systemically anesthe-
tized rodents. In this preparation, cortical activity is highly 
synchronized in the 0.3–2.5 Hz range, with the peak fre-
quency dependent on the depth and type of anesthetic. This 
activity is reflected in large amplitude EEG oscillations 
and in recordings of cortical LFP (Steriade et al., 1993; 
Contreras and Steriade, 1995, 1997; Amzica and Steriade, 
1998; Steriade, 2001; Mahon et al., 2001). As this syn-
chronized state is relatively stable over time, these oscilla-
tions can be viewed as a probe or input signal for assessing 
the ability of cortical activity to synchronize basal ganglia 
networks. Thus, the 1 Hz oscillations prominent in the cor-
tex of the anesthetized rats have become useful, like the  
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multisecond oscillations in awake subjects, for examining 
the functional dynamics of activity in basal ganglia net-
works. Magill and coworkers have used this approach to 
investigate functional connectivity between the cortex and 
basal ganglia in intact rats anesthetized with a combination 
of urethane and ketamine, and have shown that GPe and 
STN spike trains exhibit frequent periods of 1 Hz rate 
fluctuations that are coherent with cortical EEG 1 Hz activ-
ity (Magill et al., 2000, 2004; Sharott et al., 2005a).
Interestingly, the expression of 1 Hz oscillatory activ-
ity in the basal ganglia of anesthetized rats is markedly 
enhanced after lesion of the dopamine neurons. A number 
of investigations have collectively demonstrated that firing 
patterns throughout the basal ganglia, in the striatum, GPe, 
STN, EPN and SNr, become more bursty and/or oscilla-
tory in the 1 Hz range in anesthetized rats after unilateral 6-
hydroxydopamine-induced dopamine cell lesion (Fig. 25.3), 
and further shown that this bursty activity correlates with 
Figure 25.3  Simultaneous recordings of SNr spike trains and SNr LFPs ipsilateral (A) and contralateral (B) to a unilateral dopamine cell lesion in 
urethane anesthetized rats. SNr spike trains recorded in the lesioned hemisphere exhibited marked burstiness; spectral analysis showed that these firing 
patterns were significantly more oscillatory than those in the non-lesioned hemisphere (D). SNr LFP peak frequencies (C) in the slow 1 Hz range were 
recorded in both non-lesioned and lesioned hemispheres with LFP power significantly greater in the lesioned hemisphere. SNr spike-triggered wave-
form averages (E) illustrate that SNr spikes occurred most frequently at or near the trough of the SNr LFP in the lesioned hemisphere (from recording 
in A, shown in E inset) and significantly greater correlations were between SNr spike train spiking and LFP oscillations in the lesioned hemisphere than 
those in the non-lesioned hemisphere. Correlations between SNr spiking from the lesioned hemisphere and SNr LFP oscillations from the non-lesioned 
hemisphere were also significantly greater than spiking/LFP correlations from the non-lesioned hemisphere. Data in part from Walters et al. (2007). 
*Significantly different from non-lesioned.
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slow oscillations in cortical EEG/LFP (Sanderson et al.,  
1986; MacLeod et al., 1990; Hollerman and Grace, 1992; 
Burbaud et al., 1995; Hassani et al., 1996; Murer et al., 
1997, 2002; Rohlfs et al., 1997; Perier et al., 2000; Tseng 
et al., 2000, 2001a, 2001b; Vila et al., 2000; Breit et al., 
2001, 2005; Magill et al., 2001; Ni et al., 2001; Belluscio 
et al., 2003, 2007; Rodriguez Díaz et al., 2003; Tai et al., 
2003; Parr-Brownlie et al., 2007, 2009; Walters et al., 
2007; Zold et al., 2007). Important insight into this phe-
nomenon was provided by Murer, Tseng and coworkers 
who demonstrated that striatal neurons are more depolar-
ized after dopamine cell lesion and fire more frequently in 
conjunction with the slow oscillations in cortical EEG in 
anesthetized rats (Tseng et al., 2001b; Murer et al., 2002). 
Together with additional contributions of Mallet and 
coworkers (Mallet et al., 2006), these findings argue that 
loss of dopamine induces alterations in striatal processing 
of oscillatory cortical input that promote entrainment of 
1 Hz synchronized, oscillatory activity throughout the basal 
ganglia network of anesthetized rats. Further perspective 
on how loss of dopamine affects passage of oscillatory 
activity through the excitatory and inhibitory pathways 
in the basal ganglia network has emerged with analyses 
of phase relationships between slow oscillations in stria-
tal, GPe, STN and SNr spike trains in the anesthetized rat 
model of Parkinson’s disease (Walters et al., 2007). As 
shown in Fig. 25.4, phase relationship studies in this model 
argue that increased phasic oscillatory activity in the GPe 
entrained by striatal output, in conjunction with conver-
gent oscillatory input from cortex, contributes to oscilla-
tory activity in the STN. In addition, increased oscillatory 
activity in SNr spike trains is consistent with convergent 
inhibitory and excitatory oscillatory input from the GPe 
and STN, respectively.

These studies make a strong case for the idea that loss 
of dopamine disrupts striatal “filtering” of oscillatory com-
ponents of cortical activity (Murer et al., 2002; Mallet et al.,  
2006). In the anesthetized animal, reduced transmission of 
cortical activity through the direct pathway and increased 
transmission through the indirect pathway appears to facil-
itate convergence of 1 Hz phasic input from GPe and STN 
to promote oscillations in basal ganglia output from the 
SNr and GPi (Walters et al., 2007) (Fig. 25.4). However, 
whether this mechanism contributes to the emergence of 
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Figure 25.4  Phase model illustrating a hypothesized scheme for passage of oscillatory signals in the slow 0.3–2.5 Hz range through the cortico-basal 
ganglia pathway after dopamine loss in anesthetized rats. Left diagram: Examples of striatal, GPe, STN, and SNr spiking activity recorded simultane-
ously with SNr LFP are shown with SNr LFP as a common temporal reference (indicated in black). Thick black lines with black arrows indicate excit-
atory connections between nuclei and thin lines with open arrows or bars indicate inhibitory connections. Cortical oscillatory inputs to the striatum and 
STN are indicated. Right diagram: Results from data on left are consistent with a model showing loss of dopamine enhancing transmission of oscilla-
tory activity primarily through the indirect pathway, resulting in robust oscillatory activity in the SNr. Implied in this model are: (1) D2 receptor-bearing 
striatopallidal neurons transmitting patterned activity from the cortex to the GPe; (2) Striatally-mediated pauses in inhibitory GPe activity contributing to  
the timing of bursts in STN neuronal activity; and (3) Pauses in inhibitory GPe output coinciding with bursts in excitatory STN output supporting 
enhanced oscillatory activity in SNr/GPi spike trains. Data from Walters et al. (2007).
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faster frequency activity in Parkinson’s disease patients, as 
discussed below, remains to be determined.

C.  4–30 Hz Oscillations

Oscillatory and synchronized activity in the 4–30 Hz range 
in the cortex has been generally associated with motor 
activity (theta rhythm, 4–8 Hz) and “idling” or motor plan-
ning activity (alpha, beta 8–30 Hz). Recently, investiga-
tors have begun exploring the role of oscillatory activity 
in this range in the striatum in chronic recordings from 
rodents and monkeys during learning and motor tasks 
(Courtemanche et al., 2003; Berke, 2005; DeCoteau et al.,  
2007a, 2007b; Tort et al., 2008; Berke et al., 2009). 
However, interest in the role of oscillatory activity in the 
basal ganglia in the 4–30 Hz range has been most influ-
enced by indications that dopamine depletion is associated 
with dysfunctional synchronization of basal ganglia activ-
ity in this frequency range in Parkinson’s disease.

In 1979, Filion (Filion, 1979) described changes in GPe 
and GPi firing patterns in monkeys after electrolytic lesion 
of the nigrostriatal dopamine pathway. A few years later, the 
discovery of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), a neurotoxin that selectively destroys dopamine 
neurons in primates, provided a new research tool for further 
investigation of the effects of dopamine loss on basal ganglia 
activity (Burns et al., 1983; Jenner et al., 1984; Langston 
et al., 1984; Bankiewicz et al., 1986). Studies in MPTP-
treated monkeys showed, in addition to faster STN firing 
rates, increases in oscillatory firing patterns in the 4–18 Hz  
range in the GPi, GPe and STN (Miller and DeLong, 1987; 
Filion and Tremblay, 1991; Bergman et al., 1994, 1998; Nini 
et al., 1995; Boraud et al., 1998; Wichmann et al., 1999; Raz 
et al., 2000, 2001; Heimer et al., 2002, 2006; Goldberg et 
al., 2004) (see also Chapter 38).

Data collected from the GPi and STN in parkinso-
nian patients during implantation of DBS electrodes have 
also shown apparent increases in expression of LFP beta 
range activity. Oscillations in the beta frequency range are 
of special interest in the context of akinesia, as power in 
this range in STN and GPi LFPs in parkinsonian patients 
during rest is reduced by l-DOPA treatment and move-
ment (Brown et al., 2001; Levy et al., 2001, 2002; Cassidy 
et al., 2002; Priori et al., 2002; Williams et al., 2002; 
Brown, 2003, 2007; Kuhn et al., 2004, 2006; Alegre et al., 
2005; Doyle et al., 2005; Foffani et al., 2005; Fogelson 
et al., 2005; Alonso-Frech et al., 2006; Chen et al., 2006; 
Weinberger et al., 2006).
Similar changes in firing pattern have also been observed 
in the rodent models of Parkinson’s disease, in awake rats 
and in anesthetized rats during periods of cortical desyn-
chronization (Ruskin et al., 2002; Sharott et al., 2005b; 
Costa et al., 2006; Mallet et al., 2008a, 2008b; Degos et al., 
2009; Walters et al., 2009). In these studies, loss of dopa-
mine has been associated with increased incidence of beta 
range oscillations in LFP and spiking activity in recordings 
from striatum, GPe, GPi and the STN (Fig. 25.5). While 
data from the anesthetized rat, as discussed above, argue that 
altered processing of cortical input in the striatum and con-
vergent activity from cortex and GPe in the STN and from 
GPe and STN in the SNr play a significant role in the emer-
gence of slow wave oscillatory activity in the basal ganglia 
after dopamine cell lesion, it remains unclear whether simi-
lar processes account for the increase in beta range activity 
in the basal ganglia in the awake parkinsonian animal or 
patient. Studies in brain slices suggest that loss of dopami-
nergic innervation in the STN may contribute to changes 
promoting STN/GPe resonance in the beta frequency range 
(Bevan et al., 2002a; Baufreton et al., 2005).

D.  Gamma Frequency Oscillations

In addition to finding evidence for synchronization of neu-
ronal activity in the beta range in the STN of Parkinson’s 
disease patients, researchers have also reported evidence 
for gamma range (30 Hz) synchronization in record-
ings from DBS electrodes, most commonly focused around 
70 Hz (Cassidy et al., 2002; Williams et al., 2002; Brown 
and Williams, 2005; Fogelson et al., 2005; Pogosyan et al., 
2006; Trottenberg et al., 2006). Notably, however, power in 
the gamma range is not increased during rest in these record-
ings; rather, it is more evident during movement and after  
l-DOPA treatment. The presence of gamma range activity  
has also been demonstrated in the STN and ventral striatum 
in awake behaving rats (Brown et al., 2002; Berke et al., 
2004; Masimore et al., 2005; van der Meer and Redish, 2009) 
and in STN in monkeys (Gatev and Wichmann, 2009). These 
reports are interesting with respect to a potential role for 
gamma range activity in attention, plasticity and learning, and 
the possibility for further insight into mechanisms underlying 
these processes in basal ganglia circuits in future studies.

V.  Conclusions

Modeling of the basal ganglia network in the late 1980s 
and early 1990s played an important role in generating and 
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Figure 25.5  GPe and STN spike-triggered waveform averages (STWAs) of beta frequency local field potential (LFP) activity in intact and dopamine 
cell lesioned rats. LFPs were filtered for beta frequency activity (15–30 Hz). GPe spike-triggered STN beta range LFP waveform average amplitudes  
(A) were significantly increased following dopamine cell lesion. Graph on left shows a GPe spike-triggered STN LFP waveform from a single GPe 
spike/ STN LFP paired recording; timing of the GPe spikes was consistently aligned with the peak of the STN beta LFP oscillations. Averages of 
waveform amplitudes presented in the bar graph (B) show that synchronization between GPe spikes and STN beta LFPs was significantly decreased by 
dopamine agonist administration in both intact and lesioned rats. This desynchronizing effect was antagonized by haloperidol effectively in intact rats 
and partially in lesioned rats. STN spike-triggered GPe beta LFP waveform average amplitudes of beta frequency LFP activity (C) were significantly 
increased following dopamine cell lesion. Graph at left shows a STN spike-triggered GPe LFP waveform from a single STN spike-GPe LFP paired 
recording; STN neurons tended to spike shortly after the peaks of the GPe LFPs. Averages of waveform amplitudes are presented in the bar graph. 
Cross-correlogram (D) shows that GPe and STN spiking activity was significantly correlated and with an antiphase relationship (180°). Lomb peri-
odogram power spectrum shows the dominant frequency in the beta frequency range. Bar graphs represent means of results from 7–9 spike/LFP paired 
recordings with one recording per rat in awake immobilized rats. Data in part from Walters et al. (2009). *Significantly different from intact; #signifi-
cantly different from baseline and haloperidol; significantly different from baseline.
consolidating ideas about basal ganglia function. These 
models led to predictions about relationships between 
changes in striatal activity and alterations tonic firing rate 
in basal ganglia circuits, and triggered research that has 
evolved to show that firing pattern as well as rate contrib-
ute to the functional dynamics of normal and pathological 
activity in basal ganglia circuits. It has become clear that 
under some conditions synchronized oscillatory neuronal 
activity in ultraslow, slow and faster frequency ranges are 
observed in basal ganglia circuits. As synchronized activ-
ity has enhanced impact on postsynaptic structures, these 
oscillations are useful tools for probing basal ganglia func-
tion as well as assessing functional connectivity within and 
between the basal ganglia nuclei and downstream sites. 
They may also provide insight into mechanisms underly-
ing disease-related processes in the basal ganglia. The 
observation that removal of dopaminergic input or admin-
istration of dopamine agonists alters not only firing rates in 
the basal ganglia network, but also the extent of synchroni-
zation of oscillatory firing patterns may constitute impor-
tant insight into processes underlying the symptomology 
of Parkinson’s disease. These observations also argue that 
an appropriate level of synchronization of neuronal activ-
ity in the basal ganglia may be necessary for optimal exe-
cution of behaviors know to be modulated by dopamine. 
However, the processes regulating synchronized and oscil-
latory activity in the basal ganglia, the role of these pat-
terns in normal basal ganglia function and the mechanisms 
underlying the ability of neuromodulators like dopamine 
to regulate the transmission of these patterns through basal 
ganglia circuits are not yet well understood and provide 
opportunities for research endeavors in the coming decade.
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I.  Introduction

Second messengers are vital elements of intracellular sig-
naling pathways that can be activated by receptor-ligand 
interaction at postsynaptic as well as presynaptic mem-
branes. The nuclei of the basal ganglia participate in the 
modulation of a diverse range of behaviors, emotions, and 
motor functions in humans. Second messenger pathways in 
the basal ganglia have been studied extensively and many 
components of these pathways are targets of pharmaceu-
tical therapies for neurological illnesses. This chapter will 
introduce the main second messenger pathways that par-
ticipate in neurotransmission in the basal ganglia and will 
identify the key molecules that are needed for normal basal 
ganglia function.

Despite a limited number of molecules that function as 
second messengers, second messenger pathways show a 
high degree of specificity in linking particular receptors to 
cellular responses. For example, Ca2 is a ubiquitous sig-
naling molecule used by various G-protein coupled recep-
tors, ionotropic receptors and ion channels, yet there is a 
high degree of specificity contingent on the source, location 
and timing of Ca2 influx into the cytoplasm. Although we 
Handbook of Basal Ganglia Structure and Function
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will focus here on common themes of signaling pathways, 
it is important to keep in mind that neurons have the ability 
to navigate these pathways to very selective targets. These 
targets are usually proteins that, through covalent modifica-
tions such as phosphorylation, alter their enzymatic activity, 
affect membrane permeability or mediate vesicle fusion. 
The initial, rapid effects of signal transduction pathways 
are not dependent on protein synthesis, but can be followed 
by long-lasting responses that involve the activation of tran-
scription factors, induction of gene expression and protein 
synthesis, and ultimately rearrangements of synapses.

In this chapter we will highlight the major second mes-
senger pathways that are involved in basal ganglia neu-
rotransmission (see Chapter 1 for an overview of basal 
ganglia circuits). As discussed in other chapters in this 
book, different receptor types co-exist in any given neu-
ron in any particular brain region (see Chapter 4). These 
receptors can activate multiple second messenger pathways 
simultaneously in opposing or synergistic fashion. Thus, 
cells can integrate information from multiple brain areas. 
The dynamic integration of various signals is of interest 
for therapeutic approaches that target disorders of basal 
ganglia nuclei.
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II.  Second-messenger pathways
The receptors in the basal ganglia can be broadly cat-
egorized into three groups: G-protein-coupled recep-
tors (GPCRs) that activate second messenger cascades; 
ionotropic receptors that gate ion channels; and tyrosine 
kinase receptors that have intracellular kinase properties. 
Downstream of these immediate actions, both types of 
receptors are able to reciprocally activate ion channels or 
signal transduction pathways.

A.  G-Protein-Coupled Receptors

GPCRs are a diverse family of integral membrane proteins 
that mediate signals from neurotransmitters, hormones, 
neuropeptides and cytokines. All GPCRs possess seven 
transmembrane domains and derive their name from the 
interaction with intracellular heterotrimeric G-proteins, 
G. Under basal conditions, G-proteins are bound to  
GDP. Upon activation by GPCRs, GDP is exchanged for 
GTP, causing dissociation of the G-subunit from the G-
subunit (Fig. 26.1). A plethora of G, G, and G subunits 
leads to a diversity of downstream effects, yet G-proteins 
are most commonly categorized by their G subunit into 
Gs/olf, Gi, Gq/11 and G12/13 (Strathmann and Simon, 
1991; Fields and Casey, 1997; Bridges and Lindsley, 
2008). Dissociation of the G-subunit from the G-subunit  
activates effector molecules. Effectors are enzymes that, 
upon G-protein binding, produce second messengers. 
The effector for both Gs/olf and Gi is adenylyl cyclase  
(AC; see Table 26.1 for all abbreviations). In response to 
stimulation by Gs/olf, AC generates the second messenger 
cyclic adenosine mono-phosphate (AMP), whereas activa-
tion of Gi halts cyclic AMP production by inhibiting AC. 
The primary effector for Gq/11 is phospholipase C- (PLC-
), which converts phosphatidylinositol-4,5-bisphosphate  
into the second messengers diacylglycerol (DAG) and 
inositol-1,4,5-trisphosphate (IP3). G12/13 plays a role in 
cellular proliferation and cancer biology and is linked to 
the mitogen-activated protein kinase (MAPK) cascade as 
well as to small monomeric G-proteins such as Ras, Rac 
and Rho (Dhanasekaran and Dermott, 1996; Spiegelberg 
and Hamm, 2007; Worzfeld et al., 2008).

After activation of the effector, the G-protein uses its 
inherent GTPase activity to hydrolyze GTP back to GDP, 
which leads to the re-association of the G-subunit with 
the inactive heterotrimer. The extracellular ligand, such as 
a neurotransmitter or a pharmacological agent, facilitates 
or prevents the coupling of the receptor to the G-protein. 
GPCR agonists increase the affinity of the receptor for 
the G-protein, inverse agonists decrease the affinity, and 
antagonists prevent other ligands from binding. Binding of 
different ligands to GPCRs can furthermore lead to desen-
sitization and internalization (Bridges and Lindsley, 2008). 
In addition to the G-protein heterotrimers, a variety of 
other factors can confer specificity toward particular sec-
ond messengers. These include various accessory proteins 
such as regulators of G-protein signaling (RGS-proteins), 
receptor-independent activators of G-protein-mediated sig-
naling (AGS-proteins), or beta-arrestins (Bouvier, 2001; 
McDonald and Lefkowitz, 2001; Offermanns, 2003; Sato 
et al., 2006).

The effector activated by the G-protein generates the 
second messenger. Second messengers trigger biochemi-
cal cascades that can directly or indirectly affect ion chan-
nels permeable to Ca2, potassium (K) and sodium (Na) 
(see, for example, Chapter 6). Second messengers also 
activate kinases that phosphorylate substrate proteins and 
activate transcription factors (see Chapters 27 and 30). The  
production of second messengers can result in signal ampli-
fication long after the ligand-receptor and G-protein-effector  
complexes have been dissociated.

A central player in the basal ganglia is the modula-
tory neurotransmitter dopamine, which is produced and 
released by neurons originating in the substantia nigra (SN). 
Dopamine interacts with G-protein coupled dopamine recep-
tors on medium spiny neurons in the striatum (see Chapter 6).  
Movement disorders such as Parkinson’s disease (see 
Chapter 34), Huntington’s disease or hemiballism (Albin 
et al., 1989) are attributed to pathological changes in the 
basal ganglia motor circuits that involve dopamine recep-
tors, as well as glutamatergic and GABAergic receptors. Of 
equal importance, the basal ganglia are involved in circuits 
of emotional function, reward, and memory processing, and 
have raised attention in psychiatric disorders such as schizo-
phrenia, mood disorders, attention deficit disorder and drug 
addiction (Busatto and Kerwin, 1997; Lafer et al., 1997; 
Ring and Serra-Mestres, 2002; Casey et al., 2007; Haber, 
2008). A great variety of signaling molecules play a role in 
the modulation and coordination of intracellular responses 
to neurotransmission in the basal ganglia, and the precise 
interaction of these molecules is necessary to ensure proper 
motor and behavioral function.

GPCRs are linked to a variety of second messen-
gers. We will first highlight the signaling pathways of the  
traditional second messengers cyclic AMP, DAG and IP3. 
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The majority of GPCRs modulate levels of one or more of 
these molecules. Second, we will discuss the ubiquitous 
role of Ca2, which serves as a second messenger after IP3 
activation or via entry through ionotropic receptors and ion 
channels. Finally, we address the receptor tyrosine kinases 
(RTK), which stimulate the PLC- pathway and play an 

important role in growth and development. In addition, we 
will describe signaling properties of the  components of 
G-proteins as well as a non-canonical signaling pathway 
described for dopamine receptors. The combination of 
these signaling pathways provides specificity as well as 
diversity in the basal ganglia.
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Table 26.1  Common Abbreviations and Terminology

AKAP A Kinase Anchoring-Protein

Ca2 calcium

CaM calmodulin

CaMK Ca2/CaM-dependent kinase

cAMP cyclic adenosine mono-phosphate

CaN calcineurin or protein phosphatase  
2B (PP2B)

DAG diacylglycerol

DGK diacylglycerol kinase

ERK extracellular signal-regulated kinase

GPCR G-protein coupled receptor

HCN hyperpolarization-activated cyclic 
nucleotide-gated channel

IP3 inositol-1,4,5-trisphosphate

K potassium

MAPK mitogen-activated protein kinase

mGluR metabotropic glutamate receptor

Na sodium

PDE phosphodiesterase

PIP2 phosphatidylinositol-4,5-bisphosphate

PKA protein kinase A

PKC protein kinase C

PLC phospholipase C

PP protein phosphatase

RasGAP GTPase-activating protein

RasGEF guanine nucleotide exchange factor

RasGRP/RasGRF ras-guanine nucleotide-releasing  
protein/factor

RTK receptor tyrosine kinase

TRPC transient receptor potential channels

VGCC voltage-gated calcium channel
1.  Adenylyl Cyclase Modulation and the Cyclic 
AMP Pathway

The D1 class of dopamine receptors (D1, D5) is expressed 
extensively in the striatum (see Chapter 1) and is the pri-
mary activator of the cyclic AMP pathway in the basal 
ganglia. D1 receptors couple to the stimulatory G-protein 
Gs/olf, named for its ability to stimulate the activation of  
AC (Fig. 26.1A). In addition to the D1 class of receptors, ade-
nosine A2A receptors in the basal ganglia are Gs-coupled  
receptors (Zezula and Freissmuth, 2008). Adenosine  
A2A receptors are concentrated in the GABAergic striat-
opallidal neurons, where they can form heteromeric com-
plexes with dopamine D2 receptors (Morelli et al., 2007) 
(see Chapter 11). A2A receptors antagonize the action 
of D2 receptors via the formation of heteromers, but also 
via the opposite action of their second messenger path-
ways. Thus, the adenosine A2A receptor has emerged as 
a potential target in the treatment of Parkinson’s disease 
(Schwarzschild et al., 2006).

Another AC-linked G-protein, Gi, is widespread in 
the basal ganglia and coupled to a variety of GPCRs such 
as D2 like dopamine receptors (D2, D3, D4), metabotropic  
glutamate receptors, opioid receptors, cannabinoid receptors, 
and muscarinic acetylcholine receptors (Levey et al., 1991; 
Jiang and North, 1992; Conn et al., 2005; Matyas et al., 
2006). Gi is an inhibitory G-protein, named for its ability  
to inhibit AC activity and to downregulate cyclic AMP 
production (Fig. 26.1A). Gi -coupled receptors oppose 
directly Gs/olf activation of AC and promote hyperpolar-
ization of the cell membrane by inhibiting Na and Ca2 
ion channels while opening K channels (Surmeier et al., 
2007). Gi receptors such as D2 and cannabinoid recep-
tor 1 (CB1) are present on postsynaptic and presynaptic 
terminals. As presynaptic autoreceptors they inhibit neu-
rotransmitter release (Wallmichrath and Szabo, 2002; 
Fisone et al., 2007) (see Chapter 17). D2 autoreceptors are 
expressed at nigro-striatal synapses and are activated after 
dopamine is released from SN neurons. Endocannabinoids, 
the endogenous ligands for CB1, retrogradely diffuse from 
postsynaptic cells in the striatum to CB1 receptors on pre-
synaptic terminals (see Chapter 9). CB1 receptors mediate 
long term depression (LTD), a decrease in presynaptic glu-
tamate release of cortico-striatal neurons (Wickens, 2009), 
and a decrease in GABA neurotransmission (Wallmichrath 
and Szabo, 2002). Both CB1 and D2 hyperpolarize the pre-
synaptic terminals to inhibit subsequent neurotransmitter 
release. In addition, the muscarinic M4 receptor dampens  
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D1 receptor activation of cyclic AMP in the striatum 
(Sanchez-Lemus and Arias-Montano, 2006). M4 couples to 
Gi and is expressed in cholinergic neurons as well as D1 
receptor-expressing neurons (Bernard et al., 1992).

The presence of multiple GPCRs in a given cell (see 
Chapter 4) allows for specificity in intracellular responses. 
Integration of signaling properties from different G-proteins  
plays an important role in determining how the cell 
responds to multiple neurotransmitters that are active 
in basal ganglia nuclei. The interaction of A2A and D2 
receptors in striatopallidal neurons, mentioned above, is 
one such example. Heteromers of A2A and D2 receptors 
within the membrane couple to Gq/11, while homomers of 
A2A and D2 receptors couple to Gs and Gi respectively 
(Ferre et al., 2008). Furthermore, although it is well estab-
lished that D1 and D2 receptors are segregated in the stri-
atum (Gerfen et al., 1990; Le Moine et al., 1991; Gerfen  
et al., 1998), in areas where they are co-expressed they 
can form hetero-oligomers which couple to Gq/11 (Rashid  
et al., 2007). The following is a list of intracellular mol-
ecules that are intricate parts of cyclic AMP pathways in 
the basal ganglia (Fig. 26.1A).

1.	 Adenylyl cyclase (AC): After binding GTP, Gs/olf 
activates AC, a 12-transmembrane domain protein 
that converts ATP to cyclic AMP (Patel et al., 2001). 
Gs in the GTP-bound form displays a tenfold greater 
affinity for activating AC compared to the GDP-bound 
form (Sunahara et al., 1997). The AC enzyme serves 
as the effector and cyclic AMP as the second messen-
ger signal. The complex of AC and Gs/olf functions 
as an active enzyme with AC comprising the catalytic 
unit and Gs/olf the regulatory unit (Kandel, 2000).  
AC production of cyclic AMP is terminated when 
Gs/olf dissociates from the complex. Currently, ten 
distinct human isoforms of AC are listed in the Entrez 
Gene database. Of these, AC5 is the main isoform in 
the striatum (Sadana and Dessauer, 2009). In medium 
spiny neurons, AC5 activity is regulated by the activa-
tion of dopamine receptors. D1 receptors stimulate its 
activity while D2 receptors inhibit AC5. Animal mod-
els of AC5/ knockout mice show impairment in 
dopamine receptor-activated signaling, emphasizing 
the importance of this isoform in normal basal ganglia 
neurotransmission.

2.	 Cyclic AMP-dependent protein kinase (PKA):  
A major role of cyclic AMP is to activate PKA 
(Montminy, 1997). The PKA holoenzyme is a tetrameric  
complex containing two catalytic subunits bound to 
two regulatory subunits. On binding cyclic AMP, the 
catalytic subunits are released and activated. PKA trans-
fers a phosphate from ATP onto the amino acids serine 
(Ser) or threonine (Thr) within consensus amino acid 
sequences in substrate proteins (Ubersax and Ferrell, 
2007). PKA can increase neuronal excitability by 
increasing ion flux through Na and Ca2 channels, and 
decreasing ion flux through K channels. PKA can also 
facilitate NMDA receptor function by phosphorylat-
ing the NR1 subunit of the NMDA receptor (Dudman 
et al., 2003). The activation of D1 receptors and the 
cyclic AMP pathway acts to synergistically propa-
gate glutamate neurotransmission (Cepeda and Levine, 
1998; Konradi, 1998) (Fig. 26.3) (see Chapter 35). In 
addition to local effects on membrane depolarization, 
PKA can phosphorylate transcription factors to stimu-
late gene expression (see Chapter 27). For example, the 
transcription factor cyclic AMP response element bind-
ing protein (CREB) is activated by PKA, as are kinases 
involved in the MAP kinase pathway (Montminy, 1997). 
PKA is inhibited by protein kinase inhibitor peptides, a 
group of three small proteins that inhibit the function of 
the catalytic subunit.

.	 Hyperpolarization-activated cyclic nucleotide-gated 
channels (HCN): Cyclic AMP can bind directly to 
HCNs to modulate ion permeability (Fig. 26.1A), 
(Craven and Zagotta, 2006). HCNs have a unique 
reverse voltage dependence that leads to activation 
upon hyperpolarization (Wahl-Schott and Biel, 2009). 
When activated, HCN channels conduct inward cur-
rent and depolarize the cell toward the threshold of 
voltage-gated Ca2 channels. HCN channels mediate 
pacemaker activity in the heart as well as the nervous 
system. In the globus pallidus, HCNs regulate tonic 
release of GABA (Boyes et al., 2007).

.	 Phosphodiesterases (PDEs): PDEs break down intra-
cellular cyclic AMP to 5'-AMP and are thus the coun-
terparts to ACs (Fig. 26.1A). These enzymes consist 
of a diverse group of proteins, the products of at least 
21 genes with multiple splice variants, divided into 
11 families (Conti and Beavo, 2007). The PDE fami-
lies hydrolyze cyclic AMP, cyclic GMP or both cyclic 
nucleotides with varying efficiencies. Phosphorylation 
of PDE enzymes by PKA increases their catalytic 
activity. The striatum expresses seven families of PDEs 
(Menniti et al., 2006). Each PDE isotype displays  
a high degree of specificity, allowing for multiple  
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dimensions of feedback control at basal ganglia syn-
apses. The predominantly expressed subtypes in the 
striatum are PDE1B, PDE7B, and PDE10A. PDE1B 
and PDE10A are both potential targets for treating 
basal ganglia disorders (Menniti et al., 2006). PDE1B 
inhibition has been shown to potentiate dopamine-
activated pathways in medium spiny neurons, while 
PDE10A inhibition has the opposite effect. Patients 
with movement disorders such as Parkinson’s disease 
and Huntington’s disease might benefit from these 
treatments as PDE-targeting drugs can affect the excit-
ability of neurons in the basal ganglia motor circuitry.

5.	 A Kinase Anchoring-Proteins (AKAPs): The scaf-
folding/anchoring AKAPs compartmentalize PKA and 
affiliated substrates. As such, they regulate the spatial 
and temporal organization of the cyclic AMP-PKA 
pathway (Wong and Scott, 2004). AKAPs exist as a 
large and diverse group of anchoring proteins (over 
50 members) that are differentially expressed within  
various cell and tissue types. All AKAPs have a  
PKA-anchoring domain, unique localization signals, 
and the ability to form complexes with other signal-
ing molecules. AKAPs play an essential role in the 
specificity of signal transduction pathways by creating 
microenvironments that bring together the factors of 
selective pathways within a cell.

6.	 Protein phosphatases: Two phosphatases, protein phos-
phatase 1 and 2 A (PP1 and PP2A) are the major Ser/Thr 
phosphatases in the basal ganglia that counteract PKA 
(Fig. 26.1A). Protein phosphatases form heteromers by 
associating one or more catalytic subunit(s) with scaf-
folding proteins and regulatory subunits (Mansuy and 
Shenolikar, 2006). Protein phosphatases are metalloen-
zymes with two divalent metal ions at the center of the 
catalytic site (Barford, 1996). PPI regulates PKA sig-
naling by dephosphorylating PKA substrate proteins. 
However, PKA can promote amplification of its own 
kinase activity by phosphorylating inhibitor-1/DARPP-32  
(dopamine- and cyclic AMP-regulated phosphoprotein). 
After phosphorylation, inhibitor-1 associates with and 
blocks PP1 (Svenningsson et al., 2004), (Fig. 26.1B). 
This inhibition is counteracted by the protein phospha-
tase 2B/calcineurin (see below). Moreover, metabotropic 
glutamate receptor 5 (mGluR5), co-expressed in medium 
spiny neurons with D1 receptors, can activate cyclin 
dependent kinase 5 (cdk5) to phosphorylate DARPP-32  
(Conn et al., 2005). When phosphorylated by cdk5, 
DARPP-32 no longer associates with inhibitor-1 and 
directly inhibits PKA activity.

2.  DAG and IP3 Second Messengers

Gq/11 activates PLC, which converts phosphatidylinositol-4, 
5-bisphosphate into DAG and IP3 (Fig. 26.1A). To date, 13 
mammalian PLC isozymes have been identified, and they 
are divided into six groups: PLC-, -, -, -, - and -  
(Suh et al., 2008). Of these, PLC- and - are known to 
be activated by Gq/11. Other PLC isozymes are stimulated 
by G dimers, tyrosine kinase pathways with the small 
G-proteins Rap, Rho, and Ras as effectors, and intracellu-
lar Ca2 (Smrcka and Sternweis, 1993; Suh et al., 2008)  
(Fig. 26.1C).

1.	 Diacylglycerol (DAG): DAG is a glycerol derivative, 
which is found at low levels in biological membranes 
during resting potentials. Upon stimulation, the PLC 
isozymes cleave phosphatidylinositol-4,5-bisphosphate 
(PIP2) into DAG and IP3. Phospholipase D (PLD) can 
also metabolize phosphatidylcholine to form DAG 
(Brose et al., 2004). The most prominent target of 
DAG is the protein kinase C (PKC) family of Ser/Thr 
kinases. However, a number of alternative targets with 
PKC homology domains exist as well. These include 
protein kinase D (PKD), diacylglycerol kinase (DGK), 
Ras guanyl nucleotide-releasing protein (RasGRP), chi-
maerin, and mammalian uncoordinated 13 (Munc13) 
(Brose et al., 2004). Each target comes in a variety of 
homologs and is discussed below (Fig. 26.1C).
•	 The PKC (protein kinase C) family is group of 

enzymes that are involved in all aspects of neuro-
nal function and malfunction. From neurotransmit-
ter release and uptake, to receptor and ion channel 
function, to gene expression regulation, the PKC 
family modulates neuronal development, neuronal 
excitability, neuronal death and ultimately learning 
and memory (Mellor and Parker, 1998). Most neu-
ronal processes, if not all, are affected by PKCs in a 
variety of ways. PKCs contain a catalytic domain 
which is linked to a regulatory domain that maintains 
the enzyme in an inactive conformation (Steinberg, 
2008). At least 12 isoenzymes of PKC are described 
which are subdivided into three subfamilies based on 
structural differences in their NH2-terminal regulatory 
domain. The conventional PKCs – PKC, -I, -II, 
and - – require DAG, phosphatidylserine and Ca2 
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for activation. The novel PKCs-, , ,  and  isotypes 
are Ca2 insensitive, but are dependent on DAG.

•	 PKD (protein kinase D), a family of three Ser/Thr 
protein kinases, is a direct target of DAG but also 
lies downstream of PKC (Rozengurt et al., 2005). 
Initially termed “atypical PKC”, PKD is implicated 
in the regulation of a variety of biological processes, 
including membrane trafficking and apoptosis, with 
many of these functions interdependent with other 
signaling pathways. PKC seems to be an essential 
factor in the activation of PKD (Wang, 2006).

•	 DGK (diacylglycerol kinase), a family of at least 
11 paralogs in human, catalyzes phosphorylation 
of DAG to phosphatidic acid, and thus has a major  
role in deactivating DAG and its affiliated sub-
strates, such as RasGRP and Munc-13 (Merida  
et al., 2008). Phosphatidic acid itself serves as a lipid 
second messenger, and has been reported to regulate 
cell growth, membrane trafficking, differentiation 
and migration (Goto and Kondo, 2004). In the basal 
ganglia, the DGK isoform, DGK is enriched in 
medium spiny neurons of the striatonigral and stria-
topallidal pathways (Hozumi et al., 2008).

•	 RasGEFs (Ras guanine nucleotide exchange fac-
tors) promote GDP/GTP exchange and activation 
of Ras GTPases, which leads to the modulation of 
the ERK/MAP kinase signal transduction cascade 
(Fig. 26.2). Among RasGEFs are RasGRF, RasGRP, 
Sos, and CalDAG-GEFs. RasGRP1 and RasGRP2 
are expressed in striatal striosome and matrix com-
partments respectively, and they are inversely regu-
lated in l-DOPA-induced dyskinesia in a rat model 
of Parkinson’s Disease (Crittenden et al., 2009). In 
the dopamine-depleted striatum, l-DOPA treatment 
produces up-regulation of RasGRP1 (activator of 
MAP kinase cascade; Yang and Kazanietz, 2003) 
and down-regulation of RasGRP2 (inhibitor of the 
ERK/MAP kinase cascade; Kawasaki et al., 1998). 
These findings are in concordance with increased 
ERK phosphorylation observed in a similar model 
of l-DOPA-induced dyskinesia (Westin et al., 2007). 
Ras-GRF1 is an important factor in dopamine D1 
and glutamate-mediated phosphorylation/activation  
of ERK1/2, as activation of the ERK1/2 pathway 
in Ras-GRF1-deficient striatal cells is impaired 
(Fasano et al., 2009).

•	 Chimaerins derive their names from the observa-
tion that they resemble a “chimaera” between the C1 
domain of PKC isozymes and the GAP domain of 
the breakpoint cluster region protein (BCR), which is 
involved in chronic myelogenous leukemia (Yang and 
Kazanietz, 2003). They are Rho GTPase-activating  
proteins with at least four known paralogs that 
inactivate the small GTPase Rac by accelerat-
ing the intrinsic GTPase activity of Rac (Yang and 
Kazanietz, 2007). Chimaerins are strongly expressed 
in the brain and are implicated in diverse cellular 
processes such as neurocytoskeleton organization 
and growth cone guidance.
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Figure 26.2  Selected routes of TRK receptor/MAP kinase signal-
ing. A, Ligand binding leads to dimerization of TRK receptors and the 
phosphorylation of their intracellular domains. Receptor phosphorylation 
activates various effectors such as PLC or GRB2, leads to recruitment 
of the MAP kinase pathways and to the release of Ca2 from the endo-
plasmic reticulum (see also Fig. 26.3). B, Small monomeric G-proteins 
(GTPases) interact with GTP in their active conformation and catalyze the 
hydrolysis of the terminal phosphate group of GTP to GDP to assume an 
inactive conformation. Guanine nucleotide exchange factors (GEFs; i.e. 
RasGRF, RasGRP and SoS) increase the rate of GDP to GTP exchange, 
while GTPase-activating proteins (RasGAP) facilitate the internal GTPase 
activity of the G-proteins. A third group of modulatory proteins, gua-
nine nucleotide dissociation inhibitors, prevent nucleotide exchange (not 
shown).
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•	 Munc13 (Mammalian uncoordinated) proteins are 
the mammalian homologs of Caenorhabditis elegans 
Unc13. Mammals express four Munc13 isoforms that 
are localized to presynaptic active zones in the central 
nervous system. Munc13s are vesicle-priming proteins 
that promote short-term synaptic plasticity. Munc13-1 
has a major role in neurotransmitter release, particu-
larly of glutamatergic neurons. It has been shown to 
be essential for the membrane fusion of vesicles of the 
readily-releasable vesicle pool (Brose et al., 2000).

•	 Transient receptor potential (TRP) channels 
(Soboloff et al., 2007) are a family of conserved  
Ca2 -permeable cation channels that mediate 
depolarization in GABA projection neurons of the 
substantia nigra pars reticulata (Zhou et al., 2008). 
TRPCs are involved in mGluR1/5-mediated excita-
tion of cholinergic interneurons in the striatum (Berg 
et al., 2007), and it seems reasonable to assume that 
future studies will demonstrate a major role for these 
channels in the basal ganglia.

2.	 IP3, the second metabolite of phosphatidylinositol-4, 
5-bisphosphate, mobilizes intracellular Ca2 release 
through its interaction with IP3 receptors (IP3R). IP3Rs 
are intracellular Ca2 channels that are located primarily 
in the endoplasmic reticulum and are regulated by IP3 and 
Ca2. Three isoforms of the IP3R have been identified to 
date (Dawson, 1997). Activation of IP3Rs results in a vari-
ety of oscillatory changes in free Ca2. The far-reaching 
consequences of Ca2 signaling are addressed below.

3.  G signaling

G plays an important role in the interaction with GPCRs 
(Smrcka, 2008). It is also required for G-mediated nucle-
otide exchange and for the inactivation of G subunits. In 
addition, G it is capable of independently activating sig-
nal transduction pathways. Among the effectors that bind 
directly to G, the following were shown to have an impor-
tant physiological role: the inwardly-rectifying K channel, 
the beta-adrenergic receptor kinase (BARK), N-type and  
P/Q type Ca2 channels, phosphoinositide 3-kinases, 
PLC1, and ACs (Logothetis et al., 1987; Tang and Gilman, 
1991; Camps et al., 1992; Pitcher et al., 1992; Stephens  
et al., 1994; Herlitze et al., 1996; Ikeda, 1996), (Fig. 26.1).

On the presynaptic side, the G-subunit can affect Ca2 
channel mediated neurotransmitter release. It can directly 
bind to presynaptic Ca2 channels and reduce the sensitiv-
ity to membrane depolarization (Dolphin, 2003). Moreover, 
it has a direct inhibitory effect on the transmitter release 
machinery by binding to proteins of the SNARE complex 
(Blackmer et al., 2005; Gerachshenko et al., 2005). Finally, 
there is some indication that G might be translocated to the 
cell nucleus where it interacts with transcription factors and 
histone modifying enzymes (Spiegelberg and Hamm, 2007).

4.  Novel GPCR-Mediated Second Messenger 
Pathways

After binding to an agonist, GPCRs are phosphorylated 
by one of a number of GPCR Ser/Thr kinases (GRKs). 
Phosphorylation of the receptor promotes the high-affinity  
binding of an arrestin protein, which prevents further cou-
pling to G-proteins (Kohout and Lefkowitz, 2003). An 
internalization complex is formed comprising the GPCR, 
-arrestin, adaptor protein 2 (AP2), and clathrin, leading to 
receptor internalization through clathrin-mediated endocy-
tosis (Beaulieu et al., 2007). The classical role of -arrestins 
was thus thought to be GPCR desensitization. However, 
recently it has been shown that -arrestins can act as receptor-
regulated scaffolds and mediate a variety of receptor signal-
ing and regulatory processes (Lefkowitz and Shenoy, 2005).

An example of this “non-canonical” signaling path-
way, i.e., G-protein and cyclic AMP-independent signal-
ing of GPCRs, has been observed in neurons expressing 
the dopamine D2 receptor. Recent studies have shown that  
D2-GPCRs exert some of their effects in vivo through cyclic 
AMP-independent mechanisms (Beaulieu et al., 2007). 
This new mode of dopamine receptor signaling involves  
-arrestin, protein kinase B (Akt) and protein phosphatase 
2 A (PP2A), proteins that have been classically implicated 
in GPCR desensitization. The formation of this complex 
results in the dephosphorylation/inactivation of Akt by 
PP2A and the subsequent stimulation of GSK-3-mediated 
signaling (Beaulieu et al., 2005). GSK3 is a regulator of 
many cellular functions, including cell architecture, motil-
ity, and survival (Jope and Johnson, 2004). Interestingly, 
GSK3 is inhibited by the mood stabilizing salt, lithium 
(Gould and Manji, 2005), and would presumably also be 
inhibited by conventional antipsychotic drugs that are 
antagonists of the D2 receptor (Seeman, 1987).

B.  Ionotropic Receptors

Ligand-gated ion channels are transmembrane protein 
complexes that conduct ion flow through a channel pore 
in response to the binding of a neurotransmitter. They are  



455Chapter | 26  Second-Messenger Cascades
different from voltage-gated ion channels, which are sensi-
tive to membrane potentials, and GPCRs, which use second 
messengers. Although ionotropic receptors are commonly 
regarded as postsynaptic elements, they can also been found 
on presynaptic membranes near release sites, where they con-
tribute to vesicle fusion (Engelman and MacDermott, 2004).

Ionotropic receptors include glutamate receptors 
(NMDA and AMPA/kainate receptors), serotonin-5-
HT3 receptors, cholinergic nicotinic receptors, GABA-A  
receptors and glycine receptors (see Chapter 4). These 
receptors are either cation or anion selective, leading to 
their involvement in either excitatory (NMDA, AMPA/kai-
nate, 5-HT3, nicotinic receptors), or inhibitory (GABA-A, 
glycine) neurotransmission.

The major ions permeating these receptors are Ca2, Na, 
K and Cl. Receptors that are permeable to Ca2 will gen-
erally conduct monovalent cations as well, while receptors 
permeable to monovalent cations such as Na, conduct Ca2 
only under special circumstances associated with subtype 
composition and mRNA editing (discussed in other chapters).

NMDA receptors, 5-HT3, and nicotinic receptors are 
permeable to Ca2, whereas AMPA/kainate receptors are 
predominantly permeable to Na. GABA and glycine 
receptors are permeable to Cl. Signal transduction and 
gene expression are driven mostly by Ca2, while anion 
channels might down-modulate these pathways. While 
Ca2-permeable receptors can drive signal transduction 
autonomously, influx of Na and other cations can depolar-
ize the plasma membrane and trigger opening of voltage- 
gated Ca2 channels (VGCCs). The activation of L-type 
VGCCs leads to increases in intracellular Ca2 and activa-
tion of signal transduction pathways (see below).

C.  Ca2 Signaling

Calcium accumulation in the postsynaptic area initiates a 
cascade of events that can translocate to the nucleus and 
result in the activation of gene expression. This altera-
tion of gene and protein expression patterns can pro-
mote dendritic growth, improve synaptic strength, and 
affect neuronal plasticity (Greer and Greenberg, 2008)  
(Fig. 26.3). At the postsynaptic membrane, Ca2 activates 
kinases and phosphatases that affect the function and traf-
ficking of various receptors and channels. At the presyn-
aptic site, localized Ca2 signals drive vesicle fusion at 
and near active zones, and thus regulate neurotransmitter 
release (Schneggenburger and Neher, 2005). These impor-
tant actions of Ca2, together with the fact that high levels  
of Ca2 are neurotoxic (Choi, 1988), require neurons to 
expend considerable energy to maintain low basal levels of 
intracellular Ca2 under homeostatic conditions. Calcium 
is pumped into the extracellular space or into internal Ca2 
storage sites such as the endoplasmic reticulum or mito-
chondria (Verkhratsky and Petersen, 1998).

Cytoplasmic Ca2 levels are rapidly increased by 
Ca2 influx from extracellular sources or from internal 
Ca2 stores. Calcium release from intracellular stores can 
be mediated by a cascade of Gq/11→PLC→IP3→IP3Rs  
(Fig. 26.3). In addition to IP3Rs, ryanodine receptors can 
release Ca2 from internal stores. Both receptor types 
are distributed throughout the endoplasmic reticulum and 
are also sensitive to Ca2 levels. Increased Ca2 levels 
induce Ca2 release which leads to propagated Ca2 waves 
(Berridge, 1998). Calcium can therefore be a messenger 
that induces its own release.

Extracellular Ca2 can enter the cytoplasm through 
voltage-gated Ca2 channels (VGCCs) or through ligand-
gated ion channels. VGCCs have a role in second messen-
ger pathways as well as in presynaptic transmitter release. 
The CaV2.1 to CaV2.3 groups of VGCCs, which includes  
P/Q-type, N-type and R-type Ca2 channels, has a major 
role in presynaptic plasticity (Pietrobon, 2005; Catterall and  
Few, 2008). Dihydropyridine-sensitive L-type Ca2 chan-
nels, which belong to the CaV1.1 to CaV1.4 group, couple 
membrane depolarization to signal transduction and gene 
expression (Lipscombe et al., 2004). These channels have 
a high conductance for Ca2 and are localized at the cell 
soma and on the dendrites. Thus, they are uniquely suited 
to propagate Ca2 signals to the nucleus (Westenbroek  
et al., 1990; Catterall, 2000), since it has been shown that 
an elevation of Ca2 concentration within the nucleus is 
required in some cases for the induction of gene expres-
sion (Greer and Greenberg, 2008) (see also Chapter 30). 
A number of signaling pathways involving protein kinases 
and phosphatases, GPCRs, scaffolding proteins, and  
Ca2-binding proteins lead to a dynamic regulation of 
VGCCs (Calin-Jageman and Lee, 2008).

Principal Ca2-conducting ligand-gated ion chan-
nels are the glutamatergic N-methyl-D-aspartate (NMDA) 
receptor and, in some cases, the -amino-3-hydroxy-5-
methyl-4-isoxazolepropionate type (AMPA) glutamate 
receptor. Other ligand-gated ion channels such as the  
5-HT3 receptor (Brown et al., 1998) and the 7 nicotinic 
receptor (Bertrand et al., 1993), can be permeable to Ca2 
as well, although overall their participation to Ca2 influx 
might be of lesser magnitude.
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Figure 26.3  Neuronal Ca2 pathways. Ca2 enters neurons from the extracellular space via voltage-gated Ca2 channels (VGCC) or via ionotropic
receptors (NMDA receptor shown as an example). Ca2 can also enter the cytoplasm from intracellular Ca2 stores via the Gq11/PLC/IP3 recep-
tor pathway. Gs/olf signal transduction can modulate ion channel function. Ca2 activates calmodulin which in turn affects other signal transduction
molecules.
Although each of the routes of Ca2 entry increases 
intracellular Ca2 concentrations, the mode of entry deter-
mines responses in terms of gene induction (Bading et al., 
1993; Ginty, 1997). Channel conductance properties, chan-
nel open times, localization of channels, the association of 
a channel with key signaling molecules, and the ability of 
a channel to propagate the signal to the nucleus, all contrib-
ute to the specificity of the response (Greer and Greenberg, 
2008). Subcellular location of Ca2 in microdomains, which 
are formed at sites where Ca2 enters the cytoplasm, con-
tribute to signaling specificity (Berridge, 2006).

The cytosolic rise in Ca2, due to influx from exter-
nal sources or from internal storage organelles, can acti-
vate a number of signal transduction pathways such as the  
cyclic AMP/PKA pathway, the Ca2/calmodulin 
(CaM)/CaM kinase pathway, and MAP kinase pathway  
(Figs 26.2, 26.3).

1.	 Calmodulin (CaM) is a 17 kDa Ca2-binding pro-
tein that binds four Ca2 ions. Upon binding to Ca2, 
CaM undergoes a conformational switch enabling it 
to bind to and activate a number of effector proteins in 
the nucleus and the cytoplasm, including Ca2/CaM-
dependent kinases, ACs, and the phosphatase calcineu-
rin. Interestingly, CaM itself is a relatively poor Ca2 
sensor but increases its Ca2 affinity in the presence of 
its target molecules (Swulius and Waxham, 2008).

2.	 Ca2-activated AC: Of the ten members of the AC 
family, AC1 and AC8 are activated by Ca2/CaM 
(Wang and Storm, 2003). Like all other ACs, AC1 
and AC8 generate intracellular cyclic AMP, albeit in  
specific response to rises in intracellular Ca2. 
Both AC isoforms play critical roles in long-term  
potentiation and memory formation (Ferguson and 
Storm, 2004). Interestingly, AC1 is a coincidence 
detector as its response to an increase in intracellular  
Ca2 levels is amplified by Gs-coupled receptor 
activation.

3.	 Ca2/calmodulin kinases (CaMK) are activated by 
Ca2/CaM and they have an important function in 
memory and plasticity (Mayford, 2007). Members of  
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the CaM-kinase family are Ser/Thr kinases. CaM 
kinases are separated into two groups: multifunctional 
CaM-kinases (CaM kinase kinase, CaMKI, CaMKII 
and CaMKIV) which have multiple downstream tar-
gets, and substrate-specific CaM-kinases (CaMKIII,  
phosphorylase kinase, and myosin light chain kinases) 
with only one known downstream target (Swulius and 
Waxham, 2008). Kinase activation is dependent on the 
binding of Ca2/CaM. At basal Ca2 levels, CaMKs 
are inhibited by an autoinhibitory domain, which pre-
vents substrate binding to the catalytic domain. A rise 
in intracellular Ca2 concentration and subsequent sat-
uration of CaM with four Ca2 molecules leads to the 
binding of CaM to CaMK and disruption of autoinhi-
bition. Similar to the MAP kinase cascade, CaMK can 
be activated/phosphorylated by a CaM kinase kinase 
(CaMKK) in a CamK cascade (Soderling, 1999). 
CaMKII is among the most prominent proteins in the 
post-synaptic density, where it plays a major role in 
the modulation of activity of ion channels (Kennedy 
et al., 1983). It is the only CaMK with known homo- 
multimerization (dodecamers) and it is thought to be the 
primary initiating signal in NMDA-receptor-mediated 
long-term potentiation and gene expression (Mayford, 
2007; Swulius and Waxham, 2008). CaMKIV is acti-
vated by Ca2/CaM and CaMKK. It is involved in the 
phosphorylation of a number of activity-dependent 
transcription factors such as CREB (Soderling, 1999). 
CaMKIV is highly expressed in the striatum and can be 
found in both the cytosol and the nucleus.

4.	 Calcineurin (CaN; protein phosphatase 2B) is a phos-
phatase that is enriched in the post-synaptic density 
and the cell soma. CaN is assembled with a catalytic 
and a regulatory subunit. CaN is activated by binding 
of Ca2/CaM to the catalytic subunit together with con-
current binding of Ca2 to the regulatory subunit. CaN 
has a higher affinity for Ca2/CaM than CaMK, thus 
elevations in intracellular Ca2 will affect CaN activity 
before affecting CaMK activity. Only after prolonged 
Ca2 influx will the balance be shifted to CaMKs. CaN 
has many functions, including disinhibition of protein 
phosphatase 1 (PP1), and the modulation of neurotrans-
mitter synthesis, release and receptor activity (Groth  
et al., 2003).
•	 Disinhibition/activation of the Ser/Thr phosphatase 

PP1 via DARPP-32: The activity of PP1 is regulated 
by inhibitor-1 or DARPP-32. Phosphorylation of 
inhibitor-1/DARPP-32 by PKA activates inhibitor-1 
and inhibits PP1 (Fig. 26.1B). CaN dephosphorylates 
inhibitor-1/ DARPP-32, thus increasing PP1 activity.

•	 Neurotransmitter synthesis, release and receptor 
activation: CaN modulates the activity of enzymes 
involved in neurotransmitter synthesis such as glu-
tamate decarboxylase (GAD) and neuronal nitric 
oxide synthase (nNOS). Both GAD and nNOS are 
activated by dephosphorylation. CaN dephosphory-
lation of synapsin I prevents vesicles from join-
ing the readily releasable pool at the synapse and 
thus downmodulates neurotransmitter release. CaN 
is also involved in synaptic vesicle endocytosis. 
Finally, many neurotransmitter receptors are modu-
lated by phosphorylation status and CaN plays an 
important role in the regulation of receptor activity 
and receptor internalization.

D.  Ras/MAP Kinase Signaling

1.  Calcium-Activated MAP Kinase Signaling

Ras GTPases (H-Ras, N-Ras, K-Ras4A and K-Ras4B) are 
responsive to rises in cytosolic Ca2 levels, and they are 
activated by the exchange of GDP for GTP (Cullen and 
Lockyer, 2002), (Fig. 26.2). Calcium can activate kinases, 
which phosphorylate Ras guanine nucleotide exchange fac-
tors (RasGEFs). RasGEFs induce the dissociation of GDP 
and association with GTP (Avraham et al., 2000; Cullen 
and Lockyer, 2002), (Fig. 26.2B) and thus activate the 
MAP kinase pathway (Fig. 26.3).

2.  Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) are a family of cell sur-
face receptors with an intracellular domain that has tyrosine 
kinase activity (Fig. 26.2). They mediate a host of cellular 
programs including cell proliferation, cell differentiation, 
cell death and inflammation. Ligands for RTKs include 
cytokines, growth factors, and hormones. Ligand binding 
to RTKs causes the inactive monomers to form dimers and 
to induce the autophosphorylation of tyrosine residues in 
the intracellular domain. Phosphorylation leads to recruit-
ment of Grb2/Sos complexes and activation of Ras. Ras 
triggers the sequential phosphorylation of hierarchically 
organized mitogen-activated protein kinase (MAPK) cas-
cades, i.e. MAP kinase kinase kinase (MAPKKK), MAP 
kinase kinase and MAP kinase (MAPK), (McKay and 
Morrison, 2007) (Fig. 26.2). Phosphorylation of RTKs can 
also lead to the activation of PLC, IP3, DAG and Ca2, 
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and thus activate MAPK pathways (Suh et al., 2008). 
Known MAPK pathways include extracellular signal-regu-
lated kinase (ERK) 1 and 2, c-Jun N-terminal kinase (JNK) 
1, 2 and 3, p38 MAP kinases , ,  and , and ERK5 
(Turjanski et al., 2007).

MAP kinases such as ERK1/2 can translocate to the 
nucleus where they phosphorylate/activate downstream 
kinases and transcription factors such as CREB, SRF,  
c-Jun, c-Fos and others (Vanhoutte et al., 1999; Turjanski 
et al., 2007) (see also Chapter 30).

III.  Conclusions and outlook

Although many signal transduction pathways seem to 
involve cyclic AMP and Ca2 as second messengers, a 
surprising level of specificity is achieved for individual 
pathways. Many factors contribute to specificity includ-
ing (i) scaffolding and anchoring proteins; (ii) modulators 
of enzymatic activity; (iii) protein families with similar 
properties but different downstream effects; and (iv) splice 
variants of these proteins. These factors make for attractive 
targets in drug discovery pursuits with the goal to treat dis-
orders ranging from neuro-psychiatric disorders to cancer. 
In the context of the basal ganglia, neurologic disorders 
such as Parkinson’s disease or Huntington’s disease, and 
psychiatric disorders such as mood disorders or schizo-
phrenia, may soon be treated with drugs that specifically 
target defined signaling pathways in disease-causing sub-
sets of neurons.
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    I.       INTRODUCTION 

 Over   the past 15 years, considerable research has examine
the regulation of basal ganglia gene expression by neuro
transmitters. A significant portion of this work has focuse
on unraveling interactions between neurochemical system
that regulate basal ganglia circuitry (see Chapter 1), an
the results strongly support the concept of broad regulatio
of basal ganglia gene expression by interactions betwee
multiple neurotransmitter systems, especially those signal
ing through G-protein-coupled receptors. The goal of thi
chapter is to review the data implicating numerous neuro
transmitter systems in the regulation of gene expression i
the basal ganglia, with a major focus on the regulation o
gene expression in the striatum. While regulation of gen
expression has been examined in other basal ganglia nucle
and is reviewed to some extent in this chapter [e.g. ,  regu
lation of gene expression in the globus pallidus (GP) an
461

substantia nigra/ventral tegmental area (VTA)], the review 
is largely focused on the dorsal striatum as this is the area 
on which the vast majority of studies have been conducted 
to date and in which the neurotransmitter systems and 
their interactions have been most extensively examined. 
The review is not focused on any particular gene or class 
of genes (e.g., immediate early genes, IEGs), but rather 
attempts to provide a relatively comprehensive detailing 
of the available literature on effects of neurotransmitter 
receptor activation or blockade on gene expression overall. 
Throughout, we have tried to identify genes by their com-
monly used abbreviations in the field; however,  Table 27.1    
delineates the genes covered, their commonly used abbre-
viations, and their  “ official symbol ”  from NCBI Entrez 
Gene. 

 The   functional significance of the changes in gene 
expression detailed in this chapter often remains elu-
sive. Increases in IEG or neuropeptide expression may be 
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 TABLE 27.1          Names of genes presented in this chapter, their commonly used abbreviations, 
and the official symbol of each gene from NCBI Entrez Gene  

   Gene name  Common abbreviation  Official symbol 

   activity regulated, cytoskeleton-associated    arc    Arc  

   adenosine A2a receptor   A2ar    Adora2a  

   c-fos/FBJ osteosarcoma oncogene  c- fos    Fos  

   cholecystokinin   cck    Cck  

   clathrin heavy chain   chc    Cltc  

   cyclin L1   ania-6    Ccnl1  

   dopamine receptor D1A   D1r    Drd1a  

   dopamine receptor D2   D2r    Drd2  

   dopamine receptor D3   D3r    Drd3  

   early growth response 1   zif268; ngfi-a    Egr1  

   early growth response 2   krox20    egr2  

   early growth response 4   ngfi-c    egr4  

   fosB/FBJ osteosarcoma oncogene B   fosB   Fosb 

   glial fibrillary acidic protein   gfap    Gfap  

   glutamate decarboxylase 65   gad65    gad2  

   glutamate decarboxylase 67   gad67    gad1  

   glutamate receptor, ionotropic, AMPA 1   glur-A    Gria1  

   homer homolog 1   homer /ania-3    Homer1  

   glutamate transporter 1/solute carrier family 1    eaac1/eaat3    Slc1a1  

   growth associated protein 43   Gap43    Gap43  

   jun oncogene   c-jun    Jun  

   junB proto-oncogene   junB    Junb  

   JunD proto-oncogene   junD    jund  

   kappa opioid receptor/opioid receptor, kappa 1   kor    oprk1  

   melanocortin 4 receptor   Mc4r    Mc4r  

   microtubule-associated protein tau   tau    Mapt  

   mu opioid receptor/opioid receptor, mu 1   mora    oprm1  

   neuroglycan C/chondroitin sulfate proteoglycan    Ngc    Cspg5  

(Continued )
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 TABLE 27.1         (Continued) 

   Gene wname  Common abbreviation  Official symbol 

   neurotensin/neuromedin n   nt/n    Nts  

   neurotensin receptor 1   Ntsr    Ntsr1  

   nuclear receptor subfamily 4, group A, member 1   ngfi-b    Nr4a1  

   nuclear receptor subfamily 4, group A, member 3   nor1    Nr4a3  

   preprodynorphin/prodynorphin   ppd    Pdyn  

   preproenkephalin/proenkephalin 1   ppe    Penk1  

   preprotachykinin/tachykinin 1   ppt    Tac1  

   prepronociceptin/proorphaninFQ/N   OFQ/N    Pnoc  

   serine racemase   Srr    Srr  

   serotonin receptor 6   5-HT6    Htr6  

   stathmin 1   Stmn1    Stmn1  

   synapsin IIa   Syn2    Syn2  

   synuclein, alpha   Snca    Snca  

   tachykinin receptor 1   Tac1r    Tacr1  

   tubulin, alpha 1A   Tuba1a    Tuba1a  

   tyrosine hydroxylase   th    Th  
 
 

 

 
 
 
 
 
 

 

suggestive of changes in the functional activity of par
ticular neurons/nuclei in the basal ganglia or the role o
basal ganglia nuclei in particular behaviors or pathologies
However, there clearly are examples of instances in which
there is a mismatch between the gene expression changes
in and the electrophysiological activity/functional output o
the neurons or nuclei in question (e.g.,  Keefe and Gerfen
1999 ;  LaHoste et al., 2000 ;  Hanson et al., 2002 ) or lack o
correlation between gene expression in a brain region and
a particular behavior being examined, despite there being
a general increase in gene expression in that part of the
brain ( Guzowski et al., 2001 ). Therefore, while we have
commented in places and in reference to ideas put forth
in the literature about the possible functional significance
of particular changes, such discussion is truly speculative
and we therefore have limited its amount in this chapter
Conclusively establishing the functional significance of the
-
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changes in gene expression that have been observed to date
in the basal ganglia undoubtedly will be the challenge for
the coming years in this field.  

    II.       REGULATION BY GLUTAMATE 

 Glutamate   plays a pivotal role in acute and long-term regula-
tion of central nervous system function. In the basal ganglia,
then, glutamate-induced changes in gene expression presum-
ably may be interpreted as reflecting underlying changes
in the function of basal ganglia circuitries and/or long-term
plastic changes underlying normal basal ganglia-mediated
learning and memory functions, as well as pathological
changes associated with basal ganglia-related disorders. As
the main input nucleus of the basal ganglia, the striatum
receives prominent glutamate afferents from the cerebral cor-
tex and thalamus ( Kemp and Powell, 1970 ;  Beckstead, 1984 ;
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 McGeorge and Faull, 1989 ;  Berendse and Groenewegen
1990 ;  McFarland and Haber, 2000 ;  Smith et al., 2004 ) an
these afferents are known to play a significant role in the reg
ulation of striatal neuron function (see Chapter 1). Activatio
of corticostriatal afferents through direct electrical stimula
tion ( Fu and Beckstead, 1992 ;  Liste et al., 1995 ;  Sgambat
et al., 1997 ;  Sgambato et al., 1999 ;  Miyachi et al., 2005
or chemical disinhibition ( Berretta et al., 1997 ) produce
increases in gene expression in striatal neurons. Therefore
it seems likely that gene expression in striatal neurons i
regulated, at least under conditions of ongoing cortical o
thalamic input, by glutamate. 

    A.        α -Amino-3-hydroxy-5-methyl-4-isoxazole-
propionate (AMPA)/Kainate Receptors 

 The   contribution of AMPA/kainate receptor activation t
basal and drug-induced gene expression has been examine
through a number of approaches. Administration of AMPA
can induce IEG or neuropeptide gene expression in striata
neurons  in vivo  or in vitro ( Vaccarino et al., 1992 ;  Pag
and Everitt, 1993 ;  Beckstead, 1995 ;  Keefe and Gerfen
1999 ;  Rajadhyaksha et al., 1999 ). However, results from
a number of studies suggest that basal gene expression i
striatum is not heavily regulated by ongoing excitator
input through AMPA/kainate receptors. That is, intrastri
atal or systemic administration of AMPA/kainate recep
tor antagonists does not alter basal  zif 268  ( egr1 ) or c- fo
mRNA expression ( Wang et al., 1994b ;  Keefe and Gerfen
1999 ), although in the work by Wang and colleagues ther
is some variability and thus some suggestion that basa
levels of  zif 268  expression may be attenuated by systemi
administration of the AMPA/kainate receptor antago
nist 6,7-dinitroquinoxaline-2,3-dione (DNQX) ( Wan
et al., 1994b ;  Wang and McGinty, 1996a ), perhaps unde
experimental conditions in which there is greater cortica
or thalamic input. Likewise, AMPA/kainate receptor block
ade does not decrease basal preprodynorphin (  ppd ;  Pdyn
( Wang et al., 1994b ;  Wang and McGinty, 1996a ), pre
proenkephalin (  ppe ;  penk1 ) ( Wang and McGinty, 1996a
 P é rier et al., 2002 ;  Mao and Wang, 2003a ) or cholecysto
kinin ( cck; Cck ) ( Ding and Mocchetti, 1992 ) mRNA
expression in the striatum. Additionally, administration o
AMPAkines  –  positive modulators of AMPA receptor func
tion ( Lynch, 2006 )  –  does not enhance, and in fact ma
possibly decrease, basal  c-fos  mRNA expression in dor
sal striatum ( Palmer et al., 1997 ;  Ferguson and Robinson
2004 ). Given that AMPA/kainate receptors are majo
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determinants of striatal neuron electrophysiological activ-
ity, these data suggest that the basal expression of multi-
ple genes in the striatum does not likely reflect ongoing 
electrophysiological activity of striatal neurons or require 
ongoing glutamate input through AMPA/kainate receptors. 

 Although   basal gene expression in the striatum appears to 
be relatively insensitive to manipulations of AMPA/kainate 
receptors, evoked changes in the expression of some genes 
do appear to be dependent on AMPA receptor activation. For 
example, systemic administration of DNQX blocks amphet-
amine (AMPH)- or methamphetamine (METH)-induced 
increases in  ppd  mRNA expression in dorsal striatum 
( Wang et al., 1994b ;  Wang and McGinty, 1996a ), as well as 
AMPH-induced increases in  zif 268  and  ppe  mRNA expres-
sion ( Wang et al., 1994b ;  Mao and Wang, 2003a ). Likewise, 
the AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,
3-dione (CNQX) administered locally in striatum blocked 
c- fos  mRNA expression induced by electrical stimulation of 
the cortex ( Sgambato et al., 1999 ). Interestingly, however, 
DNQX did not block METH-induced increases in striatal 
 zif268  or  ppe  mRNA expression ( Wang and McGinty, 1996a ), 
and striatal IEG expression induced by chemical disinhibi-
tion of the cortex also was not blocked, and in some cases 
was enhanced, by systemic AMPA/kainate receptor blockade 
with GYKI 52466 ( Berretta et al., 1997 ). Furthermore, co-
administration of an AMPAkine augmented AMPH-induced 
increases in the numbers of c- fos      �     / ppe  �  (i.e. striatopallidal) 
neurons ( Ferguson and Robinson, 2004 ), but not the AMPH-
induced increase in the numbers of c- fos       �      /preprotachykinin-
positive ( ppt      �     ; i.e. striatonigral) neurons, in the dorsal stri-
atum ( Ferguson and Robinson, 2004 ) or METH-induced 
increases in striatal c- fos  expression ( Hess et al., 2003 ). 
These data suggest that induction of some genes in striatum 
under some circumstances (i.e. certain drugs or electrical 
activation of cortical afferents) may require ongoing AMPA 
receptor activation or be secondary to increased glutamate 
release and activation of AMPA/kainate receptors arising 
from the manipulation. However, it also is clear that evoked 
gene expression in striatum is not universally dependent 
on such activation. In particular the data suggest potential 
intriguing differences in AMPA receptor mediation of gene 
expression induced by AMPH vs. METH, the expression 
of different genes (e.g., peptides vs. IEGs), and expression 
induced in striatal efferent neuron subpopulations. 

 An   additional unknown at the present time is the extent 
to which observed effects of AMPA receptor manipulations 
on striatal gene expression reflect the role of AMPA recep-
tors in the striatum per se, versus system-level changes 
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arising due to changes in AMPA receptor function outsid
of the striatum. On the one hand, the data from Sgambat
and colleagues ( Sgambato et al., 1999 ) suggest that block
ade of striatal AMPA receptors inhibits striatal gen
expression induced by activation of corticostriatal afferents
On the other hand, the work from Berretta and colleague
( Berretta et al., 1997 ) suggest that systemic blockade o
AMPA/kainate receptors does not block, and may actu
ally enhance striatal gene expression evoked by activatio
of corticostriatal afferents. It is likely that delineation o
the contribution of striatal vs. extrastriatal AMPA recep
tors to any evoked changes in striatal gene expression wil
have to be empirically determined for each condition bein
examined. In addition, if striatal AMPA receptors do pla
a role in evoked gene expression, that role may largely b
a permissive one. For example, the ability of AMPAkine
to enhance amphetamine-induced c- fos  mRNA expressio
in striatopallidal neurons is thought to arise as a conse
quence of AMPAkine-mediated enhancement of cortica
activity based on the topographic relation of the striata
gene expression to cortical areas with increased activit
( Ferguson and Robinson, 2004 ). Robinson and colleague
have furthered argued that the enhanced cortical input the
drives striatal gene expression via activation of NMDA
receptors. Thus, striatal AMPA/kainate receptor activa
tion may just provide the necessary depolarization to allow
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for current flow through NMDA receptors and subsequent 
activation of signaling cascades leading to gene expression 
changes ( Rajadhyaksha et al., 1999 ;  Sgambato et al., 1999 ; 
 Ferguson and Robinson, 2004 ) ( Fig. 27.1   ).  

    B.       N-Methyl-D-aspartate (NMDA) Receptors 

 In   addition to AMPA/kainate receptors, glutamate regulates 
neuronal function through activation of N-methyl- d -
aspartate (NMDA) receptors. Because of the voltage-
dependence of activation of these receptors, the more 
prolonged currents associated with them, and their perme-
ability to calcium, these receptors play a critical role in 
mediating neuroplastic changes in the brain. Given these 
properties, it seems reasonable to speculate that NMDA 
receptors will play a critical role in the regulation of gene 
expression in the basal ganglia, and several laboratories 
have hypothesized that glutamate regulation of striatal gene 
expression is predominately mediated by NMDA recep-
tor activation ( Rajadhyaksha et al., 1999 ;  Sgambato et al., 
1999 ;  Ferguson and Robinson, 2004 ). Multiple lines of 
evidence in fact support a role for NMDA receptors in stri-
atal gene expression. Activation of NMDA receptors with 
glutamate, NMDA or quinolinic acid increases c- fos ,  ppe , 
and  cck  mRNA expression and Fos protein levels in striatal 
neuron cultures and in vivo ( Berretta et al., 1992 ;  Ding and 
 FIGURE 27.1          Schematic depiction of the contribution of AMPA and NMDA subtypes of glutamate receptors to gene expression in striatum induced 
by D1 and D2 receptor manipulations. (A) D1 receptor-mediated changes in gene expression are dependent on activation of synaptic diheteromeric 
(NR1/2       A) or triheteromeric (NR1/2A/2B) NMDA receptors (solid black lines/arrows). AMPA receptors regulate the gene expression by providing the 
necessary depolarization for relief of the Mg 2 �   blockade of the NMDA receptor channel (wider gray arrows). (B) D2 receptor-mediated changes in gene 
expression involve extrasynaptic diheteromeric (NR1/2B) NMDA receptors. The extent to which AMPA receptor-mediated depolarization is necessary 
for activation of the extrasynaptic NMDA receptors (dashed gray line/arrow) and thus for gene expression induced by D2 receptor blockade is currently 
unknown.    
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Mocchetti, 1992 ;  Vaccarino et al., 1992 ;  Beckstead, 1995
 Das et al., 1997 ;  Hollen et al., 1997 ;  Rajadhyaksha et al.
1999 ). Likewise, increases in IEG expression (c- fos ,  fosB
 junB ,  zif 268 ,  arc ) induced by electrical or chemical activa
tion of corticostriatal afferents are markedly attenuated by
pretreatment of animals with NMDA receptor antagonist
( Liste et al., 1995 ;  Berretta et al., 1997 ;  Miyachi et al.
2005 ). Taken together, these data suggest that activation
of NMDA receptors by excitatory afferents to striatum i
capable of driving striatal gene expression. 

 The   extent to which NMDA receptor activation i
involved in regulating basal gene expression in striatum
however, varies within, as well as across, laboratories. Fo
example, the basal expression of  zif268  mRNA expression
in the intact striatum was reported to be significantly sup
pressed by systemic administration of NMDA receptor antag
onists such as MK-801 and 3-(2-Carboxypiperazin-4-yl
propyl-1-phosphonic acid (CPP) ( Wang et al., 1994a ;  Wang
and McGinty, 1996a ). Likewise, systemic or intrastriata
administration of MK-801 was reported to decrease basa
glutamate decarboxylase 65 ( gad65 ;  gad2 ) ( Laprade and
Soghomonian, 1995 ), serotonin receptor subtype 6 ( Healy
and Meador-Woodruff, 1999 ),  Cck  ( Ding and Mocchetti
1992 ), and  ppt  and  ppe  ( Jolkkonen et al., 1994 ;  Noaille
et al., 1996 ) mRNA expression in the dorsal striatum
However, in other reports the basal expression of  zif268
c- fos , and  ppe  mRNA was not blocked by these or other (CGS
19755, dextrorphan, ifenprodil) NMDA receptor antago
nists ( Wang and McGinty, 1996a ;  Keefe and Adams, 1998
 Keefe and Ganguly, 1998 ;  Chartoff et al., 1999 ;  Ganguly
and Keefe, 2000 ;  Hussain et al., 2001 ;  Ferguson et al., 2003
 Mao and Wang, 2003a ). Likewise, systemic administration
of MK-801 and CPP did not decrease basal  ppd  ( Wang et al.
1994a ;  Wang and McGinty, 1996a ) or glutamate decarbox
ylase 67 ( gad67 ;  gad1 ) mRNA expression in the striatum
( Laprade and Soghomonian, 1995 ). Further complicating
the picture are reports that acute or repeated administra
tion of MK-801 increases  ppe ,  ppt , and  ppd  mRNA expres
sion in various regions of the striatum ( Angulo et al., 1993
 Angulo et al., 1995 ). These differences cannot be simply
explained by the NMDA receptor antagonist used nor the
dose and duration of NMDA receptor antagonism. Rather, i
seems likely that uncontrolled variables, such as difference
in the degree of activation of excitatory afferents to the stria
tum at the time of the experiment or sensitivity of the assay
for the gene expression being examined may contribute to
the different reports regarding the role of NMDA receptor
in the regulation of basal gene expression in the striatum
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Assessment of actual changes in transcriptional activity of
the genes of interest in the setting of intrastriatal NMDA
receptor blockade or conditional site- or cell-specific
knockdown of NMDA receptors will be necessary to more
clearly delineate the role of ongoing NMDA receptor acti-
vation in basal gene expression in striatum. 

 While   the role of NMDA receptors in the regulation
of basal striatal gene expression is unclear at present, the
involvement of NMDA receptors in the induction of gene
expression in the striatum by a number of drugs/interactions
with other neurotransmitter systems is quite evident. For
example, pre-treatment of rats with NMDA receptor antago-
nists generally suppresses (although the degree of attenu-
ation varies somewhat across studies) the induction of
IEGs in the striatum by psychostimulants including 3,4-
methylenedioxy- N -methamphetamine (MDMA) ( Dragunow
et al., 1991 ), cocaine ( Torres and Rivier, 1993 ), AMPH
( Wang et al., 1994a ;  Konradi et al., 1996 ;  Ferguson et al.,
2003 ), and METH ( Ohno et al., 1994 ;  Wang and McGinty,
1996a ). Likewise, NMDA receptor antagonists block the
induction of IEGs in the intact striatum by D1 dopamine
receptor agonists ( Keefe and Ganguly, 1998 ;  Nakazato et al.,
1998 ;  Radulovic et al., 2000 ). In addition, the induction of
IEGs in rodent striatum by nicotine ( Kiba and Jayaraman,
1994 ), morphine ( Liu et al., 1994 ;  Sharp et al., 1995 ), aman-
tadine ( Tomitaka et al., 1995 ), caffeine ( Svenningsson et al.,
1996 ), and fenfluramine ( Guerra et al., 1998 ) is blocked by
systemic pretreatment with NMDA receptor antagonists.
Interestingly, the induction of striatal IEGs by all of these
agents also is blocked by D1 receptor antagonists, support-
ing a general model in which release of dopamine by any of
a number of agents/conditions and subsequent activation of
D1 receptors leads to induction of IEGs in striatal neurons
through a mechanism that requires ongoing NMDA receptor
activation ( Konradi et al., 1996 ;  Guerra et al., 1998 ;  Konradi,
1998 ) ( Fig. 27.1A ). 

 In   addition to the necessity for ongoing NMDA receptor
activation for D1 receptor-mediated changes in striatal gene
expression, NMDA receptor activation also appears to be nec-
essary for changes in gene expression in the dorsal striatum
induced by D2 receptor blockade. Thus haloperidol-induced
IEG expression is blocked by a number of NMDA recep-
tor antagonists including MK-801 ( Dragunow et al., 1990 ;
 Zi ó lkowska and H ö llt, 1993 ;  Boegman and Vincent, 1996 ;
 de Souza and Meredith, 1999 ;  Hussain et al., 2001 ;  Lee and
Rajakumar, 2003 ;  Yanahashi et al., 2004 ) (but see  Boegman
and Vincent, 1996 ), CPP-101,606 and ifenprodil ( Yanahashi
et al., 2004 ), and RO 25-6981 ( Lee and Rajakumar, 2003 ).
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Likewise, increases in striatal IEG expression induced by eti
clopride are blocked by MK-801, CGS 19755, and ifenprodi
( Keefe and Adams, 1998 ;  Adams and Keefe, 2000 ). These
data in general suggest a requirement for ongoing NMDA
receptor activation for the induction of IEG expression in stri
atal efferent neurons by D2 receptor blockade ( Fig. 27.1B ), as
well as D1 receptor activation. However, two interesting issue
arise when considering the studies examining these interac
tions between dopamine- and NMDA-receptor-mediated
effects on striatal gene expression. 

 The   first issue is that although IEG expression induced
by dopamine receptor manipulations is often dependen
on ongoing NMDA receptor activation, it is not always
so. For example, whereas the increase in  zif 268 , c- fos , and
 ppt  mRNA expression induced by direct-acting D1 recep
tor agonists in the intact striatum is completely blocked by
NMDA receptor antagonists ( Keefe and Ganguly, 1998
 Nakazato et al., 1998 ;  Campbell et al., 2006 ), intrastriata
or intraventricular infusion of NMDA receptor antago
nists fails to block induction of  zif 268  or  ppt  mRNA in the
dopamine-depleted striatum by the D1 agonist SKF 38393
or  l -DOPA and only partially (20 – 40%) decreases c- fo
expression ( Keefe and Gerfen, 1996 ;  Adams et al., 2000 )
Likewise, systemic administration of MK-801 also fail
to block  zif268  and  ppt  mRNA and is less efficacious in
blocking c- fos  expression in the dopamine-depleted stria
tum ( Ganguly and Keefe, 2000 ;  Campbell et al., 2006 )
Therefore, ongoing NMDA receptor activation is neces
sary for D1 agonist-mediated increases in gene expression
in the intact, but not the dopamine-depleted, striatum. The
basis for this shift in the involvement of NMDA receptor
is not specifically known, although two potential mecha
nisms have been suggested. Recruitment of the extracellu
lar regulated 1/2 kinase (ERK)/mitogen-activated protein
kinase (MAPK) cascade by D1 receptor activation in the
denervated, but not the intact, striatum may lead to gene
expression through pathways not dependent on NMDA
receptor activation, as suggested by work from Gerfen
and colleagues ( Gerfen et al., 2002 ). Alternatively, greate
( “ supersensitive ” ) activation of adenylyl cyclase/pro
tein kinase A (PKA) by D1 receptor activation in the
dopamine-depleted striatum may lead to loss of NMDA
receptor involvement in the gene expression, as prior work
from Konradi and colleagues has suggested that the degree
of PKA activation may influence sensitivity to NMDA
receptor blockade ( Rajadhyaksha et al., 1998 ). 

 Prior   work from our laboratory provides additional sup
port for the idea that a greater degree of PKA activation
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may render striatal gene expression independent of NMDA
receptor activation. Specifically, the degree to which an
NMDA receptor antagonist blocks eticlopride-induced IEG
expression varies regionally in striatum in relation to the
magnitude of the induction. The lower level of eticlopride-
induced IEG expression in the medial and central aspects
of the striatum is more sensitive to NMDA receptor
blockade than is the greater degree of IEG induction in
the lateral aspects of striatum ( Keefe and Adams, 1998 ).
A similar result for haloperidol-induced c- fos  expres-
sion in the dorsolateral striatum also has been reported
( Chartoff et al., 1999 ) (but see  Hussain et al., 2001 ;  Lee
and Rajakumar, 2003 ). We subsequently determined that
the sensitivity of eticlopride-induced gene expression in
lateral striatum to NMDA receptor blockade was greater
when the degree of induction was less, for example, as in
response to a lower dose of eticlopride ( Adams and Keefe,
2000 ). Conversely, the sensitivity of eticlopride-induced
IEG expression throughout the medial – lateral extent of
the striatum to NMDA receptor blockade was reduced by
combined treatment of rats with eticlopride and a phospho-
diesterase inhibitor ( Adams and Keefe, 2000 ). It is clear
from these data that NMDA receptors can be, but are not
always, involved in the regulation of striatal gene expres-
sion by dopamine receptor manipulations. Thus, as was the
case for AMPA receptor involvement, delineation of the
involvement of glutamate input through NMDA receptors
in the regulation of striatal gene expression will need to
be empirically determined for the specific situations being
examined. Furthermore, the extent to which the changes in
gene expression mediate different functional effects depen-
ding on whether they are dependent on glutamate receptor
activation or not remains to be determined. 

 The   second significant issue is the potential differen-
tial contribution of distinct subtypes of NMDA receptors
comprised of different subunits in the gene expression
induced by D1 and D2 receptor manipulations and, there-
fore, the potential differential contribution of synaptic vs.
extrasynaptic NMDA receptors in the evoked expression.
NMDA receptors consist of two obligatory NR1 subunits
and two NR2 subunits, of which there are four differ-
ent ones (NR2A-D). Most data suggest that in the adult
rodent forebrain, including the dorsal striatum, synap-
tic NMDA receptors are triheteromeric, containing both
NR2A and NR2B subunits ( Dunah and Standaert, 2003 ),
whereas extrasynaptic NMDA receptors are predominately
diheteromeric, containing NR1/2B subunits ( Tovar and
Westbrook, 1999 ). Consistent with the biochemical studies
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of Dunah and Standaert ( Dunah and Standaert, 2003 )
electrophysiological studies in our lab ( Smeal et al.
2008 ) indicate that excitatory corticostriatal and thala-
mostriatal synaptic transmission through NMDA recep-
tors in the mature striatum is mediated by triheteromeric
(i.e. NR1/2A/2B) or diheteromeric NR1/2A/2  A NMDA
receptors that are insensitive to blockade by ifenprodil
which is selective for diheteromeric NR1/2B subunit-
containing NMDA receptors ( Hatton and Paoletti, 2005 )
Gene expression studies show that systemic administra-
tion NR2B-subunit selective antagonists such as ifenprodi
do not attenuate gene expression induced by D1 receptor
activation ( Keefe and Ganguly, 1998 ;  Adams et al., 2000 )
Interestingly, however, other studies show that the
NR2B-selective NMDA receptor antagonists ifenprodil and
RO 25-6981 do attenuate IEG expression induced in stria-
tum by D2 receptor blockade ( Keefe and Adams, 1998 ;  Lee
and Rajakumar, 2003 ;  Yanahashi et al., 2004 ). These find-
ings suggest an interaction between D1 receptors and gluta-
mate input through synaptic (i.e. NR2A subunit-containing)
NMDA receptors and D2 receptors and glutamate signal-
ing through extrasynaptic (i.e. NR2B subunit-containing)
NMDA receptors in the regulation of evoked striatal gene
expression ( Fig. 27.1 ). Given that synaptic and extrasyn-
aptic NMDA receptors differentially regulate intracellular
signaling cascades leading to cell death, cell survival, and
plasticity ( Papadia and Hardingham, 2007 ), it is likely tha
the functional consequences of the changes in striatal gene
expression observed under these different conditions wil
vary, even though the changes themselves (e.g. increases in
IEG expression) may seem similar on the surface.  

    C.       Metabotropic Glutamate Receptors 

 In   addition to activating the ionotropic glutamate recep-
tors reviewed above, glutamate activates metabotropic
glutamate receptors (mGluRs) to influence striatal gene
expression. Of the three groups of mGluRs  –  Group
1 (mGluR1, mGluR5), Group 2 (mGluR2, mGluR3)
and Group 3 (mGluR4, mGluR6, mGluR7, mGluR8)
 –  the role of Group 1 mGluRs in regulating striatal gene
expression has been most extensively examined by the
laboratories of Wang and Ossowska. Furthermore, each
of these laboratories has published recent reviews of
their findings ( Ossowska et al., 2007 ;  Mao et al., 2008 )
Therefore, the role of mGluRs in regulating striatal gene
expression will be simply summarized in this paragraph
Briefly, basal IEG or neuropeptide gene expression does
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not appear to be regulated by Group 1 mGluR recep
tors, as antagonists of Group I mGluRs do not alter suc
basal gene expression ( Wang and McGinty, 1996c ;  Ma
and Wang, 2001 ;  Ossowska et al., 2002 ;  Ossowska et al
2003 ;  Parelkar and Wang, 2003 ;  Wardas et al., 2003
 Parelkar and Wang, 2004 ;  Konieczny et al., 2007 ), an
basal levels of  ppt ,  ppd , and  ppe  mRNA expression ar
not different between mGluR1 knockout mice and wild
type controls (       Mao et al., 2001, 2002 ). However, Grou
I mGluRs can regulate striatal gene expression, as ago
nists for Group 1 MGluRs increase striatal IEG and neu
ropeptide gene expression  in vivo  and  in vitro  ( Wang
1998 ;  Wang and McGinty, 1998 ;          Mao and Wang, 2001
2003c, 2003b ;  Parelkar and Wang, 2003 ;  Yang et al
2004 ;  Mao et al., 2005 ) (although see  Kaatz and Albin
1995 ;  Kearney et al., 1997 ). Also, antagonists of Group 
mGluRs attenuate AMPH-evoked increases in c- fos ,  ppd
 ppt , and  ppe  (but, interestingly, not  zif 268 ) mRNA expres
sion ( Wang and McGinty, 1996c ;  Mao and Wang, 2002
 Parelkar and Wang, 2004 ) and D2 receptor antagonist
induced increases in  ppe  mRNA expression ( Ossowsk
et al., 2002 ;  Ossowska et al., 2003 ;  Parelkar and Wang
2003 ;  Wardas et al., 2003 ;  Konieczny et al., 2007 ). Mic
with deletion of the mGluR1 gene also show decrease
AMPH- and D1 receptor agonist-induced  ppd  (but not  pp
or  ppe ) mRNA expression in striatum (       Mao et al., 2001
2002 ). Thus, group I mGluRs play a role in evoked, bu
not basal, gene expression in striatum. 

 While   a contribution of Group I mGluRs to evoke
gene expression changes in the striatum is clear, the rol
of Group II and Group III mGluRs in the regulation o
striatal gene expression has been less extensively exam
ined. Group II mGluRs, which are thought to function a
inhibitory autoreceptors, may indirectly play a role in th
regulation of striatal gene expression through glutamat
input, as an antagonist of Group II mGluRs increased  c-fo
expression in the striatum ( Linden et al., 2005 ). However
agonists of Group II and Group III mGluRs do not con
sistently affect basal or haloperidol-induced  ppe  mRNA
expression ( Wardas et al., 2003 ;  Ossowska et al., 2004
 Ossowska et al., 2007 ). Given that the group II and grou
III mGluRs function both pre- and post-synaptically in th
striatum, it is not surprising that their role in the regulatio
of striatal gene expression is presently unclear. Full elabo
ration of the function of these receptors in the regulatio
of striatal gene expression likely will require conditional
cell-specific knock-out of the different receptors and sub
sequent examination of basal and evoked gene expression.
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    III.       REGULATION BY DOPAMINE 

 By   the early 1990s, it was already clear that activation o
D1 dopamine receptors or blockade of D2 receptors induce
gene expression in the striatum (see also Chapter 28)
and the results of those studies have been elegantl
reviewed by Robertson, Graybiel and others whose labora
tories made those seminal contributions ( Robertson et al
1991 ;  Berretta et al., 1993 ;  Graybiel, 1993 ;  Fibiger, 1994 )
This review will therefore emphasize developments regard
ing those points since that time. 

    A  .     D1 Receptors 

 Activation   of D1 receptors stimulates gene expression i
the striatum. This stimulatory effect is evident both in th
effects of acute administration of D1 receptor antagonists
as well as in the effects of dopamine-depleting brain lesions
For example, blockade of D1 receptors with SCH2339
decreases basal  zif 268  and c- fos  ( Wang and McGinty
1996e ), as well as  ppt  and  ppd  mRNA expression in th
striatum (       Wang and McGinty, 1996b, 1997a ). Interestingly
SCH23390 also has been reported to decrease  ppe  mRNA
expression in striatum (       Wang and McGinty, 1996b, 1997a )
perhaps by inducing an increase in dopamine releas
( Saklayen et al., 2004 ). Depletion of nigrostriatal dopamin
also selectively decreases the basal expression of  ppt  an
 ppd  mRNA ( c.f.   Gerfen et al., 1990 ;  Nisenbaum et al
1994 ;  Nisenbaum et al., 1996 ), as well as the basal expres
sion of  zif268  in striatonigral efferent neurons ( Gerfen et al
1995 ). Therefore, gene expression in striatonigral neuron
is stimulated by ongoing dopamine-mediated signaling. 

 It   is interesting that whereas large dopamine deplet
ing brain lesions are needed to see the effects of dopamin
depletions on gene expression in striatopallidal neurons
the decrease in  ppt  mRNA expression in striatonigra
neurons is evident across a wider range of dopamin
depletions induced by 6-hydroxydopamine ( Nisenbaum
et al., 1996 ). Partial (50 – 60%) dopamine loss induced b
a neurotoxic regimen of METH also is associated wit
decreased basal  ppt  mRNA expression ( Chapman et al
2001 ;  Johnson-Davis et al., 2002 ), as well as decrease
learning-induced  arc  mRNA expression in striatonigra
neurons ( Daberkow et al., 2008 ). The sensitivity of striato
nigral neuron gene expression to partial dopamine loss ma
reflect greater sensitivity of D1 receptors on those neu
rons to phasic dopamine transmission. Data suggest tha
such partial dopamine depletions may selectively impai
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phasic, rather than tonic, dopamine release ( Bergstrom
and Garris, 2003 ). Furthermore, several lines of evidence
suggest that gene expression in striatonigral efferent neu
rons is sensitive to phasic dopamine transmission. First
stimulation of the medial forebrain bundle in a manner tha
mimics phasic firing of dopamine neurons induces  zif 268
mRNA expression selectively in striatonigral efferent neu
rons ( Chergui et al., 1997 ). Second, the decrease in  pp
mRNA expression associated with complete loss of striata
dopamine is reversed by grafts of ventral mesencephalon
tissue only in striatal regions that are most densely inner
vated by the graft ( Cenci et al., 1993 )  –  presumably where
the graft is capable of generating higher dopamine levels
consistent with phasic signaling. Finally, intermittent, bu
not continuous administration of  l -DOPA or a D1 recepto
agonist reverses the depletion-induced changes in  ppt  and
 ppd  mRNA expression, but not  ppe  ( Gerfen et al., 1990
 Engber et al., 1991 ), whereas the opposite holds true for
the restoration of  ppe  mRNA levels by a D2 receptor ago
nist ( Gerfen et al., 1990 ). These data suggest that although
basal gene expression in both striatonigral and striatopal
lidal efferent neurons is under the control of dopamine
transmission, gene expression in the two populations o
neurons may be differentially regulated by phasic vs. tonic
modes of dopamine signaling through D1 and D2 recep
tors, respectively ( Fig. 27.2   ). It is likely, therefore, that the
gene expression regulated in these two populations of neu
rons by these two modes of dopamine neurotransmission
will mediate different aspects of neural plasticity underly-
ing basal ganglia-mediated behaviors. 

 The   effects of psychostimulants and direct-acting D1
receptor agonists also support a stimulatory role of D1
receptors on striatal gene expression. Because a review o
the effects of psychostimulants on striatal gene expression
(see Chapter 29) is beyond the scope of this chapter and two
excellent recent reviews related to this subject are available
( Yano and Steiner, 2007 ;  McGinty et al., 2008 ), we wil
focus on the effects of direct-acting D1 receptor agonists
here in relation to this point. In rats with unilateral deple
tions of striatal dopamine, administration of direct-acting
D1 receptor agonists induces the expression of numerous
genes including c- fos ,  zif 268 ,  Nts, ppt , and  ania-6  ( Ccnl1 )
( Morelli et al., 1993 ;  Morelli et al., 1994 ;  Keefe and Gerfen
1996 ;  Morelli et al., 1996 ;  Sandstrom et al., 1996 ;  Steiner
and Gerfen, 1996 ;  Berke et al., 1998 ;  van de Witte et al.
1998 ;  Keefe and Gerfen, 1999 ;  Ganguly and Keefe, 2000
 Berke et al., 2001 ;  Van De Witte et al., 2002 ). Likewise, in
the intact striatum full-efficacy D1 receptor agonists, such
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 FIGURE 27.2          Schematic depiction of the regulation of gene expression in striatopallidal and striatonigral neurons by tonic and phasic dopamine 
neurotransmission and D2 and D1 receptors, respectively (top). Dopamine generally inhibits gene expression in striatopallidal neurons via tonic acti-
vation of D2 receptors whereas it stimulates gene expression in striatonigral neurons through phasic activation of D1 receptors. Partial dopamine loss 
(~50 – 85%) alters phasic, but not tonic, dopamine neurotransmission and, thus, selectively affects (decreases) gene expression in striatonigral neurons 
(bottom, left). Near-complete loss of dopamine ( � 90%), which compromises both tonic and phasic dopamine transmission, leads to disinhibition of 
gene expression in striatopallidal neurons and decreased gene expression in striatonigral neurons (bottom, right).    
as SKF82958 and SKF81297 or the mixed agonist apomor
phine, also increase the expression of a number of these
genes ( Cenci et al., 1992 ;  Wang and McGinty, 1996e ;  Le
Moine et al., 1997 ;  Wang and McGinty, 1997a ;  Nakazato
et al., 1998 ;  Hanson and Keefe, 1999 ;  Mao et al., 2002
 Diaz Heijtz and Castellanos, 2006 ). 

 Interestingly  , although D1 receptor activation in the
dopamine-depleted striatum predominately increases gene
expression in striatonigral efferent neurons (c.f.  Robertson
et al., 1992 ;  Gerfen et al., 1995 ) (see also Chapter 28), the
extent to which there is a selective effect of these agonist
on gene expression in striatonigral neurons of the intac
striatum is less clear. On the one hand, administration o
the partial efficacy agonist SKF38393 to intact animal
in combination with a D2 receptor agonist induces  zif 268
-
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mRNA expression in striatonigral neurons ( Alonso et al., 
1999 ), similar to its effects in the dopamine-depleted stria-
tum ( Gerfen et al., 1995 ). Also, administration of the mixed 
D1 – D2 receptor agonist apomorphine induces gene expres-
sion specifically in striatonigral neurons ( Cenci et al., 1992 ). 
On the other hand, administration of the full efficacy D1 
receptor agonist SKF82958 increases c- fos  mRNA expression 
in both striatonigral and striatopallidal efferent neurons 
( Le Moine et al., 1997 ), and this same drug also increases 
 ppe  mRNA expression in the intact striatum ( Wang and 
McGinty, 1997a ;  Mao et al., 2002 ). It has been speculated 
that the ability of SKF82958 to induce gene expression in 
striatopallidal neurons reflects a D1 receptor-mediated 
inhibition of dopamine neuron firing and consequent 
decrease in dopamine release. However, it is also possible 
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that this induction in striatopallidal neurons by SKF8295
reflects the fact that this particular compound, in additio
to its efficacy at D1 receptors, also functions as a partial
efficacy D2 receptor agonist ( Mannoury la Cour et al
2007 ) that can suppress dopamine neuron firing via activa
tion of D2 autoreceptors ( Ruskin et al., 1998 ). Inhibition o
dopamine release via this mechanism may therefore lead t
the induction of gene expression in striatopallidal neurons
Clarification of the extent to which activation of D1 recep
tors selectively induces gene expression in striatonigra
efferent neurons will depend upon studies examining th
phenotype of neurons in the intact striatum in which gen
expression is induced by full-efficacy D1 receptor agonists
such as SKF81297 and A-77636, that lack agonist activit
at D2 receptors. This caveat aside, the data available in th
field to date indicate that dopamine, possibly that release
phasically, regulates both basal and evoked gene expressio
in the dorsal striatum via activation of D1 receptors.  

    B.       D2 Receptors 

 In   contrast to the stimulatory effects of D1 receptor
on striatal gene expression, three lines of evidence sug
gest that dopamine, via activation of D2 receptors, play
a major inhibitory role in regulating the basal expressio
of numerous genes in the striatum. First, both the initia
( Dragunow et al., 1990 ;  Miller, 1990 ) and numerous sub
sequent studies have established that D2 receptor antago
nists, by removing this inhibitory influence, increas
gene expression in the dorsal striatum. Such D2 recepto
antagonist-mediated increases in gene expression are evi
dent for c- fos  ( Merchant and Dorsa, 1993 ;  Zi ó lkowsk
and H ö llt, 1993 ;  Sirinathsinghji et al., 1994 ;  Decker et al
1995 ;  MacGibbon et al., 1995 ;  Boegman and Vincent
1996 ;  Keefe and Adams, 1998 ;  de Souza and Meredith
1999 ;  Steiner and Gerfen, 1999 ;  Adams and Keefe, 2000
 Hussain et al., 2002 ;  Pillot et al., 2002 ;  Lee and Rajakumar
2003 ;  Binder et al., 2004 ;  Ethier et al., 2004 ;  Yanahash
et al., 2004 ;  Robbins et al., 2008 ),  zif 268  ( MacGibbo
et al., 1995 ;  Keefe and Adams, 1998 ;  Steiner and Gerfen
1999 ;  Adams and Keefe, 2000 ),  neurotensin/neuromedi
N  ( Nts ) ( Merchant and Dorsa, 1993 ;  Senger et al., 1993
 Sirinathsinghji et al., 1994 ;  Decker et al., 1995 ;  Augoo
et al., 1997 ;  Pillot et al., 2003 ),  fosB  ( MacGibbon et al
1995 ),  junB  ( Sirinathsinghji et al., 1994 ;  MacGibbo
et al., 1995 ),  junD  ( MacGibbon et al., 1995 ),  krox2
( egr2 ) ( MacGibbon et al., 1995 ;  Robbins et al., 2008 )
 ngfi-B  ( Nr4a1 ) ( Beaudry et al., 2000 ),  homer1/ania-3  ( d
 
 

-
, 
-
f 
 
. 
-
l 
 
 
, 
 
 
 
 

s 
-
s 
 

l 
-
-
 

r 
-
 

, 
, 
, 
 ; 
, 
i 
 

, 
 

 ; 
 

, 
 
  
, 
 

Bartolomeis et al., 2002 ;  Polese et al., 2002 ;  Tomasetti 
et al., 2007 ),  ppe  ( Pillot et al., 2003 ), and  arc  ( Nakahara 
et al., 2000 ;  Robbins et al., 2008 ;  Fumagalli et al., 2009 ). 
Second, D2 receptor agonists can suppress gene expres-
sion (e.g.,  zif 268 , c- fos ,  ngfi-B, junB ) in striatum ( Gerfen 
et al., 1995 ;  Svenningsson et al., 1995 ;  Le Moine et al., 
1997 ), suggesting that tonic dopamine signaling does not 
maximally inhibit basal expression. Both the D2 receptor 
antagonist- and agonist-induced changes in gene expres-
sion occur predominately in striatopallidal efferent neu-
rons ( Robertson et al., 1992 ;  Gerfen et al., 1995 ;  Le Moine 
et al., 1997 ;  Alonso et al., 1999 ;  Bertran-Gonzalez et al., 
2008 ), consistent with the preferential segregation of D2 
receptors to striatopallidal neurons ( Gerfen et al., 1990 ; 
 Le Moine et al., 1990 ;  Hersch et al., 1995 ;  Le Moine and 
Bloch, 1995 ;  Aubert et al., 2000 ). Finally, depletions of 
striatal dopamine due to neurotoxin-induced insult or 
reserpine treatment are associated with increases in the 
expression of a number of genes in striatopallidal neurons, 
including c- fos ,  ppe , and  Nts  mRNA expression ( Angulo 
et al., 1986 ;  Sivam et al., 1986 ;  Normand et al., 1988 ; 
 Gerfen et al., 1990 ;  Jian et al., 1993 ;  Cole and Di Figlia, 
1994 ;  Pollack and Fink, 1995 ;  Nisenbaum et al., 1996 ; 
 Hanson and Keefe, 1999 ;  Pollack et al., 1999 ;  Svenningsson 
et al., 1999 ). Interestingly, these latter changes appear to 
require large (i.e.  �  � 90%) depletions of striatal dopamine 
( Nisenbaum et al., 1996 ;  Hanson and Keefe, 1999 ), similar 
to those required to produce decreases in tonic, extracellu-
lar concentrations of striatal dopamine ( Abercrombie et al., 
1990 ;  Casta ñ eda et al., 1990 ;  Robinson et al., 1990 ). Taken 
together, these data suggest that tonic signaling through the 
D2 receptor by basal levels of dopamine in the extracellular 
fluid suppresses, albeit incompletely, the basal expression 
of numerous genes in striatopallidal efferent neurons. Such 
expression can be further suppressed by acute administra-
tion of D2 receptor agonists, suggesting that the tonic acti-
vation of D2 receptors and inhibition of gene expression by 
basal extracellular levels of dopamine is not maximal. Given 
the breadth of genes affected by D2 receptor manipulations, 
the functional consequences of these dopamine-related 
changes in gene expression are likely to be extensive.  

    C.        “ D1 – D2 Receptor Synergy ”  

 In   addition to the ability of either D1 or D2 receptors to 
independently regulate gene expression in the striatum, 
combined activation of D1 and D2 receptors evokes quan-
titatively greater and qualitatively different patterns of gene 



Handbook of Basal Ganglia Structure and Function472

l
 ;

l
 ;

.

,

 ;

 ;
,

 

 

 
 
 
 

 
 
 
 
 
  
 
 
 

 
 
 
 
 
 
 
 

 

 
  
 
 
  
 
 
 

 
  
 
 
 
 
 

expression in the striatum  –  a manifestation of so-called
 “ D1 – D2 synergy ” . Paul and colleagues ( Paul et al., 1992 )
provided the first evidence that combined administration
of a D1 and a D2 receptor agonist resulted in synergistic
striatal Fos protein expression. This quantitative increase in
gene expression reflects greater expression in striatonigra
efferent neurons ( Gerfen et al., 1995 ;  Le Moine et al., 1997
 Alonso et al., 1999 ). Qualitatively, combined administration
of D1 and D2 receptor agonists also changes the pattern of
gene expression from a more homogeneous to a  “ patchy ”
distribution with greater expression in the patch/striosome
compartment relative to the matrix, particularly in the rostra
striatum ( LaHoste et al., 1993 ;  Wirtshafter and Asin, 1994
 Le Moine et al., 1997 ;  Alonso et al., 1999 ;  Wirtshafter and
Asin, 2001 ;  Capper-Loup et al., 2002 ). The basis for D1 – D2
synergy with respect to the quantitative and qualitative
effects on gene expression remains to be determined. One
study has suggested a critical role for neurotensin in this
process, as the neurotensin antagonist SR48692 blocks the
enhanced gene expression in striatonigral neurons ( Alonso
et al., 1999 ). Work by LaHoste and colleagues (2000) has
further demonstrated that D1 – D2 synergy is insensitive to
local administration of the voltage-sensitive sodium chan-
nel blocker tetrodotoxin (TTX), suggesting that the basis
for the synergy is independent of action potential activity
However, the actual mechanisms  –  whether intracellular
or intercellular  –  by which the synergistic quantitative and
qualitative effects of combined D1/D2 agonist administra-
tion are realized are currently unknown.  

    D.       Gene Expression in the Globus Pallidus 

 In   addition to regulating gene expression in striatum
dopamine receptor agonists and antagonists also alter
gene expression in the GP. Contrary to what was initially
predicted by models of basal ganglia function, both D2
receptor antagonists and agonists increase c- fos  expression
or Fos-like immunoreactivity in the GP ( Paul et al., 1992
 Robertson et al., 1992 ;  Marshall et al., 1993 ;  Ruskin and
Marshall, 1995 ;  Fenu et al., 1997 ;  Le Moine et al., 1997
 Ruskin and Marshall, 1997 ;  Svenningsson and Fredholm
1997 ;  Alonso et al., 1999 ;  Miwa et al., 2001 ;  Hoover and
Marshall, 2002 ;  Billings and Marshall, 2003 ). Activation
of D1 receptors alone in dopamine-depleted animals or in
combination with D2 receptor activation in intact animals
( “ D1 – D2 synergy ” ) also increases c- fos  expression in the
GP ( Marshall et al., 1993 ;  Ruskin and Marshall, 1995 ;  Le
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Moine et al., 1997 ;  Ruskin and Marshall, 1997 ;  Hoover
and Marshall, 2002 ). Extensive work by Marshall and col-
leagues has shown that the populations of pallidal neurons
in which c- fos  expression is induced varies as a conse-
quence of the dopamine receptor manipulation. Stimulation
of D2 receptors alone or blockade of D2 receptors in intact
animals increases c- fos  exclusively in parvalbumin-negative
(PV-neg) neurons in the GP ( Ruskin and Marshall, 1997 ;
 Billings and Marshall, 2003 ). Combined D1 – D2 agonist-
induced c- fos  expression in the GP of intact rats also occurs
preferentially (although no longer exclusively) in PV-neg
neurons ( Billings and Marshall, 2003 ). However, in the case
of D2 antagonists, the c- fos  induction occurs specifically in
pallidostriatal neurons ( Ruskin and Marshall, 1997 ;  Miwa
et al., 2001 ) that were subsequently shown to express  ppe
mRNA ( Hoover and Marshall, 2002 ) (see also Chapter 14).
Conversely, the induction in response to combined D1 – D2
agonist administration occurs not only in pallidostriatal
neurons, but also in pallidosubthalamic, pallidoentope-
duncular, and pallidonigral neurons ( Ruskin and Marshall,
1997 ). Further work suggests that the effect of D2 receptor
blockade is secondary to blockade of D2 receptors (or D2
family receptors) in the GP  per se  ( Marshall et al., 2001 ;
 Billings and Marshall, 2003 ). Interestingly, intrapallidal
infusion of quinpirole, a D2 receptor agonist, also increases
Fos protein expression in the GP, and this expression
occurs to a greater extent in PV-positive (PV-pos) neurons
( Billings and Marshall, 2003 ). 

 In   addition to Fos expression, dopamine also regu-
lates the expression of  gad67  ( gad1 ) mRNA in the GP,
which may reflect alterations in the electrophysiologi-
cal activity of GP neurons. Dopamine loss induced by
6-hydroxydopamine is associated with increased  gad67
mRNA expression in the GP ( Soghomonian and Chesselet,
1992 ;  Soghomonian et al., 1994 ;  Delfs et al., 1995 ;
 Billings and Marshall, 2004 ). A similar increase in  gad67
mRNA also is observed with repeated daily injections of
a D2 receptor antagonist ( Billings and Marshall, 2004 ).
Under these slightly more chronic conditions, the increase
in  gad67  mRNA occurs in both PV-neg and PV-pos neu-
rons, although the increase is greater in PV-neg neurons
( Billings and Marshall, 2004 ). The increase in  gad67
mRNA expression in both populations of GP neurons is
blocked by excitotoxic lesion of the subthalamic nucleus
( Delfs et al., 1995 ;  Billings and Marshall, 2004 ). Lesion of
the subthalamic nucleus also blocks haloperidol-induced
increase in Fos protein expression in the GP ( Miwa et al.,
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2001 ). These data therefore suggest that dopamine can a
at multiple sites and via systems-level changes in bas
ganglia function to regulate gene expression in differe
neuronal populations of the GP.   

    IV.       REGULATION BY ADENOSINE 

    A.       A1 Receptors 

 A1   adenosine receptors are expressed to a limited degree 
a minority of striatal neurons, particularly striatonigral neu
rons. They also are present presynaptically on glutamat
dopamine, and acetylcholine terminals in the striatu
and inhibit neurotransmitter release from those term
nals ( Mahan et al., 1991 ;  Rivkees et al., 1995 ;  Ferre et a
1996 ). Administration of an A1 receptor agonist alone ha
been reported to increase ( Karcz-Kubicha et al., 2003
decrease ( Gotoh et al., 2002 ), or have no effect ( Ferr é  et a
1999 ) on Fos-like immunoreactivity in the accumbens o
dorsal striatum. Administration of an A1 agonist also wa
reported to inhibit IEG expression induced by D1 recepto
activation ( Ferr é  et al., 1999 ). Conversely, blockade of A
receptors increases  zif 268  and  ngf i-B  mRNA expressio
in the lateral aspects of the dorsal striatum ( Svenningsso
et al., 1997 ), and also increases Fos immunoreactivity 
both striatonigral and striatopallidal efferent neurons of th
dorsal striatum ( Dassesse et al., 1999 ). High doses of ca
feine, a non-selective antagonist of A1 and A2 receptor
also increase the striatal expression of c- fos, zif 268 , an
 arc  ( Svenningsson et al., 1995 ;  Svenningsson et al., 199
 Bennett and Semba, 1998 ;  Dassesse et al., 1999 ). Thes
A1 antagonist-induced increases in striatal IEG expressio
are thought to reflect increased dopamine, glutamate, an
acetylcholine release secondary to blockade of inhibitor
presynaptic A1 receptors in striatum ( Dassesse et al., 1999
Given the effects of A1 receptor activation on the releas
of the major neurotransmitters in the striatum, adenosin
signaling through these receptors is likely to have comple
effects on the regulation of gene expression in the bas
ganglia.  

    B  .     A2a Receptors 

 In   addition to A1 receptors, adenosine regulates gen
expression in striatum via effects on the A2a subtype o
adenosine receptor, which is selectively expressed by stria
opallidal efferent neurons ( Fink et al., 1992 ;  Schiffmann an
ct 
al 
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Vanderhaeghen, 1993 ). Several recent reviews ( Schiffmann
et al., 2003 ;  Schiffmann et al., 2007 ;  Ferr é  et al., 2008
have discussed the effects of A2a receptors on basal ganglia
function and interactions of these receptors with A1 and
other neurotransmitter receptors (e.g., D2 and mGluR5
glutamate receptors) (see also Chapter 11). Therefore, the
role of A2a receptors in the regulation of basal ganglia
gene expression will just be summarized briefly here, and
the reader is referred to the references above for detailed
discussion of receptor interactions. Stimulation of A2a
receptors has been reported to have no effect ( Morelli et al.
1995 ;  Ferr é  et al., 2002 ;  Karcz-Kubicha et al., 2003 ) or to
increase ( Pinna et al., 1997 ) Fos expression in the intac
striatum. Similarly, in the dopamine-depleted striatum, an
A2a agonist has been reported to have no effect on ( Pinna
et al., 1997 ) or to increase ( Morelli et al., 1995 ) Fos expres-
sion. These discrepancies may reflect differences in the
extent to which basal adenosine tone is activating the A2a
receptors in different studies or the extent to which endog-
enous dopamine activation of D2 receptors antagonizes any
effect of adenosine. 

 Blockade   of A2a receptors with selective antagonists
or low doses of caffeine decreases basal c- fos  and  zif 268
mRNA expression in the striatum ( Svenningsson et al.
1995 ;  Le Moine et al., 1997 ;  Svenningsson et al., 1997 )
and attenuates the increase in c- fos  expression induced by
reserpine ( Pollack and Fink, 1995 ), haloperidol ( Boegman
and Vincent, 1996 ;  Chartoff et al., 1999 ;  Pinna et al.
1999 ;  Ward and Dorsa, 1999 ;  Hussain et al., 2002 ), raclo-
pride ( Svenningsson et al., 1995 ), clozapine ( Pinna et al.
1999 ), or acute administration of 6-hydroxydopamine into
the medial forebrain bundle ( Svenningsson et al., 1999 )
Increases in  Nts  and  ppe  mRNA expression in striatopallida
neurons induced by D2 receptor antagonists ( Chartoff et al.
1999 ;  Ward and Dorsa, 1999 ), 6-hydroxydopamine-induced
dopamine depletion ( Richardson et al., 1997 ), or D2 recep-
tor knock-out ( Aoyama et al., 2000 ) also are attenuated by
A2a receptor blockade. Mice lacking the A2a receptor also
show decreased basal ( Ledent et al., 1997 ;  Dassesse et al.
2001a ;  Dassesse et al., 2001b ) and haloperidol-induced
( Chen et al., 2001 )  ppe  mRNA expression. Interestingly
A2a – / –  mice also show increased  Gad67  and D1 recep-
tor ( Drd1a ) mRNA ( Dassesse et al., 2001a ;  Dassesse
et al., 2001b ) and decreased  ppt  mRNA expression in
the striatum ( Ledent et al., 1997 ;  Dassesse et al., 2001a
 Dassesse et al., 2001b ). Taken together, these data sug-
gest that adenosine acting through A2a receptors tonically
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and positively regulates gene expression in striatopalli
dal neurons, and also exerts modulatory influences on th
regulation of genes in other striatal neurons. Clearly futur
studies will be needed to clarify the mechanisms by whic
A2a receptor manipulations alter gene expression in, fo
example, striatonigral efferent neurons.  

    C  .     A1 – A2a Receptor Interactions 

 As   the data cited immediately above suggest, there ar
complex effects of adenosine on gene expression in th
basal ganglia. Not surprisingly, then, there are interaction
between A1 and A2a receptors in the regulation of such gen
expression. In particular, work from Morales and colleague
( Karcz-Kubicha et al., 2003 ;  Karcz-Kubicha et al., 2006
has shown that co-administration of A1 and A2 agonists
at doses that alone produce little change in c- fos  expres
sion, results in synergistic increases in c- fos  and  ppe  mRNA
expression in the dorsal and ventral striatum, but no chang
in  ppd  mRNA expression. The c- fos  expression occurs selec
tively in striatopallidal neurons ( Karcz-Kubicha et al., 2006 )
These findings suggest that decreased dopamine release du
to A1 receptor activation and consequent loss of D2 recepto
activation unmasks the ability of A2a receptor activation t
drive gene expression in striatopallidal efferent neurons.  

    D.       Gene Expression in the Globus Pallidus 

 Adenosine   also can regulate gene expression in the GP
most likely through its effects on the A2a receptor local
ized to striatopallidal neurons and consequent changes i
striatopallidal neuron input to the GP. A low dose of caf
feine increases c- fos  expression in the GP ( Fenu et al
1997 ;  Svenningsson and Fredholm, 1997 ;  Bennett an
Semba, 1998 ). This increase presumably is due to blockad
of A2a receptors and thus decreased striatopallidal neuro
function, because this induction is mimicked by and i
additive or synergistic with that induced by D2 recepto
activation ( Fenu et al., 1997 ;  Svenningsson and Fredholm
1997 ). A2a receptor blockade also potentiates c- fos  mRNA
or protein expression induced in the GP by  l -DOPA or 
D1 receptor agonist ( Fenu et al., 1997 ;  Le Moine et al
1997 ). An A2a agonist also at least partially reverses c- fo
expression in the GP induced by the D2 receptor agonis
quinpirole ( Morelli et al., 1995 ). These data suggest tha
manipulations of adenosine alter gene expression in the G
by affecting striatopallidal neuron function and interaction
between striatopallidal and striatonigral neurons.   
-
 
 
 

r 

 
 

s 
 

s 
 ) 
, 
-
 
 

-
. 
 

r 
 

, 
-
 

-
, 
 
 
 

s 
r 
, 
 
 
, 
s  
t 
t 
 

s 

    V.       REGULATION BY ACETYLCHOLINE 

    A.       Muscarinic Receptors 

 A   number of studies have examined the role of choliner-
gic signaling via muscarinic receptors in the regulation of
striatal gene expression. In particular, work by McGinty
and colleagues has led to a model in which the acetyl-
choline release from cholinergic interneurons serves to
enhance gene expression in striatopallidal neurons and
inhibit gene expression in striatonigral neurons ( Wang
and McGinty, 1997a ). This model is based on the obser-
vations that stimulation of muscarinic receptors increases
Fos protein ( Bernard et al., 1993 ) as well as  ppe  mRNA
(       Wang and McGinty, 1996d, 1997b ) expression in striat-
opallidal neurons. Furthermore, although basal levels of
 ppe  expression are not altered by acute administration of a
muscarinic antagonist (       Wang and McGinty, 1996d, 1997b ),
increases in c- fos  or  ppe  expression induced in striatum by
D2 receptor blockade or reserpine pre-treatment are attenu-
ated by the muscarinic antagonist scopolamine ( Guo et al.,
1992 ;  Pollack and Wooten, 1992 ;  Wang and McGinty,
1997a ;  Hussain et al., 2002 ;  Pollack and Angerer, 2005 ).
Conversely, stimulation of muscarinic receptors suppresses
D1 receptor-induced c- fos ,  ppd , and  ppt  mRNA expres-
sion in striatum ( Chou et al., 1992 ;        Wang and McGinty,
1996d, 1997b ), whereas blockade of muscarinic receptors
enhances basal  ppd  and  ppt  mRNA expression (         Wang and
McGinty, 1996d, 1997a, 1997b ), as well as D1 receptor-
mediated increases in c- fos ,  zif 268 ,  ppd , and  ppt  mRNA
expression ( Chou et al., 1992 ;  Bernard et al., 1993 ;
 Morelli et al., 1993 ;  Morelli et al., 1994 ;  Sandstrom et al.,
1996 ;            Wang and McGinty, 1996d, 1996e, 1997a, 1997b;
 Wirtshafter and Asin, 2001 ). 

 This   model by McGinty and colleagues ( Wang and
McGinty, 1997a ) also puts forth the idea that the choliner-
gic interneurons may mediate some aspects of D1 – D2 syn-
ergy in the regulation of gene expression, particularly the
ability of D1 receptor activation to increase  ppe  mRNA
expression and the apparent involvement of D2 recep-
tor activation in SKF 82958-induced  ppd  and  ppt  mRNA
expression ( Wang and McGinty, 1997a ). However, the
combination of a muscarinic receptor antagonist with a
D1 receptor agonist does not induce a  “ patchy ”  pattern of
enhanced gene expression, whereas combined administration
of D1 and D2 receptor agonists does ( Wirtshafter and Asin,
2001 ). Also, the work by LaHoste and colleagues cited
above suggests that D1 – D2 synergy is insensitive to block-
ade of action potential activity by TTX, which would render
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interneuronal interactions through the cholinergic interneu
ron inoperative. Therefore, further elaboration of the mech
anisms underlying potentiation of D1 receptor-mediate
effects and suppression of gene expression in the matri
compartment by D2 agonists in the context of D1 – D2 syn
ergy clearly is necessary. This caveat notwithstanding, th
results of studies from multiple laboratories reviewed abov
suggest a critical role for cholinergic signaling through mus
carinic receptors in both basal and evoked gene expressio
in the striatum.  

    B.       Nicotinic Receptors 

 In   addition to acting through metabotropic muscarini
receptors, acetylcholine can activate ionotropic nicotini
receptors. A number of studies examining the effects o
acute administration of nicotine or nicotine agonists sugges
that acetylcholine can regulate basal ganglia gene expres
sion via nicotinic receptors. For example, acute adminis
tration of nicotine increases  ppe  mRNA expression in th
striatum, and this effect is blocked by the non-selectiv
nicotine receptor antagonist mecamylamine ( Dhatt et al
1995 ;  Houdi et al., 1998 ). Additionally, acute administra
tion of nicotine increases  ppd  mRNA and dynorphin pro
tein expression ( Isola et al., 2009 ) and Fos expression i
the striatum ( Kiba and Jayaraman, 1994 ). Either a D1 o
a D2 receptor antagonist or an NMDA receptor antagonis
blocks the increases in dynorphin protein levels induce
by acute administration of nicotine ( Isola et al., 2009 )
whereas only a D1 or NMDA receptor antagonist block
the increase in Fos ( Kiba and Jayaraman, 1994 ). It shoul
be noted, however, that other studies have failed to fin
an effect of acute nicotine on striatal  ppd  or  ppe  mRNA
expression ( H ö llt and Horn, 1992 ;  Le Foll et al., 2003
or have reported a decrease in  ppd  and  ppt  expression i
the nucleus accumbens shell after an acute administratio
of nicotine ( Le Foll et al., 2003 ). Finally, nicotine als
increases c- fos  mRNA in the nucleus accumbens shell, an
this increase in c- fos  mRNA in the accumbens is blocke
by the alpha-7 subunit-selective antagonist methyllyca
conitine, but not the alpha4/beta2* selective antagonis
dihydro-beta-erythroidine (DH β E) ( Schilstr ö m et al
2003 ). Selective agonists of alpha-7-containing nicotini
receptors mimic these effects of nicotine, increasing c- fo
and  arc  mRNA expression in the nucleus accumben
shell ( Hansen et al., 2007 ;  Thomsen et al., 2008 ), as wel
as the accumbens core and the dorsomedial striatum, alt
hough these latter effects are more apparent in juvenile
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as opposed to adult, rats ( Thomsen et al., 2008 ). Overall
these data suggest that cholinergic input through nicotinic
receptors can alter gene expression in the striatum, pos
sibly through increased dopamine release and in concer
with NMDA receptor activation. Clearly, additional work
is needed to fully elaborate the impact of nicotine on dor
sal vs. ventral striatal gene expression and on other genes
(e.g.,  Nts ) in the basal ganglia, and the role of differen
nicotinic receptor subtypes in the regulation of basal gan
glia gene expression. 

 Nicotine   also alters gene expression in the ventral teg
mental area (VTA). For example, acute administration o
nicotine increases Fos protein in the VTA ( Pang et al.
1993 ), consistent with the ability of nicotine to increase
dopamine neuron firing, [e.g. ( Pidoplichko et al., 1997 )]
Also, infusion of nicotine into the VTA increases the
expression of tyrosine hydroxylase ( th ) and the GluR1 sub
unit of the AMPA subtype of glutamate receptor ( glur-A
Gria1 ) in the VTA, although these changes occur 24       hrs
after the administration of nicotine ( Ferrari et al., 2002 ). I
is therefore clear that acetylcholine activation of nicotinic
receptors in multiple locations likely plays a role in the
regulation of basal ganglia gene expression.   

    VI.       REGULATION BY SEROTONIN 

 The   serotonin (5-HT) system sends extensive projections to
many regions of the brain, including the basal ganglia. In
particular, the striatum receives dense serotonergic innerva-
tion from the raphe nucleus, and several 5-HT receptor sub-
types are found in the striatum, including 5-HT 1B , 5-HT 1D

5-HT 2A , 5-HT 2C , 5-HT 4  and 5-HT 6  subtypes ( Sijbesma
et al., 1991 ;  Jackson and Westlind-Danielsson, 1994
 Pompeiano et al., 1994 ;  Villar ó  et al., 2005 ). The majority
of studies involving the effects of 5-HT on gene expression
in the basal ganglia have focused on the striatum and we
will focus on this region of the basal ganglia in this sec-
tion. Other 5-HT receptor subtypes that are not found in
the striatum can also influence striatal gene expression
For example, 5-HT 1A  receptors are expressed on the sero-
tonergic neurons of the raphe nucleus, where they serve as
autoreceptors, 5-HT 3  receptors are found in areas that con-
tain dense dopaminergic inputs, and 5-HT 7  receptors are
found in the thalamus ( Sijbesma et al., 1991 ;  Jackson and
Westlind-Danielsson, 1994 ;  Bourson et al., 1998 ;  Kinsey
et al., 2001 ). Thus, activation of 5-HT receptors can alter
gene expression in the neurons of the striatum via direc
activation of striatal 5-HT receptors or by modifying 5-HT



Handbook of Basal Ganglia Structure and Function476

 
 
 
 

 

 
 
 
 
 
 
 

 
 
 
  
 
 
 
 
 
 

 
 
 

 
 
 
 

 
 

dopamine or glutamate input to the striatum. Serotonergic
regulation of gene expression in the striatum is thought to
contribute to a number of conditions, including obsessive-
compulsive disorder, behavioral effects of psychostimulants,
therapeutic effects of antidepressants and psychostimulant
withdrawal. 

    A.       5-HT 1  Receptors 

 The   majority of studies examining the role of 5-HT 1  recep-
tors in the regulation of basal ganglia gene expression
have focused on 5-HT 1A  and 5-HT 1B  receptors. Treatment
with the 5-HT 1A  agonist 8-OH-DPAT [8-hydroxy-2-(di- n -
propylamino)tetralin] decreases the expression of the tran-
scription factor  ngfi-B  in the striatum, but has no effect
on the striatal expression of  c-fos ,  ngfi-c  ( Egr4 ) or  ngfi-b
( Tilakaratne and Friedman, 1996 ;  Gervais et al., 1999 ).
These data indicate that 5-HT 1A  receptors may prefer-
entially modulate the expression of nerve growth factor
in striatum; however, the functional significance of this
finding is unclear. On the other hand, repeated stimula-
tion of 5-HT 1A  receptors with 8-OH-DPAT decreases  ppe
and  ppt  mRNA expression, indicating that maintenance
of serotonergic tone is critical for maintaining neuropep-
tide expression in the striatum ( Walker et al., 1996 ). These
receptors may also play a role antidepressant-induced
gene expression, as pretreatment with the 5-HT 1A  antago-
nist WAY 100635 potentiates  arc  and  c-fos  expression
induced by a selective serotonin reuptake inhibitor in stria-
tum ( Castro et al., 2003 ). Thus, 5-HT 1A  receptor activation
may be an important adjunct in the therapeutic effects of
antidepressants. 

 5  -HT 1B  receptors also regulate gene expression in
the basal ganglia, as treatment with the 5-HT 1B  agonist
RU24969 increases  c-fos  mRNA expression in the striatum
( Lucas et al., 1997 ). These receptors also modulate psycho-
stimulant-induced gene expression in the striatum, since
mice lacking 5-HT 1B  receptors display reduced cocaine-
evoked  c-fos  mRNA expression ( Lucas et al., 1997 ). These
data suggest that 5-HT 1B  receptors may play a role in psy-
chostimulant-induced IEG expression, and could contribute
to changes in striatal plasticity that underlie addiction. 

 Alternatively  , 5-HT 1D  receptors appear to play little, if
any, role in cocaine-induced gene expression in the basal
ganglia ( Lucas et al., 1997 ), and it is not known whether
5-HT 1D  agonists, such as sumatriptan (which is a popu-
lar anti-migraine medication), alter basal ganglia gene
expression.  
 
 

 
 

 
 

 
  
 

 
 

  
 

 
 

 

 
 

 
 
 

 

 

 

 
 
 

 

    B.       5-HT 2  Receptors 

 Studies   examining 5-HT 2A  and 5-HT 2C  receptor activa-
tion and basal ganglia gene expression have been compli-
cated by the fact that most of the available 5-HT 2  agonists
are non-selective. Nevertheless, a number of studies have
investigated the effects of 5-HT 2A/2C  receptor activation
on IEG and neuropeptide gene expression in the basal
ganglia. In the striatum, activation of 5-HT 2A/2C  recep-
tors differentially regulates IEG expression. For example,
treatment with the 5-TH 2A/2C  agonist 1-(2,5-dimethoxy-4-
iodophenyl)-propan-2-amine (DOI) increases  ngfi-b  mRNA
expression in the medial striatum, weakly increases striatal
 arc  mRNA expression, and has no effect on striatal c- fos  or
 ngfi-c  expression ( Tilakaratne and Friedman, 1996 ;  Gervais
et al., 1999 ;  Pei et al., 2000 ). The 5-HT 2A/2C  receptor also
regulates striatal neuropeptide gene expression in a region-
and dose-specific manner. Acute treatment with DOI
increases  ppe  and  ppt  mRNA expression only in the dor-
socaudal and dorsolateral anterior striatum ( Walker et al.,
1996 ). Alternatively, repeated DOI treatment decreases
 ppt  mRNA expression in the dorsocaudal striatum ( Gresch
and Walker, 1999b ). These studies indicate that 5-HT 2A/2C

receptor-mediated regulation of  ppe  and  ppt  expression is
mainly restricted to caudal regions of striatum, which is in
line with the observation that the caudal striatum contains a
higher density of 5-HT 2  receptors ( Pompeiano et al., 1994 ).
Interestingly, however, chronic DOI treatment decreases
 ppd  mRNA expression uniformly in the striatum ( Mijnster
et al., 1998a ). Furthermore  ppd,  but not  ppt , mRNA expres-
sion is tonically regulated by 5-HT 2  receptor-mediated inhi-
bition, as treatment with the 5-HT 2A/2C  antagonist ritanserin
increases  ppd , but not  ppt , mRNA expression in the striatum
( Mijnster et al., 1998b ;  Gresch and Walker, 1999a ). Thus,
the regulation of different genes in striatum by 5-HT 2  recep-
tors may vary as a function of tonic vs. phasic serotonin sig-
naling and regional differences in receptor expression.  

    C.       5-HT 3  Receptors 

 The   5-HT 3  receptor is located in brain regions that con-
tain a dense concentration of DA, and these receptors are
thought to be involved in interactions between the 5-HT and
dopamine systems. Indeed, studies involving drugs of abuse
(which elicit an increase in dopamine transmission) point to
a role for 5-HT 3  receptors in cocaine-induced gene expres-
sion in the striatum, although it is not clear if 5-HT 3 -induced
alterations in dopamine transmission are responsible for the
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observed effects. Blockade of 5-HT 3  receptors with tropiset
ron attenuates cocaine-induced  c-fos  and  zif/268  expression
in the striatum ( Humblot et al., 1998 ). Activation of 5-HT
receptors induces significant c- fos  and  zif/268  expression in
striatum, but to a lesser degree than what was observed with
cocaine treatment ( Humblot et al., 1998 ). It is not clear, how
ever, whether 5-HT 3 -induced increases in IEG expression in
the striatum are due to alterations in dopamine transmission
or are a direct result of 5-HT 3  receptor activation on post
synaptic neurons. Nevertheless, these data indicate that the
5-HT system can influence striatal IEG expression induced by
drugs of abuse, via activation of 5-HT 3  receptors. Specifically
5-HT 3  receptors may be involved in the long-term changes in
neuronal function that are induced by drugs of abuse.  

    D.       5-HT 4  Receptors 

 While   5-HT 4  receptors are expressed in the basal ganglia
( Villar ó  et al., 2005 ), their involvement in the regulation
of basal ganglia gene expression has not heretofore been
reported.  

    E.       5-HT 6  Receptors 

 Despite   the fact that 5-HT 6  receptor mRNA and protein is
found in the striatum, little is known about the regulation o
striatal gene expression by these receptors. However, recen
data indicate that treatment with the 5-HT 6  agonist EMDT
(2-ethyl-5-methoxy- N,N -dimethyltryptamine) induces sign
ificant c- fos  expression in the striatum ( Svenningson et al.
2007 ). Interestingly, activation of 5-HT 6  receptors also
appears to be necessary for the behavioral and biochemi
cal effects of selective serotonin reuptake inhibitors, and
5-HT 6  agonists themselves exhibit antidepressant effect
( Svenningson et al., 2007 ). These data suggest that 5-HT
receptors play a role in emotional processing and may
serve as a target for new antidepressant therapies.  

    F.       5-HT 7  Receptors 

 5  -HT 7  receptors are found in the thalamus ( Kinsey et al.
2001 ), but it is not known whether their activation alters
basal ganglia gene expression.   

    VII.       REGULATION BY NEUROPEPTIDES 

 Neuropeptides   act as gain control devices in the basal gan
glia, adjusting the activity of classical neurotransmitte
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syst ems, particularly the dopamine system ( Alonso et al., 
1999 ). Thus, neuropeptides can alter gene expression in the 
basal ganglia via their association with classical neurotrans-
mitter systems, and can also exert direct effects on gene 
expression. Within the basal ganglia and particularly in the 
striatum, neuropeptide-mediated alterations in gene expres-
sion may underlie the pathophysiology of certain neurologi-
cal or psychiatric disorders, may contribute to or oppose the 
addictive properties of drugs of abuse and could underlie the 
therapeutic properties of medications used to treat psychiat-
ric conditions, such as schizophrenia. This section will focus 
on the regulation of gene expression by neuropeptides in the 
striatum, as the majority of studies involving the effects of 
neuropeptides on basal ganglia function have focused on the 
striatum, due to the relatively high levels of neuropeptides 
and neuropeptide receptors found in this region. 

    A.       Opioids 

    1.       Mu Receptors 

 A   great deal is known about the regulation of gene expres-
sion in the striatum by mu opioid receptors since these 
receptors are densely expressed in the striatum and due 
to the large number of studies that have involved the mu 
receptor agonist, morphine. However, it is important to 
note that unlike most other mu receptor agonists, morphine 
does not induce internalization of mu receptors and may 
not induce mu receptor down-regulation  in vivo  ( Arden 
et al., 1995 ;  Burford et al., 1998 ). Morphine has also been 
described as a partial agonist at mu receptors ( Kovoor et al., 
1998 ). Thus, it is possible that the ability of morphine to 
alter gene expression in the striatum is related to its unique 
effects on mu receptor regulation and/or its partial agonist 
activity, and may not fully reflect or represent the effects of 
mu receptor activation on striatal gene expression per se. 
Nevertheless, these studies are important, as morphine is a 
widely used analgesic and its effects on striatal gene expr-
ession could be related to its addictive properties. 

 Several   studies have examined the effects of acute and 
repeated morphine treatment on IEG expression in the stri-
atum, often with conflicting results. Acute morphine treat-
ment increases  arc  ( Ammon et al., 2003 ;  Zi ó łkowska et al., 
2005 ) and  junB  ( Liu et al., 1994 ) expression in the stria-
tum, whereas  fosB ,  c-jun  (  jun)  and  junD  show no change 
( Liu et al., 1994 ). On the other hand,  c-fos  has been shown 
to increase ( Liu et al., 1994 ;  Yukhananov and Handa, 1997 ) 
or show little to no change after acute morphine treatment 
( Curran et al., 1996 ;  Erdtmann-Vourliotis et al., 1998 ). 
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Repeated treatment (i.e., daily injections) with morphine
has been shown to either increase ( Curran et al., 1996
 Erdtmann-Vourliotis et al., 1998 ;  Marie-Claire et al., 2004 )
or not alter ( Marie-Claire et al., 2004 ;  Zi ó łkowska et al.
2005 )  c-fos  and  arc  expression in the striatum. Continuous
stimulation of mu receptors via implantation of a subcuta-
neous morphine pellet results in only a weak increase in
c- fos  mRNA expression in the striatum that is most likely
related to the constant and low rate of morphine released
by subcutaneous morphine implantation, suggesting tha
tolerance to the effects of morphine on IEG expression may
develop with prolonged and continuous treatment ( Georges
et al., 2000 ). It is possible that the differences observed
with these studies are the result of differences in the dosing
regimen or species differences. Nevertheless, despite the
disparities observed with these studies, it is clear that mor-
phine can induce changes in IEG expression at potentially
any stage of treatment. Furthermore, the changes in IEG
expression induced by morphine may contribute to plas-
tic alterations in striatal neurons that contribute to opioid
addiction. It is also important to note that while morphine-
induced IEG expression in the striatum is dependent upon
D1 and NMDA receptor activation, mu receptor activation
can induce IEG expression, suggesting that direct stimula-
tion of these receptors may also contribute to the striata
plasticity and addiction. 

 Similar   to what is has been observed for IEG expres-
sion, the effects of morphine on neuropeptide expression
have proven to also be disparate. Acute stimulation of mu
receptors with morphine does not alter  ppd  or  ppe  expres-
sion in striatum, but does increase expression of proor-
phaninFQ/N ( Pnoc ) ( Przewłocka et al., 1996 ;  Tjon et al.
1997 ;  Turchan et al., 1997 ;  Yukhananov and Handa, 1997
 Romualdi et al., 2002 ). Chronic treatment with morphine
decreases  Pnoc  expression, but increases expression of  ppe
and  ppd , although decreases in  ppd  and  ppe  expression
also have been reported with chronic morphine treatmen
( Przewłocka et al., 1996 ;  Tjon et al., 1997 ;  Turchan et al.
1997 ;  Yukhananov and Handa, 1997 ;  Romualdi et al.
2002 ). Implantation of a subcutaneous morphine pelle
has been shown to decrease  ppd ,  ppe  and  ppt  expression in
the striatum, although others report seeing a lack of effec
on  ppe  ( Gudehithlu and Bhargava, 1995 ;  Georges et al.
1999 ). These morphine-induced alterations in striatal pep-
tide expression may be related to morphine’s unique regu-
lation of mu receptors, but may also represent a complex
feedback system that serves to regulate the activity of stria-
tal endogenous opioid peptides in response to exogenous
opioid treatment. It is unclear, however, why differences 
in opioid peptide gene expression exist in chronic treat-
ment vs. subcutaneous pellet implantation. It is possible 
that chronic administration leads to increased activity of 
other neurotransmitter systems (e.g., the dopamine sys-
tem) and increases in opioid peptide expression may serve 
to dampen excessive activation of these systems. On the 
other hand, the constant and low rate of morphine released 
by subcutaneous pellets could result in a continuous level 
of mu receptor activation, which may signal the system to 
shut down endogenous production of opioid peptides. On 
the other hand, chronic mu receptor blockade has been 
shown to increase  ppd  and  ppe  expression in the striatum 
( Romualdi et al., 1995 ;  Mavridis and Besson, 1999 )  –  an 
effect that has also been observed in response to chronic 
morphine treatment  –  suggesting that decreased activation 
of mu receptors may serve as a signal to the endogenous 
opioid peptide system to increase synthesis. 

 Acute   and chronic treatment with morphine does 
not alter the expression of mu receptors in the striatum 
( Castelli et al., 1997 ;  Zhou et al., 2006 ), although down-
regulation of both kappa ( oprk1 ) and mu ( oprm1 ) receptors 
in the striatum has been reported ( Teodorov et al., 2006 ). 
D1 receptor ( Drd1a ) expression does not appear to be reg-
ulated by mu receptors, whereas chronic morphine treat-
ment increases D3 receptor ( Drd3 ) expression ( Georges 
et al., 1999 ;  Spangler et al., 2003 ). The role of mu receptor 
activation in the regulation of D2 receptor ( Drd2 ) expres-
sion is equivocal, as decreases in D2 expression have been 
observed with chronic morphine treatment, whereas oth-
ers have reported a lack of effect of morphine treatment 
on D2 receptor expression ( Turchan et al., 1997 ;  Georges 
et al., 1999 ;  Spangler et al., 2003 ). Chronic morphine 
treatment also down-regulates melanocortin-4 receptor 
( Mc4r ) expression in the striatum ( Alvaro et al., 1996 ). The 
presence of endogenous opioid modulation compounds 
(e.g., Tyr-W-MIF) might interfere with the ability of mor-
phine to alter the expression of mu receptors ( Harrison 
et al., 1998 ). However, it is not clear what mechanisms are 
responsible for the ability of morphine to alter the expres-
sion of D2, D3, kappa opioid and melanocortin receptors. 
It is possible that these effects are due to overall alterations 
in neurotransmitter release induced by morphine treatment. 
Clearly additional studies are needed to resolve this issue. 

 Mu   receptor activation also regulates the expres-
sion of a number of other genes in the striatum. Chronic 
morphine treatment increases the expression of  ngfi-b  
( Basheer and Tempel, 1993 ;  Matus-Leibovitch et al., 1997 ; 
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 Werme et al., 2000 ;  Ishikawa et al., 2006 ;  Yoshikaw
et al., 2008 ),  nor1  ( Nr4a3 ) ( Basheer and Tempel, 1993
 Matus-Leibovitch et al., 1997 ;  Werme et al., 2000 ;  Ishikaw
et al., 2006 ;  Yoshikawa et al., 2008 ), G  α s  ( Basheer an
Tempel, 1993 ;  Matus-Leibovitch et al., 1997 ;  Werme et al
2000 ;  Ishikawa et al., 2006 ;  Yoshikawa et al., 2008 ), serin
racemase ( srr ) ( Basheer and Tempel, 1993 ;  Matus-Leibovitc
et al., 1997 ;  Werme et al., 2000 ;  Ishikawa et al., 2006
 Yoshikawa et al., 2008 ), neuroglycan C ( Cspg5 ) ( Bashee
and Tempel, 1993 ;  Matus-Leibovitch et al., 1997 ;  Werm
et al., 2000 ;  Ishikawa et al., 2006 ;  Yoshikawa et al., 2008 )
glial fibrillary acidic protein ( Gfap ) ( Mackler and Eberwine
1994 ;  Ozawa et al., 2001 ;  Marie-Claire et al., 2004
 Ziolkowska et al., 2005 ), and synapsin IIa ( Syn2 ) ( Bashee
and Tempel, 1993 ;  Matus-Leibovitch et al., 1997 ;  Werm
et al., 2000 ;  Ishikawa et al., 2006 ;  Yoshikawa et al., 2008 )
but decreases the expression of glutamate transporter-
( Slc1a2 ), several cytoskeletal-associated proteins includ
ing growth associated protein 43 ( Gap43 ), clathrin heav
chain ( Cltc ), alpha-tubulin ( Tuba1a ), Tau ( Mapt ), stath
min ( Stmn1 ), alpha-synuclein ( Snca ), and the K v 1 and K v
voltage-gated K  �   channels ( Mackler and Eberwine, 1994
 Ozawa et al., 2001 ;  Marie-Claire et al., 2004 ;  Ziolkowsk
et al., 2005 ). These diverse findings indicate that morphin
can alter the expression of a wide range of genes in the stri
atum that could contribute to the deleterious and addictiv
properties of this drug. 

 Mu   receptors also modulate psychostimulant-induce
gene expression, as pretreatment with a mu receptor antag
onist attenuates AMPH and METH-induced neuropeptid
and IEG expression in the striatum ( Gonzalez-Nicolin
et al., 2003 ;  Horner and Keefe, 2006 ). It has been sug
gested that striatal mu receptor blockade might reduc
psychostimulant-induced dopamine release into the stria
tum (but see  Schad et al., 1996 ), which may be respon
sible for the ability of mu receptor blockade to attenuat
psychostimulant-induced gene expression ( Gonzalez
Nicolini et al., 2003 ;  Horner and Keefe, 2006 ). Alter
natively, blockade of striatal mu receptors may actuall
result in a decrease in the transcriptional activity of striata
neurons, as mu receptor activation is linked to increase
activation of MAP kinase and cyclase-response elemen
(CRE)-mediated transcription ( Shoda et al., 2001 ;  Bileck
et al., 2004 ). Several immediate early genes and peptide
have CRE sites present on their promoters and thei
expression may also be induced by activation of MAP
kinase ( Konradi et al., 1994 ;  Cole et al., 1995 ;  Curra
et al., 1996 ). Thus, it is possible that mu receptor blockad
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decreases MAP kinase activity and CRE-mediated tran-
scription, thereby reducing the ability of psychostimulants 
to induce gene expression in the striatum.  

    2.       Delta Receptors 

 The   majority of studies examining delta opioid receptor 
regulation of basal ganglia gene expression have focused 
on the ability of delta receptors to modulate gene expres-
sion induced by D2 receptor manipulations. For example, 
enkephalin and delta receptors regulate the response of 
striatopallidal neurons to D2 receptor blockade, as stimula-
tion of striatal delta receptors with enkephalin suppresses 
D2 receptor antagonist-induced IEG expression ( Steiner 
and Gerfen, 1999 ). These data suggest that when dopamine 
transmission is compromised (e.g., Parkinson’s disease) 
or when there is chronic D2 receptor blockade (e.g., anti-
psychotic treatment), the enkephalin system may act in a 
compensatory manner to counteract the effects of disinhi-
bition of the indirect pathway and normalize basal ganglia 
function ( Steiner and Gerfen, 1998 ). That is, the alterations 
in motor function that are observed with inadequate D2 
receptor activation may recover to a certain degree when 
there is up-regulation of endogenous enkephalin and acti-
vation delta receptors ( Steiner and Gerfen, 1998 ). 

 Delta   receptor blockade also oppositely alters psy-
chostimulant-induced gene expression in the striatum. 
In this case, blockade of delta receptors with DADLE 
([D-Ala2-D-Leu-5]Enkephalin) attenuated METH-induced 
c- fos  expression in the striatum, whereas pretreatment with 
the delta antagonist TIPP Ψ  blocked AMPH-induced  ppt ,  ppd  
and  ppe  mRNA expression in the striatum ( Hayashi et al., 
1999 ;  Gonzalez-Nicolini et al., 2003 ) It is thought that delta 
receptor blockade inhibits AMPH-induced dopamine release 
in the striatum by preventing endogenous delta rec ptor 
ligands from hyperpolarizing GABAergic interneurons in the 
substantia nigra pars compacta, leaving the inhibitory influ-
ence of these interneurons on the dopaminergic neurons in 
this region intact ( Schad et al., 1996 ). Delta receptor block-
ade also attenuates AMPH-induced glutamate release in the 
striatum, which may involve increased acetylcholine release 
from striatal interneurons ( Mulder et al., 1984 ;  Rawls and 
McGinty, 2000 ). Thus, the ability of delta receptor antago-
nists to reduce psychostimulant-induced gene expression 
may lie in their ability to attenuate amphetamine-induced 
increases in extracellular dopamine and glutamate in the 
striatum. These data point to the delta receptor as a poten-
tial target for the treatment of psychostimulant abuse. The 
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expression of A2a receptors ( adora2a ), which are found o
neurons of the striatopallidal pathway, is also regulated b
delta receptors, as treatment with the delta agonist SNC8
produces an increase in striatal  adora2a  mRNA expres
sion ( Halimi et al., 2000 ), although the mechanism under
lying this effect, as well as its functional significance ar
not clear.  

    3.       Kappa Receptors 

 The   dynorphin system regulates dopamine transmission i
the basal ganglia and regulates the responsiveness of direc
pathway neurons in the striatum ( Steiner and Gerfen, 1998
see Chapter 29). In addition, up-regulation of the dynorphi
system in the basal ganglia during psychostimulant with
drawal may contribute to relapse into drug-taking behav
ior via induction of a depressive-like state ( Steiner an
Gerfen, 1998 ). As such, several studies have examined th
effects of kappa receptor activation on gene expression i
the basal ganglia, as well as its role in dopamine-regulate
gene expression in the striatum. Dynorphin regulates it
own expression, as repeated stimulation of kappa recep
tors with the kappa receptor-specific agonist U-6959
decreases  ppd  mRNA expression in striatum ( Collins et al
2002 ). Interestingly, the levels of  ppd  mRNA in the stria
tum are  increased  22 days after termination of repeate
treatment with U-69593, suggesting that kappa recepto
regulation of  ppd  expression is a dynamic process ( Collin
et al., 2002 ). Dynorphin signaling through kappa recep
tors also regulates the response of striatonigral neurons t
D1 receptor stimulation. Treatment with a kappa recep
tor agonist attenuates D1 receptor-induced IEG expres
sion in striatum (       Steiner and Gerfen, 1995, 1996 ), as we
as cocaine-induced IEG expression ( Steiner and Gerfen
1995 ) and AMPH-induced  ppd ,  ppt  and  ppe  expression i
striatum ( Tzaferis and McGinty, 2001 ). Dynorphin/kapp
receptor activation is thought to suppress striatonigral neu
ron responsiveness by activating inhibitory presynapti
kappa receptors on nigrostriatal dopamine nerve terminals
because kappa agonist treatment no longer attenuates D
receptor-mediated IEG expression in striatum when nigros
triatal dopamine neurons are ablated ( Steiner and Gerfen
1996 ). These data suggest that the dynorphin system ma
act as a homeostatic mechanism to counteract the effect
of over-stimulation of the dopamine system, like tha
observed during psychostimulant treatment, making th
kappa receptor an attractive therapeutic target for treatmen
of psychostimulant addiction.   
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    B.       Tachykinins 

 Of   the tachykinins, substance P has garnered the mos
attention due to its high concentration in the neurons of th
direct pathway, its ability to modulate dopamine transmis
sion, and the ability of dopamine to regulate  ppt  expression
It has been suggested that the neurokinin-1 (NK-1) recepto
may be a therapeutic target in situations in which dopamin
transmission in the basal ganglia is altered. As such, the eff
ects of NK-1 receptor manipulation on gene expression i
the basal ganglia, and in particular the striatum has bee
investigated by a number of groups, and to this point ha
involved the regulation of the substance P system by NK
1 receptors. Chronic blockade of NK-1 receptors with CP
122,721 increases  ppt  and NK-1 receptor ( Tacr1 ) mRNA
expression in the striatum, indicating that NK-1 receptor
regulate their own expression, as well as the expression o
 ppt  mRNA, and may serve to re-set target cell sensitivit
to substance P ( McCarson et al., 1998 ). Administration o
the NK-1 receptor agonist [Sar 9 Met(O 2 ) 

11 ]SP or the NK-
receptor agonist [MePhe 7 ]NKB directly into the substanti
nigra alters dopamine metabolism, but does not decreas
 ppt  mRNA expression in the striatum, indicating that a thre
shold may exist, in terms of the degree of alteration in th
dopamine system that is needed to induce a change in th
tachykinin system ( Humpel and Saria, 1993 ). The role o
NK-1 activation in dopamine-mediated events (e.g., psycho
stimulant-induced gene expression in the striatum) has als
been investigated. Acute pretreatment with the NK-1-spe
cific antagonist LY306740 attenuates AMPH-induced  ppd
 ppt , and  ppe  mRNA expression in the striatum ( Gonzalez
Nicolini and McGinty, 2002 ). Thus, AMPH-induced releas
of substance P may be an important modulator of psychos
timulant-induced gene expression in the striatum and coul
possibly contribute to psychostimulant-induced changes i
gene expression that may underlie addiction.  

    C.       Neurotensin 

 Neurotensin   is thought to be an endogenous neurolepti
and is intimately involved in dopamine transmission in th
basal ganglia. Alterations in the neurotensin system ma
underlie the pathophysiology of a number of neurologica
and neuropsychiatric conditions, including Parkinson’s dis
ease, Huntington’s disease, schizophrenia and psychostim
ulant addiction ( Fadel et al., 2001 ). Neurotensin agonist
through their ability to modulate the dopamine system
may be effective in treating these psychiatric disorders, an
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several studies have investigated the effects of neurotensin
receptor activation on gene expression in the basal ganglia
as well as the role of neurotensin receptor activation on
neuroleptic- and psychostimulant-induced gene expression
in this region. Activation of neurotensin receptors alone
does not induce IEG expression in the basal ganglia, nor
does activation of neurotensin receptors influence neu-
rotensin gene ( nts ) expression in striatum ( Yamada et al.
1995 ;  Alonso et al., 1999 ;  Fadel et al., 2001 ;  Binder et al.,
2004 ;  Fadel et al., 2006 ). However, neurotensin exerts
inhibitory control on neurotensin receptor ( ntsr1 ) mRNA
expression in the basal ganglia, which may be important in
regions of the brain where neurotensin is tonically released
( Azzi et al., 1996 ). Repeated treatment with the neurotensin
receptor 1 (Ntsr1) agonist NT69L decreases  ntsr1  mRNA
expression in nigrostriatal neurons, whereas chronic treat-
ment with the Ntsr1 antagonist SR 48692 increases  ntsr1
receptor mRNA expression in the substantia nigra pars
compacta ( Yamada et al., 1995 ;  Azzi et al., 1996 ;  Wang
et al., 2005 ). This effect is most likely specific for neu-
rotensin receptors, as repeated Ntsr1 receptor activation
had no effect on D1 or D2 receptor mRNA expression in
striatum ( Wang et al., 2005 ). Ntsr1 receptor activation
also appears to facilitate the effects of both direct- and
indirect-acting dopamine receptor agonists and D2 receptor
antagonists on IEG expression in striatum. That is, AMPH-
induced IEG expression is attenuated in neurotensin-null
mice, and pre-treatment with an Ntsr1 antagonist attenu-
ates IEG expression induced by AMPH, combined D1/D2
receptor activation, or haloperidol ( Alonso et al., 1999 ;
 Fadel et al., 2001 ;  Binder et al., 2004 ;  Fadel et al., 2006 )
Interestingly, blockade of neurotensin receptors suppresses
haloperidol-induced IEG expression in the patch compart-
ment of striatum, suggesting that neurotensin may play a
role in the cognitive and affective functions of haloperi-
dol treatment ( Fadel et al., 2001 ). Activation of Ntsr1 also
decreases DOPA decarboxylase ( Ddc ) mRNA expression in
striatum and tyrosine hydroxylase mRNA expression in the
substantia nigra and increases expression of Nurr-1 ( Nr4a2 )
mRNA in striatum ( Wang et al., 2005 ). These data further
support the notion that neurotensin acts as an endogenous
neuroleptic by modulating dopamine neurotransmission.    
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I.  Introduction: D1 and D2 
dopamine receptors in direct and 
indirect striatal projections

A key to understanding the function of dopamine in the
basal ganglia was the demonstration that D1 and D2
dopamine receptors are segregated in the direct and indi-
rect striatal projection neurons (Fig. 28.1, Gerfen et al.,
1990). Striatal medium spiny neurons, which constitute
over 90–95% of the neuron population of the striatum and
nucleus accumbens, are composed of two major subtypes
based on their axonal projections. One subtype projects
axons through the globus pallidus, making some contacts
there, but extends axons to terminate in the internal seg-
ment of the globus pallidus (or entopeduncular nucleus)
and substantia nigra (see also Chapter 1). These nuclei con-
stitute the major output system of the basal ganglia; striatal
neurons that project to them directly make up the so-called
“direct” striatal projection pathway. The other subtype of
striatal projection neurons extends its axon only to the glo-
bus pallidus. Neurons in this nucleus provide inputs to the
Handbook of Basal Ganglia Structure and Function
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internal segment of the globus pallidus and substantia nigra 
and to the subthalamic nucleus, which in turn projects to 
these basal ganglia output nuclei. Thus, striatal neurons 
that project only to the globus pallidus, are connected 
through multiple synaptic connections to the output of the 
basal ganglia, and are considered to give rise to the “indi-
rect” striatal projection pathway. Neurons of the direct and 
indirect pathways are approximately equal in number and 
intermingled with one another in both the patch and matrix 
compartments (Gerfen and Young, 1988).

The functional significance of the striatal direct and 
indirect pathways was established by the observations that 
following dopamine depletion in the striatum, there are dif-
ferential changes in GABA receptor binding in the globus 
pallidus and substantia nigra (Pan et al., 1985) and in the 
expression of peptides expressed by striatal direct and indi-
rect pathway neurons (Young et al., 1986). These findings 
led to the hallmark theory that clinical movement disorders 
such as Parkinson’s disease result from an imbalance in the 
output activity of the direct and indirect pathways (Albin  
et al., 1989; DeLong, 1990). This theory suggests that akinesia,  
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which characterizes Parkinson’s disease, is a consequence of
increased functional activity in the indirect striatal pathway.

The underlying mechanism responsible for dopamine-
mediated differential changes in the functional activity

Figure 28.1  Circuitry involved in Parkinson’s disease. (Upper dia-
gram) Direct and indirect pathways of the basal ganglia are shown in
a sagittal brain section of the mouse. The cerebral cortex and thalamus
provide excitatory inputs (green arrows) to the striatum, the main input
nucleus of the basal ganglia. The output of the basal ganglia originates
from the internal part of the globus pallidus (GPi) and the substantia nigra
pars reticulata (SNr) and is directed primarily to thalamic nuclei, which
project to frontal areas of the cerebral cortex. The direct pathway origi-
nates from striatal projection neurons (red) whose axons extend directly
to the GPi and SNr output nuclei. The indirect pathway originates from
striatopallidal neurons (blue) whose axons terminate within the external
globus pallidus (GPe). Neurons in the GPe, in turn, project to the subtha-
lamic nucleus (STN), which projects to the GPi and SNr. Thus, striatopal-
lidal neurons are connected indirectly, through the GPe and STN, with the
output of the basal ganglia. (Lower images) D1 and D2 dopamine recep-
tors are segregated to direct- and indirect-pathway neurons, respectively.
Sagittal sections from BAC transgenic mice in which these receptors are
labeled with EGFP show labeling of the cell bodies in the striatum as well
as their axonal projections. D2-BAC transgenic mice show labeling of the
indirect-pathway neurons (these axon projections terminate in the GPe),
whereas D1-BAC mice show labeling of the direct pathway, as seen by
labeling of axon terminals in the GPi and SNr (Gong et al., 2003; 2007).
(see Color Plate Section to view the color version of this figure)����
of the direct and indirect pathways was revealed by the 
demonstration that D1 and D2 receptors are respectively 
segregated in the neurons giving rise to these pathways 
(Gerfen et al., 1990). Two lines of evidence were pro-
vided in this study. The first were neuroanatomical find-
ings. In situ hybridization histochemical localization of 
the mRNAs encoding D1 receptors demonstrated the 
selective expression of this receptor in neurons that proj-
ect to the substantia nigra and co-express the peptides 
dynorphin and substance P, markers of the direct pathway. 
On the other hand, D2 receptor mRNA was shown to be 
expressed selectively in neurons that project to the globus 
pallidus and co-express the peptide enkephalin, a marker 
of indirect pathway neurons. The second line of evidence 
was provided by functional studies. Following dopamine 
depletion of the nigrostriatal pathway, enkephalin expres-
sion increases in indirect pathway neurons, whereas sub-
stance P and dynorphin expression decreases in direct 
pathway neurons. These dopamine-lesion induced changes 
in gene expression are selectively reversed in indirect path-
way neurons with D2 receptor agonist treatment and in 
direct pathway neurons with D1 receptor agonist treatment 
(Gerfen et al., 1990). This finding was somewhat contro-
versial initially as some investigators maintained that D1 
and D2 receptors are co-expressed in most striatal medium 
spiny neurons (Surmeier et al., 1992). However, the seg-
regation of D1 and D2 receptors in direct and indirect 
pathway neurons has been confirmed by numerous studies  
(Le Moine et al., 1990; 1995; Hersch et al., 1995, Gong  
et al, 2002; 2007) such that there is now a consensus in the 
field, upholding the original finding.

The demonstration of a segregation of D1 and D2 
receptors in direct and indirect pathway neurons, respec-
tively (Gerfen et al., 1990), provided the basis for under-
standing of functional changes in movement disorders such 
as Parkinson’s disease (Albin et al., 1988; DeLong, 1990). 
The central tenet of the theory of movement disorders is 
that they result from imbalanced activity in the direct and 
indirect striatal pathways. In Parkinson’s disease, which 
is marked by akinesia, the theory suggested that there is 
increased activity in the indirect pathway. Neurons of this 
pathway express the D2 receptor, which is coupled to the 
inhibitory G protein, Gi. In the normal animal, dopamine 
stimulating the D2 receptor provides an inhibitory function 
(see also Chapter 6). On the other hand, the D1 receptor 
expressed on direct pathway neurons is coupled to stimula-
tory G proteins, Gs and Golf. Consequently, in Parkinson’s 
disease, the loss of dopamine input to the striatum has 
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opposite affects on the direct and indirect pathways, with 
increased function in the indirect pathway and decreased 
function in the direct pathway. Surgical therapies developed 
to reverse this imbalance by interfering with altered func-
tion in the indirect pathway proved to have considerable 
clinical benefit (Bakay et al., 1992; Lozano et al., 1998).

II.  Dopamine receptor 
supersensitivity in  
parkinson’s disease

Treatment of Parkinson’s disease with L-DOPA (Birkmayer 
and Hornykiewicz, 1962) remains the primary therapy. 
While a very effective therapy, long-term treatment invari-
ably leads to the development of dyskinesias (Bergmann 
et al., 1987) (see also Chapters 36 and 39). We have pro-
posed that L-DOPA-induced dyskinesia in the treatment 
of Parkinson’s disease results from an aberrant switch in 
the linkage of the D1 receptor to signal transduction sys-
tems that activate the protein kinase, extracellular signal-
regulated protein kinase (ERK1/2) (Gerfen et al., 2002). 
As discussed, dopamine depletion of the striatum results 
in opposite effects on the function of D2-indirect and  
D1-direct pathway neurons evidenced by changes in gene 
expression (Gerfen et al., 1990). While, either L-DOPA or 
selective D2 and D1 receptor agonist treatments reverse 
some of the gene expression changes, the response of  
D1 receptor-expressing direct pathway neurons is super-
sensitive to these treatments, which is evident by the induc-
tion of a large number of so called immediate-early genes 
(IEGs) (Berke et al., 1998).

The supersensitive response of striatal neurons fol-
lowing lesions of the nigrostriatal dopamine system was 
first described by Ungerstedt (1971), who observed that 
animals with unilateral lesions exhibited a robust rota-
tion contralateral to the lesioned side in response to direct 
dopamine receptor agonist treatment. This experimen-
tal paradigm remains the standard animal model for the 
study of Parkinson’s disease. The reasonable explanation 
for why these animals display contralateral rotations fol-
lowing dopamine receptor agonist treatment is that striatal 
neurons compensate for the loss of dopamine by increasing 
their expression of dopamine receptors in order to increase 
their response to decreased levels of neurotransmitter. 
Thus, striatal neurons in the lesioned striatum would pro-
duce a supersensitive response relative to the dopamine-
intact striatum, which resulted in the behavioral rotation. 
However, our studies demonstrating the segregation of D1 
and D2 receptors on direct and indirect striatal neurons 
provide a different model (Gerfen et al., 1990). Following 
dopamine lesions, there is an increase in D2 receptor 
expression in indirect pathway neurons and a decrease in 
D1 receptor expression in direct pathway neurons. Rather 
than reflecting a compensatory response of striatal neu-
rons to decreased dopamine input, these changes in recep-
tor expression reflect the simple consequence of the loss 
of dopamine function on these neurons. Thus, in indirect 
pathway neurons, the absence of dopamine acting on D2 
receptors, coupled to the inhibitory G protein, Gi, results in 
increased gene expression, including the D2 receptor. On 
the other hand, in direct pathway neurons, the absence of 
dopamine acting on D1 dopamine receptors, coupled to the 
stimulatory G proteins, Gs and Golf, results in decreased 
gene expression, including the D1 receptor.

In addition to the behavioral rotational response in the 
unilateral dopamine lesion paradigm, an enhanced cellu-
lar response was demonstrated in the dopamine-depleted 
striatum, that is, marked induction of IEGs, such as  
c-fos, in response to dopamine agonists (Robertson et al. 
1989; 1990). Significantly, the IEG response to L-DOPA 
or dopamine agonists such as apomorphine was found to 
occur exclusively in D1 receptor-expressing direct pathway 
neurons. This IEG response provides a cellular measure of 
receptor supersensitivity. What is most interesting about 
this IEG response in D1 receptor-expressing neurons, 
is that it occurs upon the first treatment with dopamine 
receptor agonist, when the level of D1 receptor expres-
sion is decreased compared with neurons in the dopamine-
intact striatum (Berke et al., 1998). This finding indicated 
that in the dopamine-lesioned striatum, the supersensi-
tive response of D1 receptor-expressing neurons is not a  
consequence of increased D1 receptor expression, but 
due to a change in the coupling of this receptor to signal  
transduction systems.

Psychostimulants, such as cocaine and amphetamine, 
produce robust induction of IEGs in the normal dopamine-
innervated striatum (Graybiel et al., 1990). This raises the 
question as to whether the D1 receptor-mediated supersen-
sitive induction of IEGs in the dopamine-depleted striatum 
is due to an amplification of the normal D1 receptor cou-
pling to signal transduction. However, psychostimulant-
induced IEG expression differs in important ways from 
the D1 receptor response in the dopamine-depleted stria-
tum. First, whereas the psychostimulant response is depen-
dent on glutamate (NMDA) receptor activation (Konradi 
et al., 1995), the D1 receptor-mediated IEG induction in 
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the dopamine-depleted striatum occurs independently 
of NMDA receptor function (Keefe and Gerfen, 1996). 
Second, repeated psychostimulant treatment produces  
an attenuated striatal IEG response (Steiner and Gerfen, 
1993) (see also Chapter 29), while the response in the  
dopamine-depleted striatum remains elevated or even 
increases with extended dopamine receptor agonist treat-
ment (Steiner and Gerfen, 1996).

Using pharmacologic treatment paradigms to compare 
D1 receptor-mediated signaling in the dopamine-intact 
and -lesioned striatum, activation of the protein kinase, 
extracellular signal-regulated protein kinase (ERK1/2), 
was demonstrated to occur exclusively in the dopamine-
depleted striatum (Fig. 28.2) (Gerfen et al., 2002). In this 
study, pharmacologic treatments with high doses of D1 
receptor agonists, or combined D1 and D2 receptor ago-
nists, produced induction of IEGs in the dopamine-intact 
striatum at levels comparable to those in the dopamine-
depleted striatum (Fig. 28.3). However, activation of 
ERK1/2 occurred only in the dopamine-depleted striatum. 
In the dopamine-intact striatum, dopamine agonist-induced 
activation of ERK1/2 was limited to the nucleus accum-
bens. These results suggest that depletion of dopamine in 
the dorsal striatum produces an aberrant coupling of the 
D1 receptor with activation of ERK1/2.

Some recent studies might be considered to contradict 
the proposal that coupling of D1 receptors with activation 
of ERK1/2 is dependent on dopamine depletion in the stria-
tum. For example, psychostimulant treatments have been 
reported to activate ERK1/2 in the dopamine-intact striatum 
(Valjent et al., 2005) (see also Chapter 30). In this study, 
d-amphetamine treatment was shown to produce activation 
of ERK1/2 in D1 receptor-expressing neurons in the stria-
tum and nucleus accumbens, and also that this activation is 
mediated by D1 receptors and dependent on DARPP-32.  
Psychostimulant activation of ERK1/2 in the nucleus 
accumbens is consistent with our report that D1 agonist 
treatment activates ERK1/2 in the dopamine-intact nucleus 
accumbens. However, there are significant differences 
between the activation of ERK1/2 produced by d-amphet-
amine in the dopamine-intact dorsal striatum compared 
with the D1 receptor-mediated activation of ERK1/2 in the 
dopamine-depleted striatum. Most notably, in the dopa-
mine-intact striatum psychostimulant activation of ERK1/2 
occurs in a relatively small percentage of neurons, approxi-
mately 10% of D1 neurons, compared with the D1 receptor-
mediated activation of ERK1/2 in nearly all D1 neurons in 
he dopamine-depleted striatum. In a subsequent study, we 
xamined psychostimulant treatment (both d-amphetamine 
nd cocaine) activation of ERK1/2 in transgenic mice with 
 deletion of the D1 receptor (Gerfen et al., 2008). Results 
emonstrated that while psychostimulant activation of 
RK1/2 was reduced in the nucleus accumbens in mice 
ith D1 receptors knocked out, it persisted in the small 
umber of neurons in the dorsal striatum, which suggests 
hat non-dopaminergic mechanisms are involved in some of 
he affects of amphetamine treatment (Fig. 28.4). This is in 
ontrast to the result of L-DOPA treatment in mice with a 
enetic deletion of the D1 receptor in which there was no 
ctivation of ERK1/2 in the dopamine-depleted striatum. 
oreover, this study also demonstrated that in mice with 

 genetic deletion of DARPP-32, L-DOPA or D1 recep-
or agonist treatments resulted in activation of ERK1/2 in 
early all D1 receptor-expressing neurons in the dopamine-
epleted striatum, comparable to that produced in wild-
ype mice (Gerfen et al., 2008). These results demonstrate 
istinct regional differences in the normal coupling of the 
1 receptor with activation of ERK1/2. In the dopamine-

ntact ventral striatum, which includes the nucleus accum-
ens, activation of ERK1/2 is coupled to the D1 receptor 
nd involves DARPP-32. However, in the dopamine-intact 
orsal striatum, activation of ERK1/2 with psychostimulant 
reatment occurs independent of D1 receptors in a small 
ercentage of neurons. Together these studies suggest that 
ollowing dopamine depletion in the dorsal striatum there 
s an aberrant coupling of the D1 receptor to activation of 
RK1/2, that does not involve DARPP-32.

II.  Aberrant activation of ERK1/2 
nvolving serotonin 5-HT2 
eceptors in the dorsal striatum

nother example of the aberrant activation of ERK1/2 in 
irect pathway neurons was identified that involves sero-
onin receptor mechanisms (Brown and Gerfen, 2006). 
erotonin input to the striatum is relatively sparse com-
ared to dopamine input and is most robust in the ventral 
triatum, with little input to the dorsal striatum. However, 
esions of the nigrostriatal pathway made shortly after 
irth result in a pronounced sprouting of serotonin fibers 
nto the dorsal striatum (Fig. 28.5). Using this experimen-
al paradigm, treatments with agonists for the serotonin 
eceptor 5-HT2 revealed an aberrant coupling to activation  
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Figure 28.2  D1 dopamine receptor-mediated phosphorylation of ERK1/2 ( p-ERK1/ 2) in the dopamine-depleted striatum. Unilateral lesion of the 
nigrostriatal dopamine system is demonstrated by the loss of tyrosine hydroxylase immunoreactivity in the right lesioned striatum (A). After treatment 
(15 min) with the partial D1 agonist SKF38393 (2 mg/kg, i.p.), p-ERK1/2 is not evident in the dopamine-intact striatum (B) but is present in numerous 
neurons in the dopamine-depleted striatum (C). To determine the type of striatal neuron in which p-ERK1/2 is present, sections are processed to dis-
play both p-ERK1/2 with a green fluorescent label (D) and enkephalin mRNA with a red fluorescent label (D). Nearly all p-ERK1/2-immunoreactive  
neurons (blue arrows) are enkephalin negative. Only a small number of enkephalin-positive neurons display p-ERK1/2 immunoreactivity (bigger 
arrow), whereas the vast majority are p-ERK1/2 negative (orange arrows). The graph provides quantitative data of the average number of pERK-
positive/enkephalin-negative (blue arrows), pERK-positive/enkephalin-positive ( yellow), and pERK-negative/enkephalin-positive (red ) neurons in a 
500 m2 area from the lateral striatum of four animals. Enkephalin provides a marker of indirect projection neurons, with any given striatal area having 
an equal number of direct projecting, enkephalin-negative neurons (Gerfen and Young, 1988). Data indicate that, in the dopamine-intact striatum, there 
are few pERK1/2-immunoreactive neurons, whereas in the dopamine-depleted striatum, D1 agonist-induced p-ERK1/2 occurs selectively in enkephalin-
negative, direct striatal projection neurons. ����������������������������������������������������������������������           (see Color Plate Section to view the color version of this figure)����
of ERK1/2 following neonatal, but not adult lesions of 
the nigrostriatal dopamine system. In animals in which 
lesions of the nigrostriatal dopamine system were pro-
duced in adults, treatment with 5-HT2 receptor agonists 
produced robust c-fos induction in both the lesioned and 
dopamine-intact striatum, but produced little to no activa-
tion of ERK1/2 in either striatum. In these animals, serot-
onin innervation in both the lesioned and dopamine-intact 
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Figure 28.3  Demonstration of distinct mechanisms of D1 dopamine receptor-mediated gene regulation in the dopamine (DA)-intact and -depleted 
striatum, using the full D1 agonist SKF81297 alone or combined with other drugs. A–D, In situ hybridization histochemical localization of mRNA 
encoding c-fos 45 min after different drug combinations: A, SKF81297 (0.5 mg/kg); B, SKF81297 (2.0 mg/kg); C, SKF81297 (2.0 mg/kg) combined with 
the muscarinic receptor antagonist scopolamine (5 mg/kg); or D, SKF81297 (2.0 mg/kg) combined with the D2 receptor agonist quinpirole (1 mg/kg)  
and scopolamine. The low dose of agonist alone (A) demonstrates the supersensitive response by the selective induction of c-fos in the dopamine-
depleted striatum. Bilateral induction of c-fos in both the dopamine-intact and -depleted striatum follows treatment with the high dose of the full D1 
agonist alone (B) or in combination with other drugs (C, D). However, when animals receiving any of these treatments are killed at 15 min, p-ERK1/2-
immunoreactive neurons are evident only in the dopamine-depleted striatum and not in the dopamine-intact striatum (data not shown). The treatment 
combining full D1 agonist with both the D2 agonist and scopolamine produces the most robust c-Fos IEG response in the dopamine-intact striatum at 
45 min (E). This treatment also results in persistent p-ERK1/2 (H) and phosphorylated c-Jun (J) in the dopamine-depleted striatum but does not activate 
p-ERK1/2 (G) or phosphorylated c-Jun (I) in neurons in the dopamine-intact striatum. These results demonstrate that, although D1 dopamine recep-
tor-mediated induction of the IEG c-Fos occurs in both the dopamine-intact and -depleted striatum, activation of ERK1/2 occurs only in the dopamine-
depleted striatum.
striatum was restricted to the ventral striatum, with only 
very sparse innervation in the dorsal striatum. However, in 
animals in which the nigrostriatal dopamine pathway was 
lesioned in the neonate, there was sprouting of serotonin 
fibers in the dopamine-lesioned dorsal striatum treatment. 
In these animals, 5-HT2 receptor agonists produced robust 
activation of ERK1/2 in the dopamine-depleted striatum 
(Fig. 28.6). Activation of ERK1/2 occurred in nearly all 
D1 receptor expressing direct pathway neurons, with lit-
tle activation in indirect pathway neurons. Also, in these 
animals, in the dopamine-intact striatum, 5-HT2 recep-
tor agonist activation of ERK1/2 was restricted to the 
nucleus accumbens, with only scattered activation in the  
dorsal striatum. These results demonstrate that serotonin 
hyperinnervation of the dorsal striatum is associated with 
aberrant coupling of the 5-HT2 receptor to activation of 
ERK1/2 in direct pathway neurons. Whether this aberrant 
coupling is caused by the hyperinnervation of serotonin 
or occurs in concert with dopamine depletion is not deter-
mined at this time. However, this finding is interesting in 
that it suggests that in direct pathway neurons in the dorsal 
striatum, activation of ERK1/2 is highly regulated and that 
pathophysiologic alterations in the dopamine or serotonin 
innervation results in an aberrant coupling of D1 or 5-HT2 
receptors to activation of ERK1/2. As activation of ERK1/2 
has been proposed to be involved in mechanisms underly-
ing synaptic plasticity (Thomas and Huganir, 2004), aber-
rant activation of ERK1/2 may produce aberrant forms 
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D1 agonist treatment L-DOPA treatment

Wild type DARPP-32 KO Wild type DARPP-32 KO

DARPP-32 IR

TH-IR

Phospho-ERK1/2-IR

DARPP-32 IR

TH-IR

Phospho-ERK1/2-IR

Figure 28.4  D1 receptor agonist or L-DOPA-induced activation of ERK1/2 in the dopamine (DA) depleted striatum does not involve DARPP-32. 
Comparison of coronal brain sections at the level of the rostral striatum from wild type and DARPP-32 knockout (KO) mice, with unilateral lesions 
of the nigrostriatal dopamine system and treated with a D1 agonist (SKF81298, 5 mg/kg, 1 day) or L-DOPA (20 mg/kg with 12 mg/kg benserazide, 10 
days). DARPP-32 immunoreactivity (IR) labels neurons in the striatum in wild type mice, which are unlabeled in DARPP-32 KO mice. Unilateral lesion 
of the nigrostriatal dopamine pathway in these animals is shown by the absence of tyrosine hydroxylase (TH)-IR axonal terminals in the right striatum. 
Activation of ERK1/2 in response to either D1 agonist treatment (left side figures) or L-DOPA treatment (right side figures) is demonstrated by phos-
pho-ERK1/2-IR throughout the dopamine-depleted striatum. High power images from the dorsolateral striatum (inset boxes, 100 m wide) show few to 
no phospho-ERK1/2 IR neurons in the DA-intact striatum. In contrast, there are numerous phospho-ERK1/2 IR neurons in the DA-depleted striatum in 
both the wild type and DARPP-32 KO animal.
of synaptic plasticity altering the normal function of the  
circuits of the basal ganglia underlying behavior.

IV.  Functional significance of 
aberrant activation of ERK1/2 in 
direct pathway neurons

The finding that degeneration of the nigrostriatal dopamine 
system results in an aberrant coupling of the D1 receptor 
to activation of ERK1/2 in neurons of the direct pathway 
in the dorsal striatum has been proposed to produce func-
tional alterations in these neurons that underlie L-DOPA 
dyskinesia in Parkinson’s disease (Gerfen et al., 2002, 
Nadjar et al., 2009). This is based on the proposal that acti-
vation of ERK1/2 is involved in mechanisms of synaptic 
plasticity (Thomas and Huganir, 2004); aberrant activation 
of ERK1/2 may produce synaptic plasticity inappropri-
ate to normal behavior. A key feature of L-DOPA-induced 
dyskinesia is that these abnormal movements develop fol-
lowing repeated treatment with L-DOPA in animals (and 
humans) with degeneration of the nigrostriatal dopamine 
system. Thus, it is suggested that repeated L-DOPA treat-
ment results in activation of ERK1/2 in direct pathway 
neurons and enhances synaptic plasticity, which over time 
alters activity in basal ganglia circuits to produce uncon-
trolled dyskinetic movements. Studies in animal models 
of L-DOPA-induced dyskinesia have shown that blockade 
of ERK1/2 activation reduces L-DOPA-induced dyskine-
sias (Aubert et al., 2002; Santini et al., 2007; Westin et al., 
2007; Nadjar et al., 2009). These studies support the pro-
posal that aberrant coupling of D1 receptors to activation 
of ERK1/2 enhancing synaptic plasticity within basal gan-
glia circuits, underlies L-DOPA-induced dyskinesia.
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Figure 28.5  Unilateral 6-OHDA lesions in adult and neonatal rat pups leads to permanent changes in both the dopaminergic and serotonergic sys-
tems within the striatum. Brightfield images show that unilateral 6-OHDA lesions lead to complete destruction of dopamine axon terminals (A, B), as 
shown by the lack of tyrosine hydroxylase immunoreactivity (TH-IR) within the lesioned striatum. The dopamine terminal field contralateral to the 
lesioned striatum remains intact. C, D: Brightfield montage images of serotonin transporter (SERT)-IR staining (marker for serotonin terminals) in sec-
tions adjacent to those stained for TH-IR. After a 6-OHDA lesion, 5-HT axonal hyperinnervation occurs only within the neonatal lesioned striatum (D). 
1C-1,1C-2, 1D-1, and 1D-2 show representative high magnification darkfield images of serotonin axons within the striatum (SERT-IR), after unilateral 
adult and neonatal 6-OHDA lesions. Images were captured within striatal regions defined by the rectangular boxes in (C) and (D). After adult lesions, 
SERT-IR within the lesioned (C-1) and intact (C-2) striatum was unaltered. However, neonatal dopamine ablation resulted in 5-HT axonal hyperinnerva-
tion of the lesioned striatum (D-1) but not the intact striatum (D-2). Scale bar: 1 mm for A, B; 120 m for C, D; 50 m for 1C-1, 1C-2, 1D-1, and 1D-2.
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An analogy between L-DOPA-induced dyskinesia 
in Parkinson’s disease may be made with psychostimu-
lant addiction. As we and others have shown, in the intact 
nucleus accumbens, psychostimulant treatment activates 
ERK1/2 mediated by D1 receptors. This activation of 
RK1/2 has been proposed to contribute to psychostimu-
nt addiction (Valjent et al., 2000, Hyman et al., 2006). 
hese findings suggest that activation of ERK1/2 function 
 the striatum may be involved in several neuropathologies 
at are dependent on D1 and/or 5-HT2 receptor signaling.
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Figure 28.6  5-HT2 receptor agonist treatment (DOI, -2,5,Dimethoxy-4-iodoamphetamine hydrochloride, 5 mg/kg, i.p.) differentially induces 
ERK1/2 phosphorylation (pERK) in striatal neurons, following neonatal 6-OHDA lesions. Adult (A) and neonatal (B) lesioned animals were treated 
with DOI and processed for Fos-IR 60 minutes after drug administration, or separate groups of adult (C) and neonatal (D) lesioned animals were treated 
with DOI and processed for MAPK-IR 15 minutes after drug treatment. High magnification images from within the boxed striatal areas are shown 
below each brain section. DOI (5 mg/kg) administration produced robust Fos-IR throughout the adult lesioned (A-1) and intact (A-2) striatum as well as 
in the neonatal lesioned (B-1) and intact (B-2) striatum, demonstrating that DOI activates striatal neurons. Drug administration to animals lesioned as 
adults failed to induce ERK1/2 phosphorylation within lesioned (C-1) or intact (C-2) striatum, regardless of the dose used. In contrast, robust ERK1/2 
phosphorylation was seen throughout the striatum of animals lesioned as neonates (D-1) in a distribution similar to that seen following PCA treatment. 
Little pERK1/2 staining was seen within the intact striatum (D-2). Scale bar 100 m in photomicrographs.
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I.  Introduction

Human imaging studies show that repeated exposure to 
psychostimulants such as cocaine and similar compounds 
produces functional changes in various brain regions, and 
these changes are especially prominent in areas of the cere-
bral cortex and the basal ganglia (e.g., London et al., 1990; 
Breiter et al., 1997; Beveridge et al., 2006; Porrino et al., 
2007). Interactions between the cortex and the basal gan-
glia are critical for the organization of normal motivated 
behavior (Albin et al., 1989; DeLong, 1990; Robbins et al.,  
1998). These interactions are mediated by distinct ana-
tomical loops that arise in all parts of the cortex, project 
in a topographical manner to specific functional domains 
Copyright © 2010 Elsevier B.V. All rights reserved.2010
of the striatum, and, from there, via basal ganglia output 
nuclei and the thalamus, back to the cortex (Alexander 
et al., 1986; Alexander et al., 1990; Groenewegen et al., 
1990) (see Chapter 1). Drug-induced functional changes 
in these circuits are thought to reflect neuroplastic changes 
associated with drug taking and addiction. Identification of 
the affected circuits and their neuronal processes will fur-
ther our understanding of the addiction process, which will 
inform treatment approaches.

Psychostimulants such as cocaine, amphetamine and 
methylphenidate act by facilitating release and/or block-
ing reuptake of monoamines, thereby creating increased 
extracellular levels of these amines and excessive receptor 
stimulation. Cocaine and amphetamine produce dopamine, 
501
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norepinephrine and serotonin overflow, whereas meth-
ylphenidate only affects dopamine and norepinephrine,  
but not serotonin (Di Chiara and Imperato, 1988b; Hurd 
and Ungerstedt, 1989; Ritz et al., 1990; Gatley et al., 
1996; Kuczenski and Segal, 1997; Gerasimov et al., 2000; 
Kuczenski and Segal, 2001; for review, see Yano and Steiner, 
2007). It is the potentiation of the dopamine transmission 
(Di Chiara and Imperato, 1988b) in the basal ganglia that is 
considered to be of critical importance for the addiction pro-
cess, whereas serotonin and norepinephrine play modulatory 
roles (Berke and Hyman, 2000; Nestler, 2001).

Over the last two decades, a wealth of studies have 
characterized psychostimulant-induced molecular changes 
in the basal ganglia, especially in the striatum (e.g., Hyman 
and Nestler, 1996; Harlan and Garcia, 1998; Torres and 
Horowitz, 1999; Berke and Hyman, 2000; Nestler, 2001; 
Kelley, 2004; Yano and Steiner, 2007). Among the many 
drug-induced molecular effects discovered, it is changes 
in gene regulation that are thought to meditate the long-
term behavioral changes, by altering cortico-basal ganglia 
circuits and their functional properties. A good part of this 
work has focused on the limbic (ventral) striatum, which 
mediates motivational processes (Pierce and Kalivas, 1997) 
and is thus considered of central importance in early addic-
tion stages. However, recent imaging studies indicate that, 
as the disease progresses, associational and sensorimo-
tor (dorsolateral) domains of the striatum are increasingly 
affected (Porrino et al., 2007). These domains are impli-
cated in habitual and compulsive aspects of drug taking 
(Berke and Hyman, 2000; Everitt and Robbins, 2005), and 
indeed display particularly robust gene regulation effects 
after acute (Fig. 29.1) and repeated treatment with various 
psychostimulants (e.g., Steiner and Gerfen, 1993; Badiani 
et al., 1998; Willuhn et al., 2003; Yano and Steiner, 2005b).

The present review summarizes the work on psychostim-
ulant-induced gene regulation in these circuits and addresses 
the potential functional significance of such molecular 
changes. The vast majority of the studies performed to date, 
and thus the focus of this review, is on gene regulation of 
neuropeptide transmitters and so-called immediate-early 
genes (IEGs). Neuropeptides are often selectively expressed 
by specific neuronal types and thus serve as cell type mark-
ers, but they also modulate basal ganglia functions on sev-
eral levels (see Box 29.2, below). IEGs are frequently used 
as markers of cell activation due to their rapid and transient 
induction by neuronal activity (Sharp et al., 1993; Chaudhuri, 
1997; Melzer and Steiner, 1997) and drug treatments (Harlan 
and Garcia, 1998; Torres and Horowitz, 1999). However, 
IEGs are also of interest because of their direct involvement 
in neuroplasticity. Many IEGs encode transcription factors 
that regulate the expression of other genes (e.g., c-fos, zif 
268; Knapska and Kaczmarek, 2004). Others code for mem-
bers of a family of scaffolding proteins (e.g., ania, homer) 
that anchor receptors to the postsynaptic density and play a 
role in receptor trafficking, spine formation and other pro-
cesses of synaptic plasticity (homer 1a; Xiao et al., 2000; 
Thomas, 2002). These latter may be involved in abnormal 
spine formation in striatal neurons found after psycho-
stimulant treatment (Robinson and Kolb, 1997; Kolb et al., 
2003; Ferrario et al., 2005; Jedynak et al., 2007). In addition, 
psychostimulants regulate the expression of a multitude of 
other molecules in cortico-basal ganglia circuits (e.g., Berke  
et al., 1998; McClung and Nestler, 2003; Yuferov et al., 
2003; Konradi et al., 2004; Black et al., 2006). The interested 
reader is referred to several other recent reviews on this topic 
(e.g., Harlan and Garcia, 1998; Torres and Horowitz, 1999; 
Berke and Hyman, 2000; McClung et al., 2004; Yuferov  
et al., 2005; Yano and Steiner, 2007).
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Figure 29.1  Induction of c-fos by cocaine. Illustrations of film auto-
radiograms depict c-fos expression in coronal sections from rostral (top), 
middle (center) and caudal striatal levels (bottom) in rats that received a 
vehicle injection (left halfbrains) or a cocaine injection (25 mg/kg; right 
halfbrains) and were killed 30 min later (Brandon and Steiner, 2003). 
The striatum is outlined in the cocaine-treated animals. Note the con-
siderable regional differences in the c-fos response, which peaks in the 
middle-to-caudal sensorimotor striatum. Repeated psychostimulant 
treatment produces neuroadaptations in the same striatal regions/neu-
rons that show acute gene induction (see text); acute gene induction thus 
serves as a marker for striatal regions susceptible for such drug-induced 
neuroplasticity.
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II.  Gene regulation in the striatum 
occurs mostly in direct pathway 
neurons and is mediated by d1 
dopamine receptors

Chapter 27 by Keefe and Horner in this volume describes 
in great detail how the different neurotransmitter systems 
in the striatum affect gene regulation. Given the various 
neurochemical effects of psychostimulants (see Section I),  
it is not surprising that these drugs powerfully alter the 
expression of many genes. By far best-studied are psycho-
stimulant effects on the expression of IEGs and neuropep-
tides in striatal projection neurons (Harlan and Garcia, 1998; 
Torres and Horowitz, 1999; Berke and Hyman, 2000; Yano 
and Steiner, 2007). The affected IEGs include c-fos (Fig. 
29.1), fosB, zif 268 (ngfi-A, egr1) (Fig. 29.5), arc, jun-B,  
and homer 1a; neuropeptides include substance P (ppt), 
dynorphin (ppd) and enkephalin (ppe). It is worth noting 
that drug-induced regulation is typically correlated between 
different genes in a given striatal region/neuron (Steiner 
and Gerfen, 1993; Willuhn et al., 2003; Yano and Steiner, 
2005a, 2005b; Unal et al., 2009); that is, if genes respond, 
they tend to respond in a coordinated manner. This is not 
surprising as many of these genes are regulated by shared 
second messenger signaling mechanisms (see Chapter 26).

Given the differential functional roles of the two subtypes 
of striatal projection neurons, direct pathway (striatonigral) 
neurons and indirect pathway (striatopallidal) neurons (Fig. 
29.2; see Chapter 1), it was of considerable interest to deter-
mine whether psychostimulants alter gene regulation in both 
types or whether one is preferentially affected. Early clues 
were obtained from drug effects on the expression of neuro-
peptides that are differentially expressed by these neurons. 
Substance P and dynorphin are predominantly contained in 
striatonigral neurons, whereas enkephalin is predominantly 
expressed in striatopallidal neurons (see Reiner and Anderson, 
1990; Steiner and Gerfen, 1998, for reviews) (Fig. 29.2).  
Many studies showed that cocaine and amphetamine robustly 
induce expression of substance P and dynorphin (e.g., Hurd 
and Herkenham, 1992; Steiner and Gerfen, 1993; Daunais 
and McGinty, 1994; Wang et al., 1995; Drago et al., 1996; 
Adams et al., 2001; Brandon and Steiner, 2003), while 
enkephalin expression is only modestly affected by psycho-
stimulants (Steiner and Gerfen, 1993; Wang and McGinty, 
1996a; Spangler et al., 1997; Mathieu-Kia and Besson, 1998; 
Brandon and Steiner, 2003). [It is important to note that this is 
not due to inert enkephalin regulation. Enkephalin expression 
is readily induced, for example, by D2 receptor antagonists  
503 in Corticostriatal Circuits

or dopamine depletion (e.g., Young et al., 1986; Voorn  
et al., 1987; Gerfen et al., 1990; Steiner and Gerfen, 1999; see 
Steiner and Gerfen, 1998, for review).] These findings thus 
indicated that psychostimulant-induced gene regulation occurs 
preferentially (but not exclusively) in striatonigral neurons.

Double-labeling studies employing neuropeptide 
mRNAs or tract tracers as markers confirmed this dif-
ferential gene regulation also for IEGs. Cocaine and 
amphetamine were found to induce IEGs predominantly 
in striatonigral neurons (Berretta et al., 1992; Cenci et al., 
1992; Johansson et al., 1994; Kosofsky et al., 1995; Badiani 
et al., 1999). However, depending on the treatment condi-
tions (e.g., cortical activation; see Box 29.1), some IEG 
induction also occurs in striatopallidal neurons (e.g., Jaber 
et al., 1995; Badiani et al., 1999; Uslaner et al., 2001b).

The above described differential effects on striatonigral 
vs. striatopallidal neurons are also consistent with the dis-
tribution of dopamine receptor subtypes that mediate such 
gene regulation. Dopamine receptors are largely segre-
gated between the two subtypes of projection neurons (see 
Chapter 1). Striatonigral neurons predominantly contain 
D1 receptors, while striatopallidal neurons mostly express 
D2 receptors (Fig. 29.2), and only a minor portion of neu-
rons contains both receptor subtypes at comparable lev-
els (Gerfen et al., 1990; Le Moine et al., 1990; Le Moine  
et al., 1991; Curran and Watson, 1995; Hersch et al., 1995; 
Le Moine and Bloch, 1995; Surmeier et al., 1996). [Note 
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Figure 29.2  Schematic illustration of cortico-basal ganglia-thalamo-
cortical circuits. The direct and indirect pathways from the striatum to the 
basal ganglia output nuclei are highlighted. Direct pathway (striatonigral) 
neurons contain mainly D1 dopamine receptors and the neuropeptides 
substance P (SP) and dynorphin (DYN), while neurons that give rise to 
the indirect pathway (striatopallidal neurons) express mostly D2 receptors 
and the opioid peptide enkephalin (ENK), in addition to their main trans-
mitter GABA. GLU, glutamate; GPe, globus pallidus external segment; 
GPi, globus pallidus internal segment; SNr, substantia nigra pars reticu-
lata; STN, subthalamic nucleus.
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Cortical input is critical for gene regulation in striatal neu-
rons (see main text). For example, eliminating cortical input 
or blocking glutamate receptors attenuates psychostimu-
lant-induced gene regulation (e.g., Cenci and Björklund, 
1993; Torres and Rivier, 1993; Wang et al., 1994b; Vargo 
and Marshall, 1995). Importantly, such input to some degree 
also determines the relative distribution of molecular changes 
between direct and indirect pathway neurons. First, studies 
showed that stimulation (disinhibition) or lesion of the cor-
tex tend to affect gene regulation preferentially in indirect 
(striatopallidal) neurons (e.g., Uhl et al., 1988; Berretta et al., 
1997; Ferguson and Robinson, 2004), for reasons that are not 
entirely clear. Recent evidence indicates that this may be due 
to differential glutamate release from indirect vs. direct path-
way-targeting corticostriatal terminals or other differential fea-
tures between these inputs (Lei et al., 2004; see Chapter 18).

Second, as discussed in the main text, selective D1 and 
non-selective D1/D2 receptor agonists, as well as dopamine 
reuptake blockers (psychostimulants) predominantly enhance 
gene regulation in direct pathway (striatonigral) neurons (e.g., 
Robertson et al., 1990; Cenci et al., 1992; Robertson et al., 
1992; Johansson et al., 1994; Badiani et al., 1999), while 
selective D2 receptor agonists suppress gene expression in 
striatopallidal neurons (e.g., Gerfen et al., 1990; Le Moine  
et al., 1997; Pinna et al., 1997). Therefore, to what degree 
psychostimulants enhance gene expression (IEGs, enkephalin) 
also in striatopallidal neurons (see main text) seems to depend 
on the balance between (stimulatory) cortical input vs. (inhibi-
tory) D2 receptor activation in these neurons (see Fig. 29.3).

This is important because conditions that activate the cortex 
will thus tend to produce molecular changes also in the indi-
rect (striatopallidal) pathway, as shown by a recent series of 
studies. These studies demonstrated that, depending on whether 
psychostimulants were administered in a familiar environ-
ment (home cage) or an unfamiliar (novel) environment, IEG 

induction was practically restricted to striatonigral neurons or 
was also present in a portion of striatopallidal neurons, respec-
tively (Badiani et al., 1999; Uslaner et al., 2001b; Uslaner  
et al., 2003b; Ferguson and Robinson, 2004). Consistent with 
a glutamate-dopamine balance (see above), this novelty effect 
was seen with low-to-moderate, but not high, doses of psy-
chostimulants (Uslaner et al., 2003b), which presumably pro-
duced low-to-moderate stimulation of inhibitory D2 receptors. 
Besides gene regulation in striatopallidal neurons, potentiated 
gene induction was also found in the subthalamic nucleus 
under “novel” conditions (Uslaner et al., 2001b; Uslaner et al., 
2003a; Uslaner et al., 2003b), indicating that other nodes of 
the indirect pathway are also affected.

Administration of the psychostimulant in the novel envi-
ronment also produces greater IEG induction in the cor-
tex (mostly sensorimotor; e.g., Badiani et al., 1998; Uslaner  
et al., 2001a), presumably indicating enhanced cortical activ-
ity, and results in more robust behavioral activation (e.g., 
Badiani et al., 1998) than drug treatment “at home” (see 
Badiani and Robinson, 2004, for review). It is unclear whether 
the enhanced gene regulation in the basal ganglia induced by 
novelty is secondary to the enhanced behavioral activation 
(increased sensorimotor feedback to the cortex), or whether 
it reflects generally enhanced cortical activation related to 
arousal or stress, or other factors. However, recent findings 
(Yano and Steiner, 2005a; Conversi et al., 2006; Unal et al., 
2009) indicate that arousal/stress-related activities are impor-
tant determinants of psychostimulant-induced gene regulation 
in the cortex.

Together, these findings demonstrate that environmental 
(contextual) variables play an important role in psychostimu-
lant-induced neuroplasticity in cortico-basal ganglia-cortical 
circuits, especially in determining gene regulation in the indi-
rect pathway. Future studies will have to elucidate the clinical 
significance of this effect.

Box 29.1  Role of Cortical Activity in Striatal Gene Regulation – Effect of Context
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that the expression patterns in the ventral striatum are  
somewhat more complex, as some neurons also feature 
other dopamine receptors (D3) or neuropeptide combina-
tions (Curran and Watson, 1995; Le Moine and Bloch, 
1995, 1996).]

A number of studies demonstrated that IEG expression 
induced by the psychostimulants cocaine, amphetamine 
and methylphenidate is blocked by systemic (Graybiel  
et al., 1990; Young et al., 1991; Cole et al., 1992; Moratalla 
et al., 1992) or intrastriatal administration (Steiner and 
Gerfen, 1995; Yano et al., 2006) of the selective D1 recep-
tor antagonist SCH-23390. Confirming the critical impor-
tance of the D1 receptor, psychostimulant-induced IEG 
expression is also eliminated by targeted deletion of the 
D1 receptor (D1 receptor knockouts) (Drago et al., 199
Moratalla et al., 1996b; Zhang et al., 2004).

D2 receptor activation inhibits gene expression in stri
topallidal neurons (e.g., Gerfen et al., 1990; Le Moi
et al., 1997; Pinna et al., 1997). However, concurrent stim
ulation of D2 receptors together with D1 receptors poten
ates D1 receptor-mediated gene expression in striatonigr
neurons (D1–D2 receptor synergy; e.g., Paul et al., 199
LaHoste et al., 1993; Gerfen et al., 1995; Le Moine et a
1997). Similarly, a full gene response to psychostimulan
requires combined stimulation of D1 and D2 recepto
(Ruskin and Marshall, 1994). This facilitating effect of D
receptors is thought to be mediated by cholinergic interne
rons (via D2 receptor-induced inhibition of acetylcholi



Chapter | 29  Psychostimulant-Induced Gene Regulatio
release; Wang and McGinty, 1996b) and/or direct inter-
actions between striatopallidal and striatonigral neurons 
(Gerfen et al., 1995) (but see LaHoste et al., 2000).

Glutamate input is critical for most processes in stria-
tal neurons. This is also true for psychostimulant-induced 
gene regulation (for reviews, see Hyman et al., 1996; 
Wang and McGinty, 1996b). Thus, blocking glutamate 
(NMDA) receptors (e.g., Johnson et al., 1991; Torres and 
Rivier, 1993; Wang et al., 1994b, 1994a; Hanson et al., 
1995) or elimination of corticostriatal afferents (Cenci 
and Björklund, 1993; Vargo and Marshall, 1995; Ferguson 
and Robinson, 2004) attenuates psychostimulant-induced 
gene expression in striatal neurons. While these latter find-
ings clearly demonstrate an important role for cortical 
input (see Box 29.1), other evidence indicates that gluta-
mate input from the thalamus may also participate in such 
gene regulation (Giorgi et al., 2001; Bacci et al., 2004). 
One of our recent studies indicated that indeed re-entrant 
activity via the thalamus facilitates striatal gene expres-
sion induced by psychostimulants (methylphenidate; Yano  
et al., 2006).

In conclusion, the above findings show that psycho-
stimulants preferentially alter gene regulation in direct 
pathway (striatonigral) neurons, an effect that is mediated 
by D1 receptors, modulated by D2 receptors and depen-
dent on glutamate input.

III.  Neuroadaptations after 
repeated psychostimulant 
treatments

Psychostimulant exposure produces a variety of neuroadap-
tations and other neuronal changes in the basal ganglia. A 
comprehensive review of these changes is beyond the scope 
of the present chapter, and the reader is referred to several 
excellent recent reviews on this topic (e.g., Hyman and 
Nestler, 1996; Kuhar and Pilotte, 1996; Berke and Hyman, 
2000; Nestler, 2001; Kelley, 2004; Hyman, 2005). Examples 
of three types of neuroadaptations associated with altered 
gene regulation will be addressed here: (1) changes in  
neuropeptide function (dynorphin); (2) altered gene induc-
ibility; and (3) alternative splicing (deltaFosB). These neu-
roadaptations after repeated psychostimulant treatment 
occur in the same striatal regions/neurons that show acute 
gene induction (Steiner and Gerfen, 1993; Willuhn et al., 
2003; Unal et al., 2009; see following Sections); acute gene 
induction thus serves as a marker for striatal regions sus-
ceptible for such drug-induced neuroplasticity (Fig. 29.1).
505n in Corticostriatal Circuits

A.  Increased Dynorphin Expression

Increased dynorphin expression in the striatonigral path-
way is among the best-established molecular changes 
after repeated cocaine and amphetamine treatments. 
Both elevated mRNA (e.g., Hurd and Herkenham, 1992; 
Spangler et al., 1993; Steiner and Gerfen, 1993; Daunais 
and McGinty, 1994; Wang et al., 1994b; Spangler et al., 
1996; Adams et al., 2003; Willuhn et al., 2003; Horner 
et al., 2005) and peptide levels (e.g., Hanson et al., 1987; 
Li et al., 1988; Sivam, 1989; Smiley et al., 1990) after 
repeated psychostimulant treatment have been shown by 
many labs. Notably, increased dynorphin expression has 
also been demonstrated in human cocaine addicts (Hurd 
and Herkenham, 1993).

After acute cocaine and amphetamine administration, ele-
vated mRNA levels can be seen within 30 min of drug injec-
tion (Brandon and Steiner, 2003; Willuhn et al., 2003), are 
prominent at 2–3 hours (Hurd and Herkenham, 1992; Smith 
and McGinty, 1994; Wang and McGinty, 1995; Adams et al., 
2003) and have been found to last for at least 18–30 hours 
(Smith and McGinty, 1994; Wang and McGinty, 1995). 
Because of the long half-life of dynorphin mRNA, levels 
accumulate with daily repeated drug treatment. Indeed, after 
repeated treatment with the dopamine precursor l-DOPA (in 
an animal model of Parkinson’s disease), elevated dynorphin 
mRNA levels in the striatum were found to last for several 
weeks past cessation of the treatment (Andersson et al., 
2003; see Chapter 36).

What is the functional significance of increased dyn-
orphin expression in the striatum? Findings indicate that 
opioid peptides such as dynorphin act, at least in part, as 
negative feedback systems (Steiner and Gerfen, 1998) to 
limit dopamine and glutamate input to striatal neurons (see 
Box 29.2). Repeated, excessive activation of these neu-
rons by pharmacological treatments (or other experimental 
manipulations; Box 29.2) is thought to trigger compensa-
tory upregulation of opioid peptide function which acts as 
a “brake” to maintain systems homeostasis (Hyman and 
Nestler, 1996).

In the case of upregulated dynorphin function after 
repeated psychostimulant exposure, it is thus to be 
expected that during early withdrawal from drug use the 
“brake” is still on for some time due to the relatively long 
half-life of these peptides (see above). Such increased 
dynorphin signaling would thus excessively inhibit inputs 
to the striatum (Hyman and Nestler, 1996; Steiner and 
Gerfen, 1998; Shippenberg et al., 2007). There is good 
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As mentioned above, the opioid peptides dynorphin and 
enkephalin are selectively expressed by direct pathway (stri-
atonigral) and indirect pathway (striatopallidal) neurons, 
respectively (Brownstein et al., 1977; Vincent et al., 1982; 
Beckstead and Kersey, 1985; Gerfen and Young, 1988; see 
Reiner and Anderson, 1990, for review) (Fig. 29.2). A wealth 
of studies showed that repeated treatment with psychostimu-
lants (see main text), direct dopamine receptor agonists (e.g., 
Gerfen et al., 1990; Steiner and Gerfen, 1996; see Steiner 
and Gerfen, 1998, for review), or l-DOPA (e.g., Engber et al., 
1991; Andersson et al., 1999; Cenci, 2002; see Chapter 36) 
produce robust increases in dynorphin expression in striato-
nigral neurons. On the other hand, both repeated D2 receptor 
antagonist treatment or dopamine depletion result in dramati-
cally increased enkephalin expression in striatopallidal neu-
rons (see Steiner and Gerfen, 1998, for review). The increase 
in dynorphin expression is thought to be the result of repeated 
over-activation of striatonigral neurons due to excessive D1 
receptor stimulation, whereas the increase in enkephalin 
expression is related to chronic disinhibition of striatopalli-
dal neurons, due to loss of D2 receptor-mediated inhibition 
(Steiner and Gerfen, 1998).

There is good evidence to indicate that the changes in both 
dynorphin and enkephalin expression reflect neuroadaptive 
responses to maintain a “systems equilibrium”. Thus, repeated/
chronic over-activation is thought to produce a compensatory 
upregulation of these peptides in order to counteract such 
activation (act as a “brake”; Hyman and Nestler, 1996), for 
example, by inhibiting facilitatory inputs to these neurons. 
This is best established for dynorphin. There are several mech-
anisms by which dynorphin can inhibit dopamine and gluta-
mate input in the striatum (Fig. 29.3) (for reviews, see Steiner 
and Gerfen, 1998; Shippenberg et al., 2007). (1) Dynorphin 
by stimulating kappa opioid receptors on dopamine neurons 
(Meng et al., 1993; Minami et al., 1993; Mansour et al., 1994) 
inhibits striatal dopamine release (Di Chiara and Imperato, 
1988a; Spanagel et al., 1992; Marinelli et al., 1998) via at 
least two mechanisms. First, dynorphin locally released in 
the striatum (You et al., 1994a) from striatonigral neuron axon 
collaterals (Wilson and Groves, 1980), or perhaps even from 
their dendrites (Drake et al., 1994; Simmons et al., 1995), 
stimulates presynaptic kappa receptors on dopamine termi-
nals to attenuate release (e.g., Mulder et al., 1984). Second, 
dynorphin released by striatonigral neurons in the substantia 
nigra (You et al., 1994a) inhibits striatal dopamine release via 
stimulation of kappa receptors on dendrites or cell bodies of 
dopamine neurons (Reid et al., 1988). (2) Kappa receptors are 
also expressed by neurons in some cortical regions (mostly 
deep layers of secondary somatosensory and insular cortex as 
well as claustrum; Meng et al., 1993; Minami et al., 1993; 
Mansour et al., 1994). There is evidence that striatal kappa 
receptors, presumably on terminals of corticostriatal neurons, 
inhibit glutamate release (Gray et al., 1999). (3) Furthermore, 
in some striatal areas, kappa receptors on striatonigral neu-
rons (Meng et al., 1993; Minami et al., 1993; Mansour et al., 

1994) can limit effects of D1 receptor stimulation postsynapti-
cally in these neurons (Steiner and Gerfen, 1996).

One consequence of increased dynorphin/kappa recep-
tor action in the striatum is attenuation of IEG induction by 
psychostimulants (Steiner and Gerfen, 1995; see main text) 
or selective D1 receptor agonists (Steiner and Gerfen, 1996). 
Similar functional evidence exists for the role of enkephalin as 
a negative feedback mechanism to inhibit striatopallidal neu-
rons (Fig. 29.3). Using IEG markers, we showed that, similar 
to dynorphin (kappa) agonists in striatonigral neurons (Steiner 
and Gerfen, 1995), stimulation of enkephalin (mu, delta) 
receptors in the striatum inhibits IEG induction (by glutamate, 
due to blockade of inhibitory D2 receptors) in striatopallidal 
neurons (Steiner and Gerfen, 1999). In addition, there is evi-
dence for enkephalin-mediated inhibition of GABA release 
from striatopallidal terminals (Dewar et al., 1987; Maneuf 
et al., 1994). As mentioned above, enkephalin expression is 
robustly increased by experimental manipulations that dis-
inhibit these neurons (e.g., loss of D2 receptor stimulation). 
Evidence indicates that increased enkephalin function, by 
“normalizing” striatopallidal function after chronic D2 recep-
tor blockade, acts as a compensatory mechanism to allow 
some behavioral recovery (Steiner and Gerfen, 1999).

The above reviewed findings indicate that these opioid 
peptides serve as negative feedback systems to regulate the 
pathways they are contained in. [Note that this is likely not 
the only function of these peptides in the basal ganglia, as 
several other opioid effects have also been demonstrated,  
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Figure 29.3  Schematic illustration of negative feedback mecha-
nisms mediated by opioid peptides in direct and indirect pathways. 
Dynorphin (DYN) released from direct pathway (striatonigral) neu-
rons in the striatum (local axon collaterals) and in the midbrain acts on 
kappa opioid receptors to inhibit dopamine (DA) input from the sub-
stantia nigra pars compacta (SNc) and ventral tegmental area (VTA), 
as well as some glutamate (GLU) input from the cortex. Similarly, 
there is evidence that enkephalin (ENK) acting on delta and mu opioid 
receptors in the striatum inhibits excitatory responses in striatopalli-
dal neurons (exact mechanisms unclear, see text). GPe, globus pallidus 
external segment; GPi, globus pallidus internal segment; SNr, substan-
tia nigra pars reticulata.

Box 29.2  Opioid Peptides as Negative Feedback Mechanisms that Regulate Striatal Output
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including an enkephalin (delta) regulation of striatal ace-
tylcholine release (Mulder et al., 1984; Schoffelmeer et al., 
1988), as well as dynorphin (kappa) effects on substantia nigra 
output neurons (e.g., Thompson and Walker, 1990).] However, 
it is interesting to note that a number of experimental manipu-
lations that excessively activate other neuronal systems have 
also been found to produce increased opioid peptide expres-
sion in those systems. These include increased dynorphin 
expression in the spinal cord in response to nociceptive stim-
uli produced by peripheral inflammation and chronic arthri-
tis (Ruda et al., 1995); in the hypothalamus by hyperosmotic 
treatment (salt loading; e.g., Lightman and Young, 1987); as 

well as in the hippocampus by seizures, where dynorphin is 
known to have anticonvulsant activity (e.g., Simmons and 
Chavkin, 1996; Simonato and Romualdi, 1997; Loacker  
et al., 2007). Therefore, opioid peptides may represent a gen-
eral gain control mechanism that responds to perturbations of 
inputs with compensatory upregulation to maintain “healthy” 
activity levels in these neurons. Behavioral consequences  
of such gain control seem to range, for example, from  
anhedonia and depression in psychostimulant addiction  
(see main text) to pain control (analgesic effects of  
opioid receptor agonists), depending on the brain systems 
affected.
evidence to suggest that increased dynorphin function con-
tributes to somatic signs of withdrawal, such as dysphoria, 
anxiety, anhedonia and depression, after discontinuation of 
drug use (Nestler and Carlezon, 2006). These effects are 
thought to contribute to maintenance of drug use or relapse 
during abstinence (for an excellent recent review on dynor-
phin function, see Shippenberg et al., 2007).

As mentioned earlier, in contrast to cocaine and 
amphetamine, only modest or no changes in dynorphin 
expression were seen after acute (Yano and Steiner, 2005b) 
and repeated methylphenidate treatments (Brandon and 
Steiner, 2003; Adriani et al., 2006) [treatments that, how-
ever, were sufficient to produce a number of other neuro- 
adaptations (see Yano and Steiner, 2007, for review)]. 
Potential mechanisms underlying this differential effect 
and possible clinical relevance are discussed in Section V. 
Based on the above considerations, one would thus predict 
that lesser effects on dynorphin expression would indicate 
a lower addiction liability for this psychostimulant com-
pared with cocaine and amphetamine.

B.  Blunted Gene Inducibility

A second well-established molecular consequence of rep
eated psychostimulant treatment is blunting of gene induc-
ibility. That is, while genes are still induced after repeated 
drug treatment, this induction is often significantly reduced 
compared with induction by an acute drug administration. 
For example, early studies demonstrated blunted induction 
for several transcription factor IEGs (c-fos, zif 268 etc.) 
in the striatum after repeated cocaine and amphetamine 
treatment (e.g., Hope et al., 1992; Persico et al., 1993; 
Steiner and Gerfen, 1993; Daunais and McGinty, 1994; 
Hope et al., 1994; Moratalla et al., 1996a). However, fur-
ther studies showed that other genes are similarly affected, 
including, for example, the “effector” IEGs arc (Chase 
et al., 2007) and homer 1a (Unal et al., 2009), and the 
neuropeptide substance P (Steiner and Gerfen, 1993). 
Importantly, in contrast to the relative lack of effects on 
dynorphin expression (see above), repeated methylphe-
nidate treatment also produces significant blunting of 
gene induction. This has been shown, for example, for  
c-fos, zif 268, arc and substance P (Brandon and Steiner, 
2003; Chase et al., 2003; Hawken et al., 2004; Chase  
et al., 2007; Cotterly et al., 2007). On the other hand, 
homer 1a induction seems to be minimally affected by 
repeated methylphenidate treatment (Cotterly et al., 2007).

Blunting of gene inducibility is long-lasting. Thus, 
a recent study showed that even 3 weeks after a 5-day 
repeated cocaine treatment, zif 268 and homer 1a induction 
by a cocaine challenge was still markedly blunted (Unal  
et al., 2009). Consistent with a compensatory neuroadapta-
tion, the degree of blunting is directly correlated with the 
magnitude of the initial (acute) gene induction in a given 
striatal region (the greater the induction after the first 
drug administration, the more blunted the induction after 
chronic treatment; Cotterly et al., 2007; Unal et al., 2009).

Interestingly, there seems to be differential blunt-
ing in striatal patch (striosome) vs. matrix compartments 
(see Chapter 1) in some (but not other) striatal regions. 
Several studies showed that blunting is more pronounced 
in the matrix and thus results in a striosome-dominant 
gene expression pattern (Graybiel et al., 2000). The func-
tional significance of this differential effect is not known, 
but has been interpreted as indicating relatively greater 
dampening of transstriatal activity through the matrix (sen-
sorimotor activity) versus activity through the striosomes 
(projecting to the dopamine cell regions) (Graybiel et al., 
2000). This phenomenon has been associated with the 
appearance of behavioral stereotypies across various drug  
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treatments (Canales and Graybiel, 2000; Graybiel et al., 
2000; Saka et al., 2004; see below), although it is presently 
unclear whether there is a causal relationship between 
the two (Canales, 2005), or whether they represent 
epiphenomena.

Several mechanisms may contribute to blunting of gene 
induction after repeated drug treatment, some shorter- 
lasting, some long-lasting. Systems-level neuroadaptations 
as well as intracellular (epigenetic) adaptations have been 
proposed:

1.	 Given the importance of excitatory inputs for striatal 
gene regulation (see above), blunted gene induction 
may, at least in part, reflect dampened inputs from the 
cortex (and/or thalamus), perhaps involving long-term 
depression (LTD)-like synapse modifications (see 
Graybiel et al., 2000; Unal et al., 2009, for discussion).

2.	 Local striatal dynorphin levels appear to inhibit gene 
induction via direct and indirect mechanisms (dopa-
mine, glutamate release; see Box 29.2). For one, acute 
IEG induction by cocaine is negatively correlated 
with the local levels of dynorphin mRNA expres-
sion (Steiner and Gerfen, 1993) and dynorphin (kappa 
opioid) receptor mRNA and binding (Mansour et al., 
1994). Moreover, kappa receptor stimulation in the stri-
atum inhibits cocaine- and D1 receptor-mediated IEG 
expression (Steiner and Gerfen, 1995, 1996). Increased 
dynorphin levels after repeated treatments may thus 
contribute to blunting of gene induction (see Steiner 
and Gerfen, 1998, for review).

3.	 A mechanism that may best explain the endurance of 
psychostimulant effects such as blunted gene induc-
tion is epigenetic modification of gene regulation (e.g., 
Renthal et al., 2008; see Renthal and Nestler, 2008, for 
review). This includes chromatin remodeling, involv-
ing mechanisms such as histone acetylation and phos-
phorylation. These mechanisms are reviewed in detail 
in Chapter 30.

The exact consequences of blunted gene induction for 
basal ganglia function are presently unknown. However, 
the functional integrity of neurons depends on balanced 
regulation of gene expression as most cellular components 
have limited half-lives and need to be replenished. It is 
assumed that disruption of such homeostatic regulation by 
psychostimulants results in deficient neuronal function that 
contributes to behavioral manifestations of psychostimu-
lant addiction (e.g., Hyman and Nestler, 1996; Nestler, 
2001) (see also Section V).
C.  Alternative Splicing: Accumulation of 
deltaFosB

Another often described molecular change induced by psy-
chostimulants is accumulation of the transcription factor 
deltaFosB in striatonigral neurons (McClung et al., 2004). 
DeltaFosB is a truncated isoform of FosB (member of AP-1  
family of transcription factors), which is produced by alter-
native splicing (Nakabeppu and Nathans, 1991). This trun-
cation renders this molecule highly stable. Therefore, with 
daily repeated drug treatments, deltaFosB accumulates in 
cells and displaces other members of the AP-1 family from 
the AP-1 transcriptional complex, thus altering the function 
of this complex (Nakabeppu and Nathans, 1991; McClung 
et al., 2004).

Psychostimulant-induced deltaFosB accumulation 
occurs in striatonigral neurons and is well-established for 
repeated cocaine and amphetamine treatments (Hope et al.,  
1994; Nye et al., 1995; Chen et al., 1997; Renthal et al., 
2008). There is also evidence for increased deltaFosB lev-
els in the striatum after repeated methylphenidate treat-
ment (Chase et al., 2005a, 2005b). However, deltaFosB is 
not only induced by psychostimulants, but appears to be 
produced by many manipulations that involve excessive 
neuronal activation (McClung et al., 2004). In the basal 
ganglia, deltaFosB was first described after dopamine 
depletion (in disinhibited striatopallidal neurons) (Jian  
et al., 1993; Doucet et al., 1996). Similarly, deltaFosB 
accumulates in striatopallidal neurons during chronic 
treatment with antipsychotic drugs (D2 receptor blockers) 
(Hiroi and Graybiel, 1996; Atkins et al., 1999). Moreover, 
repeated l-DOPA treatment produces massive deltaFosB 
accumulation mostly in striatonigral neurons (Andersson 
et al., 1999; Andersson et al., 2003; see Chapter 36). 
Therefore, deltaFosB accumulation occurs in the same 
neurons that show other changes in gene regulation after 
repeated drug treatments.

Findings indicate that many genes are affected by 
this transcription factor (those with AP-1 and CRE bind-
ing sites in their promoter); some are activated, some are 
repressed, depending in part also on the length of the drug 
treatment (McClung and Nestler, 2003; McClung et al., 
2004). One example is the dynorphin gene, which seems 
to be upregulated by deltaFosB action (Andersson et al., 
1999; but see McClung et al., 2004).

What are the behavioral consequences of deltaFosB accu-
mulation? One approach used to investigate the function of 
such transcription factors and their targets is overexpression 
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(or silencing) of their genes with transgenic techniques (e.g., 
McClung and Nestler, 2003; McClung et al., 2004). While 
this is a successful approach to assess their molecular actions, 
it has been pointed out that, as these processes are tightly 
regulated by negative feedback mechanisms, it is sometimes 
difficult to differentiate between direct cellular effects of the 
transgenic manipulation and indirect, compensatory effects 
that occur as a response to the abnormal, prolonged pertur-
bation of the normal expression of these genes (McClung  
et al., 2004). This caveat is even more important for the inter-
pretation of behavioral effects of transgenic manipulations, 
as behavior is likely also affected by further compensatory 
adaptations at the systems level.

Reported behavioral consequences of upregulated del-
taFosB function in the basal ganglia range from changes 
in the “behavioral sensitivity” to drugs in the case of psy-
chostimulants (e.g., locomotor activation; McClung et al., 
2004), to tardive dyskinesia after antipsychotic treatment 
(Atkins et al., 1999), to dyskinetic behavior in the case of 
l-DOPA (Andersson et al., 1999; Cenci, 2002; see Chapter 
36), depending on which neurons and cortico-basal ganglia 
circuits are affected by these treatments.

IV. Topography of 
psychostimulant-induced gene 
regulation: sensorimotor 
corticostriatal circuits are mostly 
affected

As mentioned above, the behavioral consequences of psy-
chostimulant-induced molecular changes depend on the 
particular circuits altered by these drugs. Which corticos-
triatal circuits are affected? From the very first studies that 
assessed the distribution of psychostimulant-induced gene 
regulation in the striatum, it was clear that these effects 
differ dramatically between different striatal regions. This 
is true for cocaine (Fig. 29.1) (e.g., Moratalla et al., 1992; 
Steiner and Gerfen, 1993; Adams et al., 2001; Willuhn  
et al., 2003), amphetamine (Moratalla et al., 1992; Badiani 
et al., 1998; Adams et al., 2001; Uslaner et al., 2001a) as 
well as methylphenidate (Fig. 29.5) (Yano and Steiner, 
2005a, 2005b; Cotterly et al., 2007).

A.  Mapping of Striatal Gene Regulation

In a series of studies, we investigated the corticostriatal  
circuits/functional domains affected by cocaine and methyl- 
phenidate. These studies employed a novel mapping 
approach with striatal sampling areas (sectors) that are 
based on their predominant cortical inputs (see Box 29.3). 
Using this approach, we showed that cocaine (Willuhn  
et al., 2003; Unal et al., 2009) and methylphenidate (Yano 
and Steiner, 2005a, 2005b; Cotterly et al., 2007) affect very 
similar corticostriatal circuits. Moreover, as mentioned 
above, changes in gene regulation after acute and repeated 
psychostimulant treatment show a similar regional distribu-
tion. Such regionally correlated effects were demonstrated 
for acute IEG induction vs. increased dynorphin expres-
sion or blunted gene induction after repeated treatments 
(Brandon and Steiner, 2003; Willuhn et al., 2003; Cotterly 
et al., 2007; Unal et al., 2009).

Based on our studies (Steiner and Gerfen, 1993; 
Willuhn et al., 2003; Yano and Steiner, 2005a, 2005b; 
Cotterly et al., 2007; Unal et al., 2009), the regional distri-
bution of such gene regulation is summarized as follows:

1.	 Both cocaine (Fig. 29.1) and methylphenidate (Fig. 
29.5) produce the most robust changes in gene regu-
lation in sensorimotor sectors of the middle and cau-
dal striatum (e.g., Steiner and Gerfen, 1993; Willuhn  
et al., 2003; Yano and Steiner, 2005a, 2005b; Unal et al.,  
2009). A similar regional distribution has also been 
shown for amphetamine (e.g., Badiani et al., 1998).

2.	 In the sensorimotor striatum, maximal changes are 
present in the dorsal sectors (approximately the dorsal 
one-third). These sectors are unique in that they receive 
the densest input from the medial agranular cortex  
(M2, Fig. 29.4) (Reep et al., 1987; Berendse et al., 1992; 
Cowan and Wilson, 1994; Kincaid and Wilson, 1996; 
Reep et al., 2003), in addition to convergent inputs from 
the somatosensory (or visual) and primary motor cor-
tex (e.g., Reep et al., 1987; McGeorge and Faull, 1989; 
Brown and Sharp, 1995; Alloway et al., 1999; Reep  
et al., 2003). Surrounding sectors that are, to some 
lesser extent, also targets of medial agranular projec-
tions (Reep et al., 1987; Berendse et al., 1992; Kincaid 
and Wilson, 1996; Zheng and Wilson, 2002; Reep 
et al., 2003), also consistently show changes in gene 
expression. The medial agranular cortex in the rat has 
mixed prefrontal/premotor features [e.g., connections 
with the mediodorsal as well as the ventral lateral and 
ventromedial thalamic nuclei; neurons that project to 
brain stem and spinal cord (Donoghue and Wise, 1982; 
Reep et al., 1987; Passingham et al., 1988; Berendse  
et al., 1992; Cowan and Wilson, 1994; Reep et al., 
2003; see also Preuss, 1995; Uylings et al., 2003)], and  
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Box 29.3  Mapping of Affected Functional Domains in the Striatum

In a recent series of studies, we mapped the topogra-
phy of gene regulation induced by acute and repeated 
treatments with cocaine (Willuhn et al., 2003; Willuhn 
and Steiner, 2006; Unal et al., 2009) and methylpheni-
date (Yano and Steiner, 2005a, 2005b; Yano et al., 2006; 
Cotterly et al., 2007) in the rat striatum (results described 
in the main text). In order to determine the corticostriatal 
circuits altered by these psychostimulants, we developed 
a mapping approach that uses striatal sampling areas (sec-
tors) that are mostly defined by their predominant cortical 
inputs (Fig. 29.4), based on an extensive literature of tract-
tracing and functional mapping studies (see Willuhn et al., 
2003). Thus, gene expression was measured in a total of 23 
striatal sectors, 18 representing the caudate-putamen and 
5 the nucleus accumbens (Fig. 29.4), in coronal sections 
from three standard rostrocaudal levels, rostral (at a mid-
nucleus accumbens level), middle and caudal (at the level 
of the rostral globus pallidus).

While this dissection of the striatum into sectors with 
designated cortical input regions does reflect the general 
topographical organization of the corticostriatal projections 
(e.g., Webster, 1961; McGeorge and Faull, 1989; Berendse 
et al., 1992), these maps (Fig. 29.4) represent a gross  

oversimplification of cortical inputs. For one, in order to 
facilitate reliable sampling, we designed simple sectors of a 
certain minimal size. Their outlines are sometimes adapted 
from published schematic illustrations of principal terminal 
fields (e.g., “the most densely labeled regions”; Berendse 
et al., 1992); however, the borders of these sectors are also 
to a variable degree arbitrary and do not describe exact 
or exclusive target areas of the connections shown (Fig. 
29.4). Other cortical inputs are neglected altogether, for 
example, minor inputs from the visual and auditory cortex 
to dorsal/medial striatal sectors on these levels (Webster, 
1961; Donoghue and Herkenham, 1986; Faull et al., 1986; 
McGeorge and Faull, 1989), and inputs from piriform and 
entorhinal cortex to ventral and medial striatal areas (e.g., 
McGeorge and Faull, 1989; Brog et al., 1993). Furthermore, 
while some corticostriatal neurons have relatively restricted 
terminal fields in specific striatal regions, other types have 
fairly widespread (but less dense) projections (e.g., Cowan 
and Wilson, 1994; Kincaid and Wilson, 1996; Wright  
et al., 1999; see for example Chapters 1 and 20). The cho-
sen rostrocaudal levels appear to be far enough apart to 
separate major corticostriatal inputs, but many striatal sec-
tors receive convergent inputs from functionally related 
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cortical areas distributed over a considerable rostrocaudal 
extent (e.g., McGeorge and Faull, 1989) and some overlap 
is thus likely still present [for simplicity, the arrows in these 
schemes (Fig. 29.4) often only connect cortical and striatal 
areas within a given rostrocaudal level].

In the face of the above limitations, how reliable do these 
sectors reflect their denoted cortical inputs? Psychostimulants 
also produce robust IEG induction in the cortex (Fig. 29.5) 
(e.g., Dilts et al., 1993; Johansson et al., 1994; Badiani  
et al., 1998; Yano and Steiner, 2005a). In order to function-
ally validate the above striatal dissection, we measured IEG 
induction by acute methylphenidate administration in 22 cor-
tical areas on four rostrocaudal levels (frontal, rostral, middle, 
caudal; Fig. 29.4) and correlated the changes in these corti-
cal areas with those in their designated striatal target sectors 
(areas connected by arrows in Fig. 29.4). Notably, dopamine 

agonists and psychostimulants increase gene expression 
across the whole cortical column (e.g., Steiner and Gerfen, 
1994; LaHoste et al., 1996; Steiner and Kitai, 2000; Yano and 
Steiner, 2005a; Unal et al., 2009). Cortical gene expression 
was thus measured and averaged across all layers.

Our results show that the increases in IEG expression in 
our striatal sectors were indeed positively correlated with the 
increases in their designated cortical input regions (Fig. 29.4) 
(Yano and Steiner, 2005a; Cotterly et al., 2007). Similarly, 
methylphenidate-induced increases in substance P expres-
sion in these striatal sectors were positively correlated with 
IEG induction in the cortical input regions (Yano and Steiner, 
2005a). These findings indicate that psychostimulant-induced 
gene regulation in cortical and striatal nodes of corticostriatal 
circuits is coordinated. Moreover, these results provide a func-
tional validation of our dissection of the striatum.
can thus be considered a prefrontal/motor interface. Our 
findings thus indicate that sensorimotor corticostriatal 
circuits under the influence of medial agranular (pre-
motor) input are particularly prone to psychostimulant-
induced neuroplasticity.

3.	 Consistently also affected, albeit to a lesser degree, 
were medial and rostral striatal sectors (“associational” 
sectors). These receive inputs from several prefrontal 
regions including the cingulate, prelimbic and orbital 
cortex and others (e.g., Berendse et al., 1992; see also 
Chapter 20).

4.	 Generally, small or no changes in gene regulation were 
seen in ventral striatal sectors that receive inputs mostly 
from the dorsal agranular insular cortex (e.g., Berendse 
et al., 1992), on all three rostrocaudal levels.

5.	 Well-appreciated are psychostimulant-induced molecu-
lar changes in the nucleus accumbens (e.g., Graybiel 
et al., 1990; Hope et al., 1992; Hope et al., 1994; for 
reviews, see Berke and Hyman, 2000; Nestler, 2001; 
Chapter 33), as these may result in altered motivational 
(reward) processes (Pierce and Kalivas, 1997). Such 
changes are likely of special importance for the initial 
stages of addiction (see Chapter 33), but probably also 
contribute to later events such as relapse to drug taking 
after abstinence (e.g., Conrad et al., 2008). However, 
while we consistently also observed gene regulation 
effects of cocaine (Willuhn et al., 2003; Unal et al., 
2009) and methylphenidate (Brandon and Steiner, 2003; 
Yano and Steiner, 2005a, 2005b; Cotterly et al., 2007) 
in the nucleus accumbens, these effects were typically 
very modest compared with those in the sensorimotor 
striatum. Interestingly, the most robust effects were con-
sistently seen in the lateral part of the shell (Fig. 29.5) 
(Brandon and Steiner, 2003; Yano and Steiner, 2005a, 
2005b; Cotterly et al., 2007; Unal et al., 2009), which 
also receives medial agranular input (Reep et al., 1987), 
in addition to inputs from the ventral agranular insular 
cortex (Berendse et al., 1992) and other limbic areas 
(e.g., McGeorge and Faull, 1989; Brog et al., 1993; 
Wright and Groenewegen, 1996). The functional signifi-
cance of these lateral shell effects is currently unknown, 
but it is of interest to note that the insular cortex, one of 
the input regions of that part of the nucleus accumbens, 
is associated with craving in drug addiction (Naqvi et al., 
2007), which often drives relapse.

While, as noted above, effects of cocaine and methyl-
phenidate overall displayed a similar topography, some dif-
ferences in their rostrocaudal distribution were observed. 
Cocaine effects (Fig. 29.1) peak in the middle-to-caudal 
(postcommissural) striatum (Willuhn et al., 2003; Unal  
et al., 2009), corresponding to the putamen, while those 
of methylphenidate (Fig. 29.5) tend to peak further ros-
trally (Yano and Steiner, 2005a, 2005b; Cotterly et al., 
2007). Methylphenidate effects also tended to spread more 
into rostral and medial cortical areas (Fig. 29.5; Yano and 
Steiner, 2005a; Cotterly et al., 2007) than those of cocaine 
(Unal et al., 2009).

The bases for these marked differential effects between 
striatal regions, or the more subtle differences between 
cocaine and methylphenidate, are unclear. The latter are 
likely related to the differential neurochemical effects 
of these psychostimulants (see Yano and Steiner, 2007). 
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Regarding the regional differences, given the importance 
of cortical (or thalamic) inputs for such gene regulation 
(see Box 29.1), it can be speculated that activity levels or 
patterns differ between different corticostriatal (or thala-
mostriatal) projections (see also following section). In 
addition, a number of local striatal factors likely also play 
a role. For example, as discussed above, local dynorphin 
action regulates such striatal responses. Moreover, stria-
tal areas with moderate to low gene responses also dis-
play high levels of D3 receptor expression. D3 receptors 
are partly co-expressed with D1 receptors in direct path-
way neurons (Le Moine and Bloch, 1996; Schwartz et al., 
1998), but have opposite effects on second messenger sig-
naling (Zhang et al., 2004), and thus dampen gene regula-
tion effects of D1 receptor stimulation (Carta et al., 2000; 
Zhang et al., 2004). Future studies will have to elucidate 
the different mechanisms that govern such molecular 
effects – and thus the potential for neuroplasticity – in the 
different parts of the striatum.
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B.  Relationship Between Cortical and 
Striatal Gene Regulation

Psychostimulants induce gene (IEG) expression also in the 
cortex (Fig. 29.5) (e.g., Graybiel et al., 1990; Dilts et al., 
1993; Johansson et al., 1994; Steiner and Gerfen, 1994; 
Curran et al., 1996; Badiani et al., 1998; Yano and Steiner, 
2005a; Unal et al., 2009). This IEG response presumably 
reflects increased synaptic activity (Chaudhuri, 1997), as it 
is at least in part the result of altered basal ganglia output 
(see Steiner, 2007, for review). For example, studies using 
striatal dopamine receptor antagonism showed that such 
cortical IEG induction is dependent on psychostimulant-
mediated activation of the D1 receptor-regulated direct 
striatal output pathway and resulting facilitation of corti-
cal activation (Steiner and Kitai, 2000; Yano et al., 2006; 
Gross and Marshall, 2009).

In order to determine whether or not cortical and striatal 
gene regulation is related (and to functionally validate our 
striatal dissection), we measured psychostimulant-induced 
IEG expression throughout the major functional subdivi-
sions of the cortex (22 areas on four rostrocaudal levels; 
Fig. 29.4) and compared the effects in these cortical regions 
with those in their striatal target sectors (see Box 29.3). 
Our findings demonstrate that IEG induction (zif 268, 
homer 1a) by acute methylphenidate was indeed positively  
correlated between cortical areas and their striatal target 
sectors (Fig. 29.4; Yano and Steiner, 2005a; Cotterly et al.,  
2007). Moreover, IEG induction in these cortical areas was 
also correlated with increases in substance P and dynor-
phin expression (direct pathway), but not with enkepha-
lin expression (indirect pathway), in their striatal target 
sectors (Yano and Steiner, 2005a). Interestingly, no cor-
relation between cortical and striatal gene induction was 
found after repeated methylphenidate treatment (Cotterly  
et al., 2007).

These findings demonstrate that:

1.	 Acute psychostimulants alter gene regulation in specific 
corticostriatal circuits; molecular changes in cortical 
areas and their striatal target sectors are coordinated.

2.	 Despite the fact that (some) corticostriatal projections 
are fairly widespread (see Box 29.3), these results indi-
cate that corticostriatal projections do respect general 
functional domains (e.g., sensorimotor), as delineated 
by the early tract-tracing studies (see Box 29.3).

3.	 Repeated psychostimulant treatments appear to disrupt 
such coordinated cellular responses between the cortex 
and the striatum (Cotterly et al., 2007). It remains to be 
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seen whether this latter dysregulation reflects a dissoci-
ation of neuronal activity and/or of molecular responses 
between cortical and striatal nodes of corticostriatal cir-
cuits (see Cotterly et al., 2007, for discussion). Future 
studies will have to determine the functional signifi-
cance of this corticostriatal dysregulation after repeated 
psychostimulant treatment.

V.  Functional consequences 
of psychostimulant-induced 
molecular changes in the striatum

What are the behavioral consequences of psychostimulant-
induced molecular changes in corticostriatal circuits? It is 
now accepted that cellular and molecular changes in these 
circuits are critical for psychostimulant addiction. The var-
ious brain functions and dysfunctions involved in addic-
tion (e.g., reward processes, habit formation, compulsion) 
all depend on specific trans-striatal circuits. How are the 
psychostimulant-induced molecular changes in these cir-
cuits related to addiction? Psychostimulant effects on moti-
vational (reward) processes are addressed in Chapter 33, 
as are effects on habit formation. The following sections 
present two examples of behavioral changes that are most 
clearly linked to neuronal changes in the sensorimotor stri-
atal circuits that display the most robust gene regulation 
effects. These are, first, behavioral stereotypies, a long-
known consequence of such drug treatments, which may 
be related to compulsions, and second, altered procedural 
learning, an effect that has received more recent attention 
because of its potential relevance for habit formation in 
drug addiction (see Chapter 33). The last section presents, 
as an example for possible clinical relevance, implications 
on the addiction liability of certain prescription medica-
tions, based on their effects on gene regulation.

A.  Behavioral Stereotypies

The most obvious behavioral changes associated with the 
changes in striatal gene regulation after repeated cocaine 
(Unal et al., 2009) and methylphenidate treatment (Cotterly 
et al., 2007) that we observed were increased behavioral 
“stereotypies”. In rodents, the best-established behavioral 
effects of repeated dopamine agonist or psychostimulant 
treatments include increased locomotor activity and, espe-
cially with higher doses, appearance of highly repetitive 
behaviors, termed behavioral stereotypies (e.g., Ellinwood 
and Balster, 1974; Kalivas and Stewart, 1991; Kuczenski 
and Segal, 1999). Stereotypies denotes compulsive rep-
etition of specific behavioral elements without appar-
ent purpose. In our studies (Cotterly et al., 2007; Unal  
et al., 2009), the stereotypies mostly involved episodes of 
focused, repetitive whisking/sniffing combined with head 
movements (head bobbing), interspersed with stereotypi-
cal locomotion patterns (ambulation along the wall of the 
activity chamber without interruption for extended peri-
ods of time). [Increased locomotor counts after repeated 
psychostimulant treatments are most often described as 
“behavioral sensitization”. However, as the emitted loco-
motor patterns are different from normal locomotion (i.e., 
more repetitive, “stereotypical”), they are perhaps better 
understood, functionally, as another form of stereotypies.]

Several lines of evidence have implicated sensorimo-
tor striatal circuits in behavioral stereotypies. For one, 
previous work demonstrated that the mid- to caudal sen-
sorimotor regions of the striatum that showed the pro-
nounced changes in gene regulation in our studies (see 
above) display neck/trunk, limb, and whisker-related neu-
ronal activities (e.g., West et al., 1990; Carelli and West, 
1991; Brown, 1992; Brown and Sharp, 1995; Brown et al., 
1998). Moreover, it has also been shown that such striatal 
responses correlate with psychostimulant-induced focused 
stereotypies (e.g., Rebec et al., 1997; White et al., 1998). 
While it is likely that multiple brain areas are involved in 
the generation/execution of such stereotypical behaviors, a 
critical role for basal ganglia systems is demonstrated by 
the finding that stereotypies can be induced or inhibited by 
drugs locally administered into basal ganglia nuclei (e.g., 
Newman et al., 1997; Canales et al., 2000; Steiner and 
Kitai, 2000).

Molecular changes in sensorimotor striatal regions have 
been directly related to such behavioral deficits. Thus, as 
mentioned above, a strong association between behav-
ioral stereotypies and blunting of gene induction prefer-
entially in the matrix has been demonstrated (Canales and 
Graybiel, 2000; Graybiel et al., 2000; Saka et al., 2004). 
This has been taken to indicate that “dampened” sensori- 
motor corticostriatal activity and/or striatal output through 
the matrix after repeated psychostimulant treatments (see 
Graybiel et al., 2000; Cotterly et al., 2007, for discussion) 
might underlie this behavioral dysfunction.

What basal ganglia dysfunction do behavioral stereo-
typies reflect? Cortico-basal ganglia-cortical loops play 
a critical role in selection and switching of motor actions 
(and thoughts) (e.g., Mink, 1996; Redgrave et al., 1999; see 
Chapter 31), and behavioral stereotypies can be interpreted 
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as a switching dysfunction (Redgrave and Gurney, 2006).  
It has also been noted that such stereotypies share both phe-
nomenological characteristics and neuronal substrates with 
motor compulsions in humans (Graybiel and Rauch, 2000). 
If not mechanistically related to compulsions, stereotypies 
may thus reflect similar basal ganglia output deficiencies. 
Future studies will have to clarify the exact relationship 
between psychostimulant-induced stereotypies and compul-
sive behavior and their underlying neuronal dysfunctions.

B.  Effects of Psychostimulants on Procedural 
Learning – Role in Addiction?

Recent interest in psychostimulant-induced molecular 
changes in the striatum was sparked by the proposal that 
addiction to psychostimulants, which entails habitual or 
compulsive drug taking, may involve aberrant procedural 
(habit) learning, as a consequence of excessive dopamine 
receptor stimulation and ensuing molecular adaptations 
in sensorimotor striatal neurons (White, 1996; Robbins 
and Everitt, 1999; Berke and Hyman, 2000; Everitt et al., 
2001) (see Chapter 33). This notion is based in part on the 
finding that psychostimulants often affect the same molec-
ular mechanisms that are known to mediate learning and 
memory (Berke and Hyman, 2000; Nestler, 2001; Kelley, 
2004). For example, IEGs such as c-fos and zif 268 are 
also involved in processes of learning and memory con-
solidation (e.g., Stork and Welzl, 1999; Davis et al., 2003; 
Kelley, 2004; Izquierdo et al., 2006), while synaptic scaf-
folding proteins such as homer are thought to directly reg-
ulate synaptic efficacy (Xiao et al., 2000; Thomas, 2002), 
presumably a mechanism of long-term memory formation.

The sensorimotor striatum has long been implicated in 
procedural learning, including habit (stimulus-response,  
S-R) learning and motor-skill learning (e.g., Mishkin et al., 
1984; Graybiel, 1995; Knowlton et al., 1996; Packard and 
Knowlton, 2002; see Chapter 32). For example, lesions or 
transient inactivation of the sensorimotor striatum have 
been shown to disrupt instrumental learning in maze and 
lever-press tasks (e.g., Packard and McGaugh, 1992; Yin 
et al., 2004; Featherstone and McDonald, 2005). Similarly, 
motor-skill learning, another form of procedural learning 
(Squire, 1987), is also dependent on normal function of the 
sensorimotor striatum (e.g., Ogura et al., 2005; Akita et al., 
2006; Dang et al., 2006). The cellular and molecular pro-
cesses underlying such learning, however, remain poorly 
understood. Evidence indicates that striatal dopamine regu-
lates such processes. Thus, dopamine receptor agonists 
infused into the striatum modified procedural maze learning 
(Packard and White, 1991; Packard et al., 1994). Conversely, 
moderate striatal dopamine depletion impaired skill learning 
in a rotarod task (Ogura et al., 2005; Akita et al., 2006).

What molecular mechanisms in the striatum mediate pro-
cedural learning and where do they occur? How are these 
molecular processes affected by psychostimulants? We have 
recently used the IEGs c-fos and homer 1a as markers to map 
motor-skill learning-associated molecular changes throughout 
the striatum, and we determined their modification by cocaine 
(Willuhn et al., 2003; Willuhn and Steiner, 2005, 2006). 
In these studies, we employed a novel motor-skill learning 
paradigm in which rats learn to run on a running wheel, a 
motor skill that they acquire within 1–2 trials and that lasts 
for weeks to months (Willuhn and Steiner, 2006, 2008; see 
Box 29.4). Our results show that this wheel-skill learning is 
associated with transiently increased gene expression (IEGs, 
substance P) in parts of the sensorimotor striatum, and that 
this gene regulation is abnormally enhanced when rats train 
under the influence of cocaine (Willuhn et al., 2003; Willuhn 
and Steiner, 2005, 2006). Further studies showed that, consis-
tent with the known mechanisms of procedural learning and 
psychostimulant-induced gene regulation (see above), both 
wheel-skill learning (Fig. 29.6) and associated molecular 
changes are mediated by dopamine tone at the D1 receptor 
in the striatum and are modified by cocaine (see Box 29.4). 
Especially, long-term consolidation of this skill memory 
was critically dependent on D1 receptor-mediated processes 
(Willuhn and Steiner, 2008). Furthermore, as is the case for 
other memory consolidation (cf. Willuhn and Steiner, 2009), 
our findings also showed that post-training processes in the 
striatum are necessary for such skill-memory consolidation to 
occur, and that these processes are also regulated by cocaine 
(Willuhn and Steiner, 2009). Taken together, these findings 
indicate that, similar to other forms of learning and memory 
formation (Stork and Welzl, 1999; Izquierdo et al., 2006), 
such procedural learning involves altered gene expression, 
probably for synapse modification or other cellular plasticity 
in the sensorimotor striatum, and that this gene regulation is 
mediated by dopamine (D1 receptor) and can thus be modi-
fied by psychostimulants.

In summary, our findings indicate that the effects of 
psychostimulants such as cocaine on procedural learning 
are complex, as they interfere with multiple processes of 
learning and memory consolidation. Future studies will 
have to elucidate if and how such mechanisms of motor 
learning contribute to the progression from casual to habit-
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It has been proposed that psychostimulant-induced “aber-
rant” procedural learning plays a role in psychostimulant 
addiction (see main text). We have investigated how psy-
chostimulants (cocaine) affect processes of procedural 
learning in a striatum-dependent learning paradigm –  
wheel-skill learning in rats – which offers a number of 
advantages for investigation of drug effects on procedural 
learning (see below).

What is learned in this task? Naïve rats are unable to run 
on a running wheel with an appropriate speed such as to 
remain at the bottom of the wheel; running thus causes 
the wheel to swing (Fig. 29.6). During training rats learn to 
control/balance the wheel in order to avoid such swinging 
(wheel skill) (Willuhn and Steiner, 2006, 2008). As is typical 

for skill learning (cf., Willuhn and Steiner, 2008), this motor 
skill is acquired fast; even 1–2 training sessions are sufficient 
to produce long-term skill memory that lasts for weeks to 
months (Fig. 29.6; Willuhn and Steiner, 2008, 2009). In this 
task, the effects of drugs (given before, during or after the 
training) on learning are assessed by comparing the motor 
response after the training with the pre-training response.

Advantages of this task over other paradigms used to inves-
tigate processes of procedural learning include the following. 
First, in contrast to other learning tasks, wheel-skill learn-
ing is not dependent on motivational manipulations such as 
food deprivation (e.g., used in instrumental learning), elec-
tric shocks (e.g., in avoidance learning), or forced locomo-
tion (e.g., skill learning on rotarod), because rats voluntarily 
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Figure 29.6  Motor-skill learning in a running-wheel paradigm. A, Video stills show a rat committing a running error (left) and a rat running at 
the bottom of the wheel after some training (right). Running errors are measured by counting the number of interruptions by the rat’s body of an 
imaginary horizontal plane at one third of the wheel diameter above the bottom (arrow; see Willuhn and Steiner, 2008, for details). B, The wheel 
skill is long-lasting. The number (mean  SEM) of running errors (in percent of pretraining values) is depicted for rats tested before (pre) and 
repeatedly after (post) a 2-day training (60-min sessions). The rats were retrained on days 130 and 131 after the initial training. C, Effects of sys-
temic blockade of D1 receptors with cocaine (bottom) or without cocaine (top) during a 2-day training on running-wheel learning. Rats received 
a systemic injection of vehicle (SCH0), 3 g/kg (SCH3) or 10 g/kg (SCH10) of the D1 receptor antagonist SCH-23390 either alone or followed 
by an injection of cocaine (25 mg/kg) before each 40-min training session and were tested on days 1, 6, 18 and 26 after the training. D, Effects 
of intrastriatal blockade of D1 receptors plus systemic cocaine during the training on running-wheel learning. Rats received an intrastriatal (is) 
infusion of the D1 receptor antagonist SCH-23390 (0, 0.3 or 1 g) followed by cocaine (25 mg/kg) before each training session and were tested 
on days 1, 13 and 27 after the training. The p values for the overall training effect (Friedman test) in individual groups is also shown **P  0.01, 
*P  0.05 vs. pretraining values. Modified from Willuhn and Steiner, 2008.

Box 29.4  Effects of Cocaine on Procedural Learning in a Motor-Skill Paradigm
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run on wheels (Sherwin, 1998). This minimizes potential con-
founds by factors such as stress. Second, as mentioned above, 
long training periods are unnecessary for robust motor memory 
formation (Fig. 29.6). This facilitates dissociation of molecular 
changes related to learning from those produced by repeated 
drug exposure (during the training). Third, the motor response 
after the training can be assessed in a drug-free state, thus 
avoiding potential confounds by acute drug effects on behavior.

Using this task, we found that this wheel-skill learning is asso-
ciated with gene regulation predominantly in parts of the senso-
rimotor striatum that display neuronal responses during body/leg 
movements (see main text). The affected genes included c-fos, 
zif 268, homer 1a and substance P, but not dynorphin and 
enkephalin (Willuhn et al., 2003; Willuhn and Steiner, 2005, 
2006). “Basal” expression of some of these genes was transiently 
increased (for at least 24 h) after the training. Moreover, these 
learning-related molecular changes were abnormally enhanced 
when the wheel-skill training occurred under the influence of 
cocaine (Willuhn et al., 2003; Willuhn and Steiner, 2005, 2006). 
Thus, one day after training under the influence of cocaine, 
gene induction by a cocaine challenge was greatly potentiated, 
as compared to cocaine-treated, untrained controls (Willuhn 
et al., 2003; Willuhn and Steiner, 2005, 2006). This differential 
gene response was maximal at the beginning of the training and 
disappeared by day 8 of the training; it was thus associated with 
the learning phase (see above) and not with running (exercis-
ing) per se (Willuhn and Steiner, 2005, 2006). Besides enhanc-
ing learning-related gene regulation in specific striatal regions, 
cocaine also produced a more widespread distribution of such 
learning-associated molecular changes (Willuhn and Steiner, 
2005, 2006). Together, these findings indicate that such proce-
dural learning involves gene regulation in striatal neurons simi-
lar to learning-related gene regulation in other brain systems 
(e.g., Stork and Welzl, 1999; Izquierdo et al., 2006), and that 
cocaine enhances such gene regulation, but also abnormally 
widens it. These findings are consistent with the notion that psy-
chostimulants modify processes of procedural learning to pro-
duce aberrant learning (see Chapter 33).

What cellular mechanisms are affected? In a series of follow- 
up studies, we investigated the processes that mediate this 
form of procedural learning. Our findings are summarized as 
follows: (1) This skill learning is dependent on optimal stimu-
lation of D1 receptors (inverted U function) (Fig. 29.6). Thus, 
either decreasing dopamine tone at the D1 receptor (by low 
doses of the D1 receptor antagonist SCH-23390, which did 
not inhibit the amount of running), or abnormally increas-
ing dopamine tone (by cocaine) during the training tended 
to impair wheel-skill learning (Willuhn and Steiner, 2008). 
In contrast, combining cocaine and a low dose of the D1 
receptor antagonist restored normal learning of this skill. 
(2) Intrastriatal administration of the D1 receptor antagonist 
blocked long-term skill-memory consolidation (Fig. 29.6; 
Willuhn and Steiner, 2008), as well as the associated gene 
regulation (see above), demonstrating the critical role for D1 
receptor-mediated molecular changes in the striatum in cel-
lular plasticity subserving long-term consolidation. (3) Further 
studies showed that not only neuronal activity during the 
training, but also post-training processing in the sensorimotor 
striatum is critical for skill-memory formation. Consolidation 
of long-term memory was also blocked by post-trial intras-
triatal interference (lidocaine infusion) (Willuhn and Steiner, 
2009). (4) Interestingly, cocaine prevented this post-trial 
disruption of consolidation (i.e., stabilized consolidation) 
(Willuhn and Steiner, 2009), possibly by enhancing neuronal 
processes and rendering them less vulnerable to interference 
(see Willuhn and Steiner, 2009, for discussion).

Taken together, these findings indicate that cocaine abnor-
mally enhances D1 receptor-mediated cellular processes 
of procedural learning in striatal neurons. These processes 
include a transient enhancement of gene inducibility, which 
seems to enable consolidation of long-term memory by facili-
tating gene expression related to synapse modifications and/
or other forms of cellular plasticity (see Willuhn and Steiner, 
2006, for discussion). It remains to be seen whether similar 
psychostimulant-induced cellular changes are important for 
aberrant procedural learning in addiction.
C.  Facilitatory Role of Serotonin in 
Striatal Gene Regulation: Possible Clinical 
Implications

For cocaine and amphetamine, there is little doubt that 
changes in gene regulation produced by these drugs underlie 
addiction. Only such changes endure long enough to medi-
ate behavioral pathologies that can last for a lifetime, such as 
addiction (Renthal and Nestler, 2008) (see also Chapter 30).  
However, other psychostimulants are commonly used as 
medications, and their potential for addiction therefore most 
likely also depends on their propensity to induced gene reg-
ulation. As discussed earlier, the likelihood for gene regula-
tion effects rests on the particular neurochemical effects of a 
given drug. This section presents an example for the assess-
ment of the addiction liability of prescription medications 
based on their neurochemical actions.

As described in Chapter 27 by Keefe and Horner, sev-
eral neurotransmitters interact to regulate striatal gene 
expression. Recent evidence indicates that, in addition to 
dopamine and glutamate (see Section II), the role of sero-
tonin is of special interest regarding the clinical implica-
tions of psychostimulant-induced gene regulation. Previous 
studies showed that serotonin contributes significantly to 
various behavioral effects of cocaine (for reviews, see Filip 
et al., 2005; Muller and Huston, 2006; Carey et al., 2008). 
Similarly, while dopamine is critical for cocaine-induced 
gene regulation in the striatum (see above), serotonin 
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facilitates such effects (Bhat and Baraban, 1993). Thus, 
attenuation of the serotonin transmission by transmitter 
depletion (Bhat and Baraban, 1993), receptor antagonism 
(Lucas et al., 1997; Castanon et al., 2000), or receptor dele-
tion (Lucas et al., 1997) reduces IEG induction by cocaine 
in the striatum. Conversely, direct and indirect serotonin 
receptor agonists increase striatal IEG expression (Li and 
Rowland, 1993; Torres and Rivier, 1994; Wirtshafter and 
Cook, 1998; Gardier et al., 2000). Serotonin also regu-
lates the expression of the opioid peptides dynorphin and 
enkephalin (e.g., Morris et al., 1988; Walker et al., 1996; 
Mijnster et al., 1998), and contributes significantly to 
cocaine-induced dynorphin expression in the striatum 
(Horner et al., 2005).

The role of serotonin in gene regulation appears to 
be important for understanding the potential of methyl-
phenidate (Ritalin) – a psychostimulant with wide medi-
cal use (see below) – to induce molecular changes, and 
thus its addiction liability. Methylphenidate differs from 
cocaine in that it has a very low affinity for the serotonin 
transporter (Schweri et al., 1985; Gatley et al., 1996), and, 
in contrast to cocaine, it does not produce serotonin over-
flow (Kuczenski and Segal, 1997; Kankaanpaa et al., 2002; 
Borycz et al., 2008; for review, see Yano and Steiner, 2007). 
Recent studies show that, while sufficient to produce robust 
changes in the expression of IEGs (Lin et al., 1996; Penner 
et al., 2002; Brandon and Steiner, 2003; Chase et al., 2003; 
Yano and Steiner, 2005a, 2005b) and substance P (Brandon 
and Steiner, 2003; Yano and Steiner, 2005b) in the striatum, 
methylphenidate had only modest or no effects on dynor-
phin and enkephalin expression (Brandon and Steiner, 2003; 
Yano and Steiner, 2005b; Adriani et al., 2006). This latter 
effect differs markedly from those of cocaine and amphet-
amine, which produce significant changes in opioid peptide 
expression (see above; Yano and Steiner, 2007). This finding  
may indicate a reduced addiction liability for methylpheni-
date as compared with these other psychostimulants.

Is this differential gene regulation due to the lack of 
methylphenidate effects on the serotonin transmission? 
Would enhancing the serotonin transmission in conjunc-
tion with methylphenidate enhance its molecular effects 
and make them more “cocaine-like”? Recent findings indi-
cate that this is indeed the case. Thus, adding a serotonin-
enhancing drug – the selective serotonin reuptake inhibitor 
(SSRI) fluoxetine (Prozac) – to methylphenidate treatment 
potentiated both methylphenidate-induced behavioral acti-
vation (Borycz et al., 2008) and gene regulation in the  

striatum (Steiner et al., 2010).
The potential significance of these findings relates to 
the medical use of methylphenidate and fluoxetine. Methyl
phenidate is an effective and often prescribed medication 
to control the symptoms of attention-deficit hyperactivity 
disorder (ADHD) (Biederman et al., 2007; Kollins, 2008; 
Swanson and Volkow, 2008), but this psychostimulant 
is also abused for recreational purposes (Kollins, 2008; 
Swanson and Volkow, 2008; Wilens et al., 2008) and some-
times promoted as a so-called “cognitive enhancer” (Greely 
et al., 2008). SSRIs such as fluoxetine, on the other hand, 
are among the first-line treatments for depressive and anxi-
ety disorders and others (Petersen et al., 2002) and are given 
to millions of patients in the US alone every year. There is 
concern that spread of methylphenidate and SSRI use will 
lead to increased accidental co-exposure to these drugs, 
which would be expected to enhance the likelihood for  
drug-induced molecular changes (see above). While evi-
dence is lacking that proper medical use (oral administration 
of low doses) of methylphenidate alone facilitates subse-
quent substance use disorder/psychostimulant addiction 
(Barkley et al., 2003; Wilens et al., 2003; but see Volkow and 
Insel, 2003; Kollins, 2008), potentiated molecular changes 
due to co-exposure with SSRIs may increase the addic-
tion liability. Future studies will have to assess the risk for 
substance use disorder produced by psychostimulant/SSRI  
co-exposure.

VI.  Summary and conclusions

The studies summarized in this review demonstrate that 
psychostimulants alter the expression of perhaps hundreds 
of genes in the cortex and the basal ganglia (Berke et al., 
1998; McClung and Nestler, 2003; Yuferov et al., 2003; 
Konradi et al., 2004; Black et al., 2006). These include 
effector genes such as those encoding neuropeptide trans-
mitters that modulate basal ganglia circuit activity in sev-
eral nuclei, but also transcription factors that regulate the 
expression of other genes, as well as a variety of other  
neuroplasticity-related molecules. The findings of numer-
ous studies show that, in the striatum, psychostimulants 
affect gene regulation predominantly in neurons that give 
rise to the direct striatal output pathway, with lesser to min-
imal molecular effects in the indirect pathway. Importantly, 
the relative impact on these two pathways is to some 
degree dependent on cortex-activating contextual variables 
(e.g., arousal). For the last two decades, much effort in 
addiction research has been devoted to understanding the 
significance of molecular changes in motivation-related 
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(limbic) striatal domains. However, molecular imaging 
studies demonstrate that psychostimulant-induced gene 
regulation is considerably more pronounced in associa-
tional and, especially, sensorimotor corticostriatal domains. 
Future work will have to determine the functional conse-
quences of such changes in these latter domains. However, 
studies indicate that these molecular changes occur in stri-
atal areas associated with switching functions (for motor 
acts, thoughts), procedural learning and compulsion. They 
may thus underlie aberrant habit formation and compulsive 
behavior that signify drug addiction.
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I.  Introduction

New concepts have recently emerged about the role of ep
genetic modifications in the etiology of neurodegenera
tive and psychiatric disorders. Epigenetic mechanisms ar
key cellular processes that integrate diverse environmen
tal stimuli to exert potent and long lasting changes in gen
expression. These mechanisms were initially described i
differentiating cells, where a clonal population of cells mus
decipher the correct transcriptional program from parent t
daughter cells (Grewal and Moazed, 2003). It is now we
established that the control of chromatin structure is largel
involved in this “above the genome” cellular process
Chromatin remodeling is a dynamic, cell- and environmen
specific process that permits the control of DNA packagin
and hence the access to the transcriptional machinery at spe
cific loci. It critically depends on post-translational mod
fications of histones and integrates diverse external stimu
to exert potent and long lasting changes in gene expression
A large body of evidence now implicate these processe
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in the control of gene regulation that underlies long last-
ing effects of environmental stimuli in mature, post-mitotic 
neurons. These include plasticity induced by experience 
and environment (Huang et al., 2002; Tsankova et al., 
2004; Weaver et al., 2004; Kumar et al., 2005; Sng et al., 
2006; Putignano et al., 2007; Stipanovich et al., 2008) and 
underlying learning and long-term memory (Alarcon et al., 
2004; Korzus et al., 2004; Levenson et al., 2004; Chwang  
et al., 2007; Vecsey et al., 2007; Chandramohan et al., 2008; 
Stipanovich et al., 2008). Epigenetic dysregulation is also a 
common theme in disorders of synaptic plasticity and cogni-
tion associated with dysfunctions of basal ganglia, including 
neurodegenerative disorders such as Huntington’s disease 
(HD) (Stack et al., 2007; Kim et al., 2008a; Roze et al., 
2008a), l-DOPA-induced dyskinesia (Nicholas et al., 2008) 
as well as drugs of abuse (Renthal and Nestler, 2008).

During the past few years, much attention has been paid 
to the role of histone acetylation in chromatin remodeling 
and gene regulation in neurons. It has been proposed, in 
various experimental paradigms, that histone deacetylase  
527
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(HDAC) inhibitors, which induce hyperacetylation of  
histones, may improve not only learning and memory but 
also neuronal survival (Graff and Mansuy, 2008; Mehler, 
2008). Much less is known about histone phosphorylation, a 
post-translational event that occurs prominently on histone 
H3 and seems to be critical at some specific loci, including 
the promoter of the immediate-early genes (IEGs) c-fos and  
c-jun (Crosio et al., 2003; Brami-Cherrier et al., 2007).

The first part of this review summarizes the general 
concepts of chromatin remodeling, histone modifications 
and nucleosomal response, with a particular emphasis on 
histone acetylation, phosphorylation and methylation, and 
their dynamic control. We then review how chromatin 
remodeling can occur in striatal neurons in responses to 
drugs of abuse but also in neurological diseases, including 
HD, Dentatorubral-pallidoluysian atrophy (DRPLA) and  
l-DOPA-induced dyskinesia. We conclude about the impor-
tance of better understanding the mechanisms that underlie  
chromatin remodeling to reveal novel drug targets for the 
development of improved pharmaceutical interventions.

II.  Chromatin remodeling and 
histone modifications

Within the cell nucleus, DNA is packaged into chromatin, a 
DNA-protein complex, comprising histones and other archi-
tectural proteins (Fischle et al., 2003). Histones are highly 
basic proteins that act as molecular spools by coiling the 
DNA strands into bead-like units, referred as nucleosomes. 
Nucleosomes are the repeated primary units of chromatin 
and are composed of two copies of each of the four core 
histones (H2A, H2B, H3, H4), around which 147 base pairs 
of DNA are wrapped. Each nucleosome is connected to the 
neighbouring ones by stretches of 20 to 60 base pairs of 
DNA bound by the linker histone H1. Each histone has a 
specific function and contains a trihelical histone fold that 
mediates histone-histone and histone-DNA interaction.

Histones have a globular structure except for their highly 
conserved N-terminal tail domains (Luger and Richmond, 
1998; Berger, 2002). These domains can undergo a wide 
variety of post-translational modifications including acetyla-
tion (Kuo and Allis, 1998; Sterner and Berger, 2000), phos-
phorylation (Cheung et al., 2000; Nowak and Corces, 2004), 
methylation (Zhang and Reinberg, 2001; Kouzarides, 2002), 
sumoylation (Nathan et al., 2003; Shiio and Eisenman, 
2003), ubiquitination (Robzyk et al., 2000; Shilatifard, 
2006), deimination (Cuthbert et al., 2004), proline isom-
erization (Nelson et al., 2006), and ADP-ribosylation  
(Hassa et al., 2006). These modifications can occur at 
numerous, but specific residues depending on the signal-
ling conditions within the cells. They are mediated by his-
tones modifying enzymes with various degrees of specificity 
(Kouzarides, 2007). For transcription to occur, decompac-
tion and change into active decondensed euchromatin is 
required (Fig. 30.1). It allows the action of the core tran-
scription machinery and transcription factors and hence the 
control of gene expression by gating access of the transcrip-
tional machinery to DNA (Felsenfeld and Groudine, 2003; 
Li et al., 2007). The modifications of the compaction status 
are controlled by enzymes altering the histone-DNA link via 
the aforementioned covalent modifications of histones tails 
at specific residues. The position-specific combination of 
these post-translational modifications regulates the histone 
charge, and hence the compaction state of DNA (Cheung 
et al., 2000; Strahl and Allis, 2000). For example, histone 
acetylation at a promoter generally increases transcrip-
tion, in particular acetylation of Lys9 and Lys14 of histone 
H3, or acetylation of Lys5 of histone H4 (Liu et al., 2005; 
Berger, 2007). The enzymes that catalyze these reactions 
are histone acetyltransferases (HATs) and several transcrip-
tional activators, including CREB Binding Protein (CBP), 
are known to contain intrinsic HAT activity (Ogryzko et al., 
1996). By contrast, histone deacetylases (HDACs) catalyze 

A

B

C

Chromatin
decompaction

Active promoter

Inactive promoter

HDA Phosphatase

HAT
Kinase HAT

Kinase

Figure 30.1  Regulation of chromatin remodelling by histone H3 and 
H4 post-translational modifications. Nucleosome is constituted by two 
copies of the four core histones (H2A, H2B, H3, H4) around 147 base 
pairs of DNA. (A) In inactive promoter, DNA is compacted into silent 
condensed heterochromatin. (B) After stimuli that induce transcrip-
tion, histone H3 kinase phosphorylates H3 on Ser10 and histone acetyl 
transferases (HAT) acetylates histone H3 on Lys9/14 and H4 on Lys5 
for example. These post-translational modifications of histone tails alter 
the DNA-histone interactions and promote chromatin decompaction. 
In this state the promoter is in an active state, also called euchromatin.  
(C) Note that these events are gene-dependent and only occur at restricted 
loci. The reverse process occurs via histone H3 phosphatases, for dephos-
phorylation, and histone deacetylases (HDAC), for deacetylation and 
thus results in chromatin condensation. In this state, chromatin is called 
heterochromatin.
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deacetylation. These enzymes are often associated with tran-
scriptional repressors to further repress chromatin remodel-
ing. Phosphorylation on Ser10 of histone H3 also increases 
transcription (Nowak and Corces, 2004; Berger, 2007). By 
contrast, histone methylation often represses transcription, 
in particular di or tri-methylation of Lys9 of H3. These latter 
modifications are not independent since methylation of the 
Lys9 of H3 plays an antagonist role on Ser10 (Ser10-H3) 
phosphorylation and Lys9 and 14 (Lys9-14-H3) acetylation 
of histone H3 (Santos-Rosa and Caldas, 2005).

A.  Histone Acetylation

One of the first studied histone modifications was acetyla-
tion. It was initially linked to transcriptional activation 
(Brownell and Allis, 1996) and subsequently to diverse 
molecular processes, including gene silencing, DNA 
repair and cell cycle progression (Carrozza et al., 2003). 
Using acetyl-CoA as the acetyl donor, HATs acetylate 
the e-amine of lysine residues and thus remove the posi-
tive charge of lysine. This post-translational modification 
is thought to neutralize the positive charge of the histone 
tails and relax the interaction between histones and nega-
tively charged DNA. This molecular event renders the tar-
get gene promoter more accessible. Acetylation of histones 
also weakens the internucleosomal interactions and desta-
bilizes higher order chromatin structure (Garcia-Ramirez 
et al., 1995; Tse et al., 1998a; Tse et al., 1998b). Finally, 
acetylation of histones may promote the processivity of 
RNA polymerase through nucleosome arrays (Ura et al., 
1997; Nightingale et al., 1998).

Functional characterization of yeast HAT Gcn5 mutants 
revealed a direct correlation between the ability of the pro-
tein to acetylate histones and to activate transcription (Kuo 
et al., 1998; Wang et al., 1998). In parallel with the dis-
covery of HAT enzymes, came the identification of several 
HDAC enzymes, whose activities are correlated with tran-
scriptional repression (Cress and Seto, 2000). The dynamic 
interplay between HATs and HDACs dictates the ulti-
mate state of acetylation. Of importance, the amino acid 
sequences of histones are some of the most highly con-
served among eukaryotes, and this high sequence conser-
vation underscores the crucial nature of histone acetylation 
in the genome regulation.

1.  Histone Acetyltransferases

Nuclear or A-type HAT proteins can be distinguished from 
the cytoplasmic B-type HATs. Within this A group, at least 
three families can be found: Gcn5/PCAF (for its found-
ing member yeast Gcn5 and PCAF for p300/CBP associ-
ated factor) also called GNAT family (for Gcn5 related
N-acetyltransferase), MYST (for the founding members
MOZ, Ybf2/Sas3, Sas2 and Tip60), p300/CBP (for the
two human paralogs p300 and CBP) (Marmorstein, 2001
Hodawadekar and Marmorstein, 2007). Although other
nuclear HAT families have been identified, such as the ster-
oid receptor coactivators (ACTR/AIB1, SRC1), TAF250
or ATF-2, their HAT activities have not been studied in
detail. It is important to note that many of these enzymes
can acetylate non-histone proteins, and could be more gen-
erally termed as protein lysine acetyltransferases.

Expression patterns of HATs

Although ubiquitously expressed, PCAF is poorly expressed
in the brain when compared to other tissues such as lung
or liver (Yamauchi et al., 2000). Gcn5 is also ubiquitously
expressed, but Gcn5 Null mice or Gcn5 mice mutated in
their HAT domain show a defect in neural tube closure as
well as exencephaly in embryos (Bu et al., 2007). These
data clearly implicate PCAF in neurodevelopment. In vitro
recombinant Gcn5 can acetylate free histones, but also his-
tones on nucleosomes, with a preference for histone H3
(Lys14) when compared to H4. Very few studies have inves-
tigated the role of the MYST family of HATs in neurona
cells. One member of this family, Querkopf (Qkf, Myst4
Morf), is required for normal cerebral cortex developmen
and adult neurogenesis (Thomas et al., 2000; Merson et al.
2006). In vitro acetylation assays suggest that some mem-
bers of this family can also acetylate free histones, with a
preferential activity towards H3. CBP/p300, the most stud-
ied HATs in the context of neuronal disorders, are ubiqui-
tously expressed. Null and heterozygous mice for CBP and
p300 show similar embryonic lethal phenotypes, along with
defects in growth and neural tube closure (Yao et al., 1998)
Unlike other HATs, recombinant p300/CBP are able to
acetylate all four histones within nucleosomes as well as in
their free-histone form.

HAT regulation

Various studies have mapped and characterized the
functional domains of Gcn5/PCAF family including a
C-terminal bromodomain, an Ada2 interaction domain
and the HAT domain which is required in vivo for adaptor-
mediated transcriptional activation (Candau et al., 1997)
The acetyltransferase homology region of the MYST
family proteins is different from the Gcn5/PCAF family
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Furthermore, members of this family are involved in a 
wide range of functions.

CBP was first identified through its ability to coim-
munoprecipitate with the phosphorylated form of CREB 
(Chrivia et al., 1993). CREB can be activated, phosphory-
lated on a critical residue, Ser133, by various protein 
kinases, including CaMKII (Shaywitz and Greenberg, 
1999) and MSK1 (Arthur, 2008). In turn, activated, phos-
phorylated, CREB can recruit CBP to DNA promoter 
region (Fig. 30.2), and allows its HAT activity towards his-
tone (McManus and Hendzel, 2001). CBP contains several 
functional domains including the binding site for the CREB 
transcription factor, referred to as the KIX domain, the bro-
modomain, two zinc finger motifs, and the HAT domain. 
P300 is closely related to CBP: the proteins share 63% iden-
tity at the amino-acid level and posses the same domains. 
CBP and p300 can interact with the basal transcription fac-
tor TATA-binding protein (TBP) and TFIIB and/or form a 
complex with RNA polymerase II. Moreover, as a result 
of many identified protein interacting domains, CBP/p300 
have been proposed to function as molecular scaffolds and 
signal integrators through their associations with at least 45 
different molecules including transcription factors such as 
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Figure 30.2  Model of histones modification via Ca2 signaling path-
way. Increases in intracellular calcium signalling levels can participate 
in calcium remodeling via multiple pathways. In the cytoplasm calcium 
induces activation of CamKII and ERK, which in turn translocate to the 
nucleus and leads to phosphorylation of CREB. Note that ERK-induced 
phosphorylation of CREB is indirect, and tightly linked to MSK1 activa-
tion within the nucleus. MSK1 exerts a dual role on gene regulation, via 
its kinase activity towards histone H3 (P). CREB phosphorylation allows 
recruitment of p300/CBP to the promoter, which in turn can exerts its 
HAT activity towards histones (Ac). Moreover, activated CamKII phos-
phorylates HDAC5 leading to their nuclear export and as a consequence 
to an inhibition of transcription repression. Altogether, these calcium-
dependent events allow chromatin remodeling, DNA decompaction and 
recruitment of the basal transcriptional machinery necessary for gene 
regulation at specific loci.
Jun, CREB, E1A, E2F, NF-kB, signaling molecules, and 
nuclear hormone receptors (Giles et al., 1998). In addi-
tion to functioning as a bridge between transcription fac-
tors and the basal transcription machinery (Goodman and 
Smolik, 2000), CBP/p300 are able to integrate a broad 
array of signaling informations. CBP/p300 are phosphory-
lated by the Calcium/calmodulin (CaM)-dependent protein 
kinase CaMKIV (Chawla et al., 1998), aphosphorylation 
event that may be required for their role in transcription 
(Hardingham et al., 1999; Hu et al., 1999). Phosphorylation 
of CBP by MAPK/ERK has also been reported (Janknecht 
and Nordheim, 1996), and was proposed to augment the 
ability of CBP to mediate the transcriptional activity of 
Elk-1. The precise phosphorylation site for ERK in CBP 
remains unidentified but was reported to be localized in its 
C-terminal region. Another kinase for CBP can be Rsk (for 
ribosomal S6 kinase), downstream the Ras/ERK signalling 
pathway. In response to NGF, activation of the Ras/ERK 
pathway promotes phosphorylation of Rsk and its associa-
tion with p300/CBP. Interestingly this molecular interaction 
between Rsk and p300/CBP prevents from CREB-dependent  
transcription (Nakajima et al., 1996). These observations 
underscore the key role of intracellular signalling, and part-
ners for CBP phosphorylation, which will guide CBP tran-
scriptional properties. Importantly, CBP/p300 play a dual 
role in both histone acetylation and recruitment of the basal 
transcriptional machinery. This may explain the specificity 
of chromatin remodeling at a subset of loci. Furthermore, 
targeting CBP/p300 expression may be a more efficient 
therapy than global HDAC inhibitors – which only coun-
teract the loss of histone acetylation – for regulating gene 
expression in neurological disorders.

2.  Histone Deacetylases

Enzymes which are responsible for removing the acetyl 
moiety from N-e-acetylated lysine residues in histones 
belong to the super-family of HDACs. According to their 
size and structure, at least 18 members have been identi-
fied in the HDACs super-family. They are grouped into 
four main subtypes: class I, IIa and IIb, III and IV. Class I 
(HDAC1,2,3 and 8), IIa (4,5, 7 and 9), IIb (6 and 10) and IV 
(HDAC11) are referred as “classical” HDACs, whereas class 
III members are named sirtuins (SIRT1-7) (Gregoretti et al., 
2004). Classical HDACs and sirtuins differ in their cata-
lytic mechanisms. Classical HDACs are Zn2– dependent  
enzymes harboring a catalytic pocket with a Zn2 ion 
at its base. Thus HDACs activity can be inhibited by  
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Zn2 chelating compounds. HDAC6, which belongs to 
class IIb, is unusual when compared to the other classi-
cal DHACs, because it contains two independent catalytic 
domains. In contrast, sirtuins of class III require NAD 
as an essential cofactor, and are not inactivated by Zn2 
chelating compounds.

Expression patterns of HDACs

Depending on their class, HDACs are either widely 
expressed or distributed in a tissue-specific manner. Class I 
HDACs display ubiquitous tissue expression, whereas class 
II and IV HDACs expression is tissue-restricted. All seven 
sirtuins (Class III) are ubiquitously expressed in human tis-
sues, although higher levels of mRNA expression for most 
sirtuins are detected in the brain and testis (Michishita et 
al., 2005). Related to HDACs brain expression, a com-
prehensive gene-expression mapping of the 11 HDAC 
isoforms of class I, II, and IV throughout the rat brain 
has been conducted using high resolution in situ hybridi-
zation and imaging technology (Broide et al., 2007). This 
first extensive characterization of the 11 HDACs in the 
CNS showed the heterogeneity of HDAC expression pat-
terns through 50 brain regions. Interestingly, HDACs are 
expressed primarily in neurons, although a subset can be 
found in oligodendrocytes but not in astrocytes nor in ves-
sel endothelial cells. According to the score attributed from 
low to high expression throughout the brain, HDAC11, 3, 5 
have the highest expression and HDAC10, 9 and 7 the low-
est one. In the caudate-putamen and nucleus accumbens 
brain regions, HDAC11 is the predominant isoform fol-
lowed by HDAC5, 3, 2 and 4. Low expression of HDAC1, 
6, 7 is observed in these nuclei, whereas HDAC8, 9, 10 are 
not detected at all in these CNS structures. However, the 
selective contribution of each HDAC isoform in chromatin 
remodeling and transcriptional regulation within the stria-
tum remains unknown.

Most of classical HDACs and Sirtuins have a nuclear 
localization, where they control acetylation of histones. 
Some of them shuttle between the nucleus and the cyto-
plasm where they deacetylate their non-histone targets. 
For example, HDAC6 and SIRT2 are localized within the  
cytoplasm where they deacetylate -tubulin and alter micro-
tubule stability (Hubbert et al., 2002; North et al., 2003). 
SIRT3-5 are mitochondrial proteins involved in the regula-
tion of energetic metabolism (Michishita et al., 2005).

In general, HDACs do not act autonomously but as com-
ponents of a large protein complex that comprises transcrip-
tion factors. CoREST, the neuron-specific corepressor of 
531

EST of (RE1 silencing transcription factor/neural restric-
ve silencing factor), binds to both HDAC 1 and 2 (You 
t al., 2001), or MEF-2 (myocyte-enhancing factor 2) a 
uscle-specific transcription factor highly expressed in the 

rain, which interacts with HDAC4 and 5 (Lu et al., 2000).

DAC regulation

DACs are central organizers of histones post-translational  
odifications, and they are themselves regulated by post-
anslational modifications: phosphorylation, ubiquityla-
on, acetylation and sumoylation (Brandl et al., 2009). 
DACs enzymatic activity and cellular localization 

re critically controlled by these various modifications. 
everal protein kinases responsible for the phosphoryla-
on of HDACs have been identified. Identification of the 
alcium/calmodulin-dependent kinase (CaMK) as a protein 
inase for HDAC has allowed the identification of calcium 
ignaling as an important mediator of HDACs regula-
on. CAMKV phosphorylates HDAC class II (HDAC4, 5 
nd 7) on two serines, leading to their nuclear export and 
s a consequence to an inhibition of transcription repres-
ion (Fig. 30.2) (McKinsey et al., 2000). In hippocampal 
eurons, nuclear translocation and export of HDAC4 and 
DAC5 are dependent on synaptic activity and calcium 
flux and are sensitive to CAMK regulation (Chawla  

t al., 2003; Belfield et al., 2006). Low potassium, exci-
toxic glutamate conditions or treatment with a CAMK 
hibitor that induces cerebellar granule neurons death, pro-
ote HDAC4 translocation into the nucleus. By contrast, 

euronal survival factor BDNF suppresses HDAC4 nuclear 
anslocation (Bolger and Yao, 2005). Ex vivo experiments 
erformed on punches of the nucleus accumbens showed 
at CamKII was necessary for depolarization-induced 
DAC5 phosphorylation on Ser259 and its shuttling to the 

ytoplasm (Renthal et al., 2007).

DAC inhibitors

ecause of their widespread substrates, HDACs modulate 
any biological pathways, not only chromatin remodeling 

ut also inflammation, metabolism, microtubule transport, 
rotein aggregation. As a consequence, inhibitors of these 
nzymes have been recognized as important therapeutic 
sues for a broad range of human disorders, including in 
isorders related to basal ganglia dysfunctions.

Molecules that can act as HDAC inhibitors (HDACi), and 
us can increase histones acetylation, have been designed. 
hey have a standard construction and share structural simi-
rities with their HDAC acetyl-lysine substrate. HDACis 
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consist in a metal-binding moiety, that binds to the catalytic 
metal Zn2 atom within the HDAC active site, and a cap-
ping group that interacts with the amino acid residues at the 
entrance of the active site (Bieliauskas and Pflum, 2008). 
HDACis can be classified into four main chemical families, 
the short-chain fatty acids (sodium butyrate, phenylbutyr-
ate and valproic acid), the hyroxamic acids (Trichostatin A 
(TSA), and suberoylanilide hydroxamic acid-(SAHA)), the 
epoxytones (trapoxin) and the benzamidines.

The majority of HDACis inhibit non-specifically all 
HDAC isoforms. SAHA, sodium butyrate and TSA are 
the canonical HDACis and influence the activity of HDAC 
of Class I and II with roughly equivalent potency. These 
HDACis have been the first used in cellular or animal 
model of HD, drug addiction and psychiatric disorders. 
Sodium butyrate and phenylbutyrate attenuate neuronal loss, 
increase motor function and extend survival in R6/2 mice, a 
transgenic model of HD (Ferrante et al., 2003; Hockly et al., 
2003). Modulating HDAC activity with sodium butyrate and 
TSA enhanced locomotor-activating effects of cocaine in 
mice (Kumar et al., 2005), whereas TSA and phenylbutyrate 
dose-dependently reduced cocaine self administration in rats 
(Romieu et al., 2008). Moreover, chronic injection of val-
proic acid into the NAc, attenuated amphetamine-induced 
locomotor activity in rats (Kim et al., 2008b).

A recent focus of intensive investigation has been 
to develop class-specific and isoform-specific HDACis. 
Class I- and Class-II selective HDACis have been reported 
(Bieliauskas and Pflum, 2008). In cellular assays, selective 
Class-I HDACis increase acetylation of histones but not 
-tubulin (Arts et al., 2007). By contrast, tubacin, a clas-
sIIb-HDAC6-specific inhibitor increases -tubulin acety-
lation, the known substrate of HDAC6, without any effect 
on histones acetylation (Haggarty et al., 2003). Tubacin 
is structurally related to SAHA but contains a very large 
capping group that putatively mimics acetylated -tubulin. 
However, these specific HDACis, tested in non-neuronal 
cellular models, need to be investigated in brain studies 
both in vitro and in vivo.

Brain permeability and non-specific side effects remain 
major limitation for drug treatment of CNS disorders. It 
has been demonstrated in mice that SAHA, sodium butyr-
ate, phenylbutyrate or valproic acid present a good brain 
penetration but the use of the compounds might be limited 
by toxicity (Drummond et al., 2005). Nevertheless, some 
HDACis are currently in different phases of human clini-
cal trials for CNS disorders related to striatal dysfunctions, 
such as HD. Now, efforts are made to design both potent 
and isofom-selective HDACis able to inactivate specific 
intracellular targets with minimal non-specific side effects.

B.  Histone Phosphorylation

Similarly to acetylation, histone phosphorylation is associ-
ated with decreased histone-DNA link and hence increased 
transcription. The most exemplified is Histone H3 at Ser10 
that occurs concomitantly with IEG induction by a vari-
ety of extracellular stimuli. In 1999, this event was first 
described by Mahadevan’s group (Thomson et al., 1999) 
to be mediated by the MAP kinases of ERK and p38 fam-
ily, although not directly because amino acids surrounding 
Ser10 of H3 are not a consensus sequence for MAPK/ERK 
and p38. The same year, the expression of Ras, one of 
the activators of the MAPK/ERK signaling pathway, into 
fibroblasts was shown to result in a rapid phosphorylation 
of H3 (Chadee et al., 1999). Initially, it was thought that 
Lys14 acetylation and Ser10 phosphorylation of H3 played 
a synergistic role in the nucleosomal response at the pro-
moter of these IEGs (Clayton and Mahadevan, 2003; 
Nowak and Corces, 2004). In this “synergistic model”, 
phosphorylation is a priming event preceding acetylation, 
which leads, in turn, to IEG transcription. This synergis-
tic model is supported by in vitro experiments showing 
that the yeast acetyltransferase GCN5 activity is dependent 
on the prior phosphorylation of H3 on Ser10 (Cheung et 
al., 2000; Lo et al., 2000; Lo et al., 2001). An alternative 
“parallel model” of activation has been proposed, in which 
phosphorylation occurs independently on pre-acetylated 
histone H3 to induce IEGs transcription. This model is 
supported by in vitro experiments of c-jun induction show-
ing that phosphorylation of histone H3 does not necessarily 
favour the acetylation of Lys-14 and that these modifica-
tions occur independently (Thomson et al., 2001). In addi-
tion, the blockade of Ser10 H3 phosphorylation does not 
alter the Lys-14 H3 acetylation level at the promoter of  
c-jun in response to 12-O-tetradecanoylphorbol-13-acetate 
(TPA) or anisomycin, in vitro (Soloaga et al., 2003). In 
neurons, a body of evidence support the “parallel model”. 
We and others demonstrated (using specific antibodies for 
phosphorylated-Ser10 H3, and acetylated-Lys14 antibod-
ies, respectively) that phospho-Ser10-H3 immunoreactiv-
ity increases in vitro in response to glutamate, dopamine or 
acetylcholine in the striatum and hippocampus, independ-
ently of hyperacetylation of Lys14-H3 (Crosio et al., 2003; 
Brami-Cherrier et al., 2007). Importantly, this phosphoryla-
tion event occurs specifically at the promoter of c-fos and 
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c-jun, as demonstrated by ChiP assays (Crosio et al., 2003; 
Brami-Cherrier et al., 2005). Similar data were found in 
vivo, in striatal neurons in response to cocaine (Kumar  
et al., 2005). Thus, altogether, these results provide evi-
dence that phosphorylation of H3 is necessary and suffi-
cient for the nucleosomal response at some specific loci, 
including the promoters of c-fos and c-jun, at least in neu-
ronal cells (Brami-Cherrier et al., 2009).

1.  Histone H3 Kinases

The kinases responsible for H3 phosphorylation remain con-
troversial, and two main families of proteins kinases have 
been proposed: ribosomal subunit protein S6 kinases (RSKs) 
and mitogen and stress activated protein kinases (MSKs). 
These two families of protein kinases have a similar structure 
and have been shown, using in vitro kinase assays, to directly 
phosphorylate H3 on Ser10. However, they show differences 
in their mode of activation (i.e. different upstream kinases 
that are responsible for their activity), as well as subcellular 
and regional distribution, which may account for their spe-
cific role in a physiological function. The main properties 
and physiological functions of these two families of protein 
kinases are described below.

The RSK family comprises 4 members, RSK1, RSK2, 
RSK3 and RSK4 encoded by 4 different genes (Roux 
and Blenis, 2004). RSKs are serine/threonine protein 
kinases with two kinase domains, a linker region and short  
N-terminal and C-terminal tails. Among these proteins, 
only RSK3 contains a nuclear localization signal (NLS) 
located in its N-terminal region. The N-terminal kinase 
domain (NTKD) of the RSKs belongs to the AGC fam-
ily of kinases, which also includes protein kinase A, pro-
tein kinase C, protein kinase B (also called Akt), and the 
p70 ribosomal S6 kinases 1 and 2 (S6K1 and S6K2). The 
C-terminal tail contains a short docking motif, which 
is responsible for the specific association of RSK with 
ERK (Zhao et al., 1996; Smith et al., 1999). Upon mito-
gen stimulation, ERK1/2 activates the C-terminal kinase 
domain (CTKD) by phosphorylating Thr574, which in 
turn leads to phosphorylation of Ser381 and Ser364 in 
the hydrophobic pocket. This creates a docking site for 
PDK1 (phosphoinositide dependent protein kinase 1), the 
enzyme that phosphorylates Ser221 located in the activa-
tion loop of the NTKD, a reaction necessary for the cata-
lytic activity of RSKs (Frodin et al., 2000; Frodin et al., 
2002; Collins et al., 2003). Thus, both ERK and PDK1 are 
necessary for RSKs activation. Following their activation  
RSKs have, besides histone H3, multiple nuclear and 
cytosolic substrates including filamin A, SOS, GSK3beta, 
IKBalpha, Bad, ER81, CREB, CBP, and c-Fos (Roux and  
Blenis, 2004).

MSKs are nuclear serine/threonine protein kinases 
that were initially characterized as kinases activated by 
ERK1/2 or p38MAPK (see below) (Deak et al., 1998). 
MSKs are coded by two genes corresponding to two pro-
teins, MSK1 and MSK2, which are highly conserved (90% 
identity between mouse and human MSK1 and MSK2) 
and share 75% of identical amino acids. MSK proteins 
share with RSKs 40% identity and the same overall struc-
ture. Both MSK1 and MSK2 contain a MAPK docking 
domain and a NLS sequence within their CTKD. Similarly 
to RSKs, MSKs are activated via sequential phosphoryla-
tion. Binding of MAPK/ERK or p38 occurs via the MAPK 
docking site and triggers phosphorylation of Thr700, 
Thr581 in the CTKD and of Ser360 in the linker domain of 
MSK1 (Arthur, 2008). The phosphorylation of Thr700 alle-
viates the inhibitory role of the C-terminal auto-inhibitory  
sequence and helps to protect Thr581 from dephosphory-
lation. Then, the CTKD phosphorylates two sites in the 
linker region Ser376 and 381 as well as the activation 
loop in the NTKD (Ser212). This results in the activa-
tion of the NTKD, and catalytic activity of MSK1. Other 
phosphorylation sites on Thr and Ser (Ser750, 752, 758) 
of MSK1 have been identified that could participate in its 
catalytic activity (McCoy et al., 2005; McCoy et al., 2007). 
Importantly, Thr581 in the CTKD is essential for the activ-
ity of MSK1 as its mutation to alanine results in an inactive 
kinase. It must be emphasized that, contrasting with RSKs 
family proteins, MSKs activation is independent of PDK1 
(Frodin et al., 2000; Williams et al., 2000). Of interest, two 
important substrates of RSKs and MSKs are identical: the 
transcription factor CREB and histone H3. MSKs proteins 
also phosphorylate ATF1, HMGN1 and NFkappaB (Roux 
and Blenis, 2004).

Sassone-Corsi and collaborators (1999) first proposed 
that RSK2 was required for epidermal growth factor 
(EGF)-induced H3 phosphorylation on Ser10 (Sassone-
Corsi et al., 1999). For this demonstration, they used fibro-
blasts of patients suffering from Coffin Lowry syndrome 
(CLS), an X-linked disease associated with mutations of 
the gene encoding RSK2, and characterized by a combi-
nation of complex bone malformations and mental retarda-
tion. In these cells, the phosphorylation of H3 induced by 
EGF was strongly reduced. By contrast H3 phosphoryla-
tion occurring during mitosis remained intact. Introducing 
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wild type RSK2 gene restored EGF-stimulated phosphory-
lation of H3 in CLS cells. In addition, disruption of RSK2 
gene by homologous recombination abolished H3 phos-
phorylation induced by EGF in fibroblasts.

In parallel, using in vitro kinase assays with an H3 pep-
tide as substrate, Mahadevan and coll. proposed that MSK1 
was a better kinase for Ser10 histone H3 than RSK1 or 
RSK2 (Thomson et al., 1999). This group also showed that 
MSK1 activation was produced by various stimuli, includ-
ing EGF, serum, phorbol ester (TPA), stress stimuli such as 
UV radiation, oxidative stress and anisomycin (Deak et al., 
1998; Pierrat et al., 1998), and identified ERK1/2 and stress 
activated protein kinase 2a (SAPK2a, also known as p38 
MAPK) as the kinases upstream from MSKs (Deak et al., 
1998; New et al., 1999; Wiggin et al., 2002). Albeit not spe-
cific, H89, which inhibits more potently MSK1 than RSKs, 
also diminished TPA-, EGF- and anisomycin-induced H3 
phosphorylation (Thomson et al., 1999). Later, Soloaga et 
al. showed that the level of histone H3 phosphorylation was 
normal in CLS fibroblasts in response to stress and mito-
genic stimuli (anisomycin and TPA) (Soloaga et al., 2003). 
However, they did not analyze EGF-induced H3 phos-
phorylation in CLS fibroblasts. Furthermore, they showed 
that histone H3 phosphorylation induced by TPA or aniso-
mycin, was totally abolished in double knock-out mice 
for MSK1 and/ MSK2. These latter data firmly implicated 
MSKs proteins in H3 phosphorylation downstream from 
ERK and p38 MAPK activation. There is yet no expla-
nation for the apparent contradiction between the data 
obtained by Sassone Corsi’s and Mahadevan’s groups. They 
cannot be explained by differences in cell lines used (CLS 
fibroblasts), but rather by the external stimuli and signaling 
pathways activated downstream. Indeed, one of the key dif-
ferences between EGF and TPA-induced phosphorylation 
of H3 could be PDK1, which is known to be activated by 
the PI3-kinase pathway downstream from EGF-R stimula-
tion (Corbit et al., 2000).

Expression patterns of MSK and RSK

In mice and human, global expression profiles indicate that 
both MSKs and RSKs mRNAs are ubiquitously expressed 
(Alcorta et al., 1989; Moller et al., 1994; Deak et al., 1998). 
The strongest expression of the Rsk2 and Rsk3 gene tran-
scripts was found in skeletal muscle, heart and pancreas, 
whereas low levels were observed in the brain. Rsk1 was 
mainly expressed in kidney, lung and pancreas, with also a 
low level in brain (Zeniou et al., 2002). By contrast both Msk1 
and Msk2 mRNAs are enriched in the brain, and also strongly 
expressed in the placenta and pancreas (Deak et al., 1998).  
More recently, the expression pattern and subcellular loca
zation of MSK1 and RSK1 proteins were described in t
adult mouse brain by immunohistochemistry (Heffron a
Mandell, 2005). MSK1 protein expression is especial
high in the striatum, olfactory tubercle neurons, where
RSK1 shows the highest expression level in the cerebe
lum. MSK1 is also strongly enriched in the amygdala a
some neurons in the hippocampus (personal observation
and to a lesser degree in cerebellar Purkinje cells, where
its expression is very low in the cortex and hippocamp
(Heffron and Mandell, 2005). MSK1 is mainly expressed 
neurons, whereas RSK1 is also found in microglia throug
out the brain. At the subcellular level, MSK1 is confined 
the nucleus of all expressing neurons. In contrast, inten
immunoreactivity of RSK1 is found in cell bodies of gra
ular neurons in cerebellum and within the neuropil of t
molecular layer. The nuclear restriction of MSK1 in ne
rons, which has been already described in other cell typ
(Deak et al., 1998; Pierrat et al., 1998), is consistent wi
its role as a direct kinase for histones and transcription fa
tors. Thus, the comparative expression pattern of RSK1 a
MSK1 in neuronal cell bodies and neuropil suggests th
they have different physiological roles in neurons.

MSK1 is particularly enriched in the striatum, where
has been reported to be present in ~60% of the neuron
likely to be projection neurons, the GABAergic medium
size spiny neurons (MSNs) (Heffron and Mandell, 2005
MSNs projecting to the substantia nigra pars reticulata a
internal globus pallidus express mostly dynorphin, su
stance P and D1 dopamine receptors, whereas MSNs pr
jecting to the external globus pallidus preferentially expre
enkephalin and D2 dopamine receptors (see Chapter 1
These two populations of neurons are thought to partic
pate in distinct, direct and indirect, circuits with opposi
functional properties. Cocaine-induced phosphorylati
of MSK1 is blocked by the selective D1 receptor antag
nist, SCH23390, suggesting that MSK1 is activated 
D1 receptor-expressing neurons (Brami-Cherrier et a
2005). This conclusion is further supported by a stu
identifying the MSN sub-population in which MSK1 
activated after cocaine injection in mice (Bertran-Gonzal
et al., 2008). Using transgenic mice, in which green flu
rescent protein (EGFP) expression is driven by either t
D1 receptor promoter (Drd1a-EGFP) or the D2 recept
promoter (Drd2-EGFP), it was shown that acute cocai
treatment induced ERK activation along with MSK1 a
H3 phosphorylation exclusively in D1 receptor-expressi
neurons. In contrast, phosphorylation of histone H3 in D
receptor-expressing neurons after haloperidol injecti
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(a D2 receptor antagonist) is probably independent of 
MSK1 (Bertran-Gonzalez et al., 2008), suggesting dif-
ferences in the signalling pathways that mediate histone 
H3 phosphorylation in the D1 receptor- and D2 receptor-
expressing neurons. Furthermore, MSK1 is found at higher 
levels in D1 receptor-containing MSNs than in D2 receptor- 
containing MSNs (Bertran-Gonzalez et al., 2008).

Further studies are now needed to precisely investigate 
the expression pattern of the other MSK2, and the addi-
tional RSK isoforms RSK2, RSK3 and RSK4 in the vari-
ous brain areas.

2.  Histone H3 Phosphatases

Although the role of kinases in the regulation of histone H3 
phosphorylation has been extensively investigated, phos-
phatases have also been implicated directly or indirectly in 
this process. Protein phosphatase-1 (PP1) was first proposed 
to be implicated directly in dephosphorylation of Ser10-H3 
(Chadee et al., 1999) and also in the regulation of histone 
H3 kinases by inhibiting Aurora B (Murnion et al., 2001). 
Inhibition of PP1 by cocaine-induced phosphorylation and 
nuclear translocation of the 32-kDa dopamine-regulated and 
cyclic-AMP-regulated phosphoprotein (DARPP-32) was 
shown to be involved in H3 phosphorylation in response to 
cocaine (Stipanovich et al., 2008). Protein phosphatase-2A 
(PP2-A) is also known to directly dephosphorylate histone 
H3 on Ser10 in Drosophila (Nowak et al., 2003). Moreover, 
PP2A could also inhibit H3 phosphorylation indirectly by 
dephosphorylating H3 kinase, as demonstrated for Aurora B 
(Sugiyama et al., 2002).

C.  Histone Methylation

Lysine methyltransferases have enormous specificity when 
compared to acetyltransferase. They usually modify one 
single lysine on a single histone and their output can be 
either activation or repression of transcription (Bannister  
et al., 2005). Di- or trimethylation of lys4 of H3 usually marks 
active genes whereas di- or tri-methylation of Lys9 or Lys27 
of H3 constitute repressive marks (Delcuve et al., 2009).

III.  Chromatin remodeling and 
striatal dysfunctions

A.  Chromatin Remodeling in Drug Addiction

Drug addiction is a chronic disorder that can be defined as 
compulsive drug seeking and taking despite negative con-
sequences (Kalivas and Volkow, 2005; Hyman et al., 2006; 
Koob and Kreek, 2007) (see Chapter 33). The neural mech-
anisms that are responsible for the transition from recrea-
tional drug use to a chronically addicted state are supported 
by long-lasting changes in gene expression in specific brain 
area (see also Chapter 29). These changes occur in reward 
areas, including the striatum and nucleus accumbens (NAc), 
prefrontal cortex (PFC) and ventral tegmental area (VTA). 
One common characteristic of all drugs of abuse is that they 
produce increases in extracellular dopamine concentrations 
within this reward circuitry. By doing so, drugs produce 
long-term changes and enhance the behavioral aspects of 
dependence, such as drug seeking (Di Chiara and Bassareo, 
2007). Chronic drug exposure produces altered expression 
of several genes, and results, for example, in accumulation 
of the transcription factor deltaFosB, which is induced sev-
eral fold in the NAc and has been implicated in the tran-
sition to an addicted state (McClung et al., 2004). Altered 
expression of specific genes, such as cdk5 and brain-derived 
neurotrophic factor (BDNF) (Bibb et al., 2001; Grimm  
et al., 2003) has been reported weeks after the last drug 
experience, and manipulation of these genes in rodents reg-
ulate drug-relapse behavior (Bowers et al., 2004; Graham 
et al., 2007). Consistent with such stable changes in gene 
expression, increased histone H3 acetylation was observed 
on the gene promoters of both cdk5 and BDNF for 1 to 7 
days after the final dose of cocaine (Kumar et al., 2005).

The Fos family of IEGs (c-Fos, FosB, Fra1 and Fra2), 
which are rapidly induced in the striatum after acute expo-
sure to drugs (Hope et al., 1994; Moratalla et al., 1996), has 
been implicated as important mediators of neuronal plastic-
ity and behavioral alterations induced by drugs of abuse. 
This induction is transient, lasting only 4–12 hours after 
drug exposure. In contrast, the splice variant of FosB, delta-
FosB, is induced at very low levels after acute administra-
tion of drugs, but accumulates after chronic treatment and 
remains elevated even after weeks of withdrawal, due to the 
unusually high stability of the protein (Hope et al., 1994; 
Chen et al., 1997; Kelz et al., 1999; Nestler et al., 2001). 
These observations led to the proposal that c-Fos is desen-
sitized by chronic administration of cocaine, and deltaFosB 
is responsible for many of the longer-lived changes in gene 
expression that underlie addiction (Nestler, 2001). It must 
be noted, however, that c-Fos can still be detected after 
chronic administrations when examined at early time points 
after the last injection, that is, 30 min for mRNA or one hour 
for protein expression (Steiner and Gerfen, 1993; Rosen  
et al., 1994; Radwanska et al., 2006). Thus, in both acute 
and chronic treatments, the induction of c-fos is probably 
one of the prime events of a complex signalling cascade 
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Figure 30.3  Cocaine induces global hyperphosphorylation of H3 and hyperacetylation of H4 in striatal neurons. Mice receiving cocaine were sacrificed 
20 minutes later, and striatal sections processed for immunocytochemical detection using (A) phospho-Ser10-H3 (P-H3; left panel) and (B) acetyl-Lys5-H4  
(Ac-H4; right panel) specific antibodies. Note the total inhibition of H3 phosp
leading to cocaine-induced neuronal adaptation and behav-
ioral alterations. c-Fos is associated with Jun-B to form an 
AP1 complex which will be active for the transcriptional 
activation of target genes (Radwanska et al., 2006), among 
these fosB, which encodes deltaFosB (Zhang et al., 2002a).

Histone acetylation and phosphorylation have been stud-
ied in the context of IEG transcription. In an elegant study 
using chromatin immunoprecipitation (ChiP) assays, it was 
shown, that one the prime event at the promoter of c-fos 
was acetylation of histone H4 and phosphorylation, but not 
acetylation, of H3 (Kumar et al., 2005). The later conclu-
sion was drawn using a phospho-acetyl H3 antibody, (which 
recognizes H3 when it is acetylated and phosphorylated at 
the same tail) along with an anti-acetyl H3 antibody. They 
found that acute cocaine administration increased levels of 
phospho-acetylated H3 but not of the solely acetylated form, 
indicating that only phosphorylation occurred. By contrast, 
none of these events could be observed when analyzed 1 and 
24 hours after a chronic course of cocaine. Histone modi-
fications is quite different at the fosB promoter, since ChiP 
experiments showed hyperacetylation of H4 but no hyper-
acetylation of H3 by acute cocaine. This increase in histone 
acetylation is dependent on CBP (Levine et al., 2005). By 
contrast, after chronic cocaine, no changes in histone H4 
acetylation, but hyperacetylation of H3 were found after 
chronic cocaine (when analyzed one and 24 hours later). 
No changes for phosphorylation levels of H3 were observed 
at the fosB promoter in either acute or chronic conditions. 
Using global immunodetection, we also concluded that acute 
cocaine administration induces rapidly, within 30 minutes,  

tion of H4 acetylation levels (From Brami-Cherrier et al., 2005).
acetylation of H4, phosphorylation but not acetylation of 
H3 in striatal neurons (Brami-Cherrier et al., 2005) (Fig. 
30.3). Thus post-translational modifications of H3 and H4 
seem to be differentially involved in chromatin remodeling. 
The combinatorial dynamic changes of these histones may 
depend on the context: the promoter region of the gene, its 
molecular environment, and signalling pathways activated 
upon acute or chronic administration.

The induction of c-Fos but not Zif268 protein expres-
sion induced by acute cocaine is blocked in MSK1 KO 
(Brami-Cherrier et al., 2005). Thus, contrasting with  
c-fos, chromatin remodeling at the promoter of zif268 is 
not dependent on MSK1 and H3 phosphorylation. Cocaine-
induced expression of dynorphin, a peptide which decreases 
dopamine release by activating kappa opioid receptors on 
dopamine terminals (Spanagel et al., 1992) (see Chapter 
29), is also strongly decreased in MSK1 knock-out mice. 
However, at this time, no evidence indicates that the pro-
moter of the gene encoding this peptide is under the control 
of chromatin remodeling via H3 phosphorylation. Instead, 
we know that dynorphin is regulated by the transcription 
factor CREB (Carlezon et al., 1998), the phosphorylation of 
which was decreased in MSK1 KO mice.

Increased locomotor sensitization induced by cocaine 
is observed after treatment by global inhibitors of HDAC 
activity, such as sodium butyrate, which increases cocaine-
induced H3 phospho-acetylation at the c-fos promoter, 
along with c-fos mRNA induction (Kumar et al., 2005). 
Conversely, viral-mediated over-expression of Hdac4 
or Hdac5 has the opposite effects. Consistent with these 

horylation induced by cocaine in MSK1–/– mice and the lack of modifica-
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findings, mice deficient in CBP, which possess an intrin-
sic HAT activity, show reduced cocaine-induced locomo-
tor sensitization, along with altered histone H4 acetylation 
levels at the Fos B promoter (Levine et al., 2005). Thus, 
hyperacetylation of histones, including H3 and H4, seems 
to be important for chromatin remodeling and behavioral 
alterations induced by cocaine.

By contrast, reduced H3 phosphorylation observed 
in MSK1 KO mice is associated with decreased locomo-
tor sensitization, but an apparent increased sensitivity to 
cocaine in the place preference paradigm, indicated by a 
leftward shift of the CPP dose-response curve. ERK is crit-
ical for long lasting effects of cocaine since MEK inhibi-
tors totally block locomotor sensitization (Valjent et al., 
2005), the induction of conditioned place preference (CPP) 
(Valjent et al., 2000) and its reconsolidation (Miller and 
Marshall, 2005; Valjent et al., 2006a), and incubation of 
craving (Lu et al., 2005). Thus, altogether these data pro-
vide clear evidence of an uncoupling of molecular events 
downstream from ERK for the control of behavioral altera-
tions induced by cocaine, and support recent data from 
conditional c-fos knock-out mice, where locomotor sensiti-
zation but not CPP were impaired (Zhang et al., 2006). By 
contrast, ERK signaling to zif268 appears to be critically 
involved in cocaine CPP, as demonstrated in homozygous 
knock-out mice for zif268 (Valjent et al., 2006b).

In addition to the activation of the ERK/MSK1 path-
way, recent evidence shows that cocaine and other drugs 
of abuse inhibit the dephosphorylation of H3 (Stipanovich 
et al., 2008). Cocaine induces the nuclear accumulation of 
the active form (phosphorylated on Thr34) of DARPP-32, a 
potent inhibitor of protein phosphatase-1. This nuclear accu-
mulation results from the dephosphorylation of Ser97, which 
decreases the export of DARPP-32 from the nucleus to the 
cytoplasm. Dephosphorylation of Ser97 is achieved through 
PKA-activation of the B56 subunit of PP2A. Disruption of 
this mechanism in Ser97Ala DARPP-32 mutant mice altered 
the behavioral effects of drugs of abuse (Stipanovich et al., 
2008), suggesting that regulation of H3 dephosphorylation 
also contributes to the effects of drug of abuse.

A promising new molecular avenue for the analyses 
of chromatin remodeling in drug addiction, was recently 
approached using genome-wide promoter microarrays 
(ChIP-chip) or high-throughput sequencing (Renthal and 
Nestler, 2008). These techniques allow the characterization 
of drug-induced histone modifications across every gene 
in the genome, and give rise to a wealth of new informa-
tions about epigenetic regulation in specific brain areas, 
as well as novel gene targets for the control of behavioral 
responses to drugs of abuse.

B.  Chromatin Remodeling in Human 
Neurological Disease

Besides its well documented role in drug addiction, 
chromatin remodeling in the striatum also plays a role 
in the pathogenesis of various neurological conditions 
including HD, dentatorubral-pallidoluysian atrophy and  
l-DOPA-induced dyskinesias.

1.  Striatal Chromatin Remodeling in 
Huntington’s Disease

HD is the most frequent neurodegenerative disease caused 
by an expansion of glutamines repeats (see also Chapter 
35). The main clinical manifestations of HD are chorea, 
cognitive impairment and psychiatric disorders. The trans-
mission of HD is autosomic dominant with a complete 
penetrance. The mutation responsible for HD, an unstable 
expansion of CAG repeat sequence, is located at the 5’ ter-
minal part of the IT15 gene encoding the Huntingtin (htt). 
One important characteristic of HD is the vulnerability of a 
particular brain region, the striatum, despite similar expres-
sion of the mutated protein in other brain areas (Roze et al.,  
2008a). Aggregation of the mutated Htt, transcriptional 
dysregulation, altered energy metabolism, excitotoxicity, 
impaired axonal transport, and altered synaptic transmis-
sion mediate neuronal dysfunction and death (Roze et al., 
2008a). Dysregulation of transcription was first described 
in HD brain tissues at early neuropathological stages, 
with altered levels of dopamine receptor and neuropeptide 
mRNAs. Decreased mRNA levels found in pre-symptomatic  
HD transgenic mice, indicated that changes in transcrip-
tion underlie neurodegeneration rather than unspecific 
degradation of all RNAs in affected neurons (Cha, 2007). 
Transcriptional dysregulation was further investigated in 
a series of works, in HD rodent models and human brain 
tissues, showing deregulation of multiple genes, encod-
ing neurotransmitter receptors, enzymes, proteins involved 
in the structure of neurons, in their response to stress,  
or in the axonal transport. This deregulation of transcrip-
tion (either up- or down-regulation) in large genomic 
regions occurs in a coordinated fashion and is associated 
with disease progression (Anderson et al., 2008).

Mutant htt, in its soluble or aggregated form, interacts 
with transcription factors, interferes with the transcriptional 
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machinery, and in turn in the transcriptional responses and 
cell viability (Roze et al., 2008a). In addition to these altera-
tions, chromatin remodeling, particularly in the striatum, 
is likely to play a key role in the transcriptional deregula-
tion observed in HD. The mutated htt interacts with CBP 
and blocks its intrinsic HAT activity (Steffan et al., 2001). 
Administration of HDACis including SAHA, sodium butyr-
ate and phenylbutyrate, have a potential therapeutic effect 
in several HD mouse models (Steffan et al., 2001; Ferrante 
et al., 2003; Hockly et al., 2003; Gardian et al., 2005), with 
improved behavioral performance and neuronal survival. 
Interestingly, administration of a new benzamide-type 
HDACi with lower potential toxicity than other HDAC, 
HDACi 4b, also restores the transcription of critical stria-
tal genes and improves motor and neuropathological phe-
notype of R6/2 HD mice (Thomas et al., 2008). Finally, it 
must be emphasized that levels of acetylated histones are 
not decreased globally in HD mice models, but rather selec-
tively in the promoters of genes that are specifically down- 
regulated in HD (Sadri-Vakili et al., 2007). Since all HDACis 
act broadly on various classes of HDACs, better benefits 
to side effects could be obtained with specific HDAC/Sirt 
inhibitors, as recently proposed in drosophila models of HD 
(Pallos et al., 2008).

Methylation of histones plays the reverse, inhibiting 
role on transcription. One of the proteins involved in meth-
yltransferase activity at histone H3 (Lys9) is ESET (ERG-
associated protein with SET domain). ESET expression is 
increased in HD patients and transgenic R6/2 HD mice (Ryu 
et al., 2006). Sp1 acts as a transcriptional activator of the 
ESET promoter at guanosine-cytosine (GC)-rich DNA bind-
ing sites (Yang et al., 2003). Inhibiting Sp1 binding to these 
sites, using mitramycin (a clinically approved antitumor anti-
biotic), suppressed basal ESET promoter activity in a dose-
dependent manner. The combined pharmacological treatment 
with mithramycin and cystamine down-regulates ESET 
gene expression and hypertrimethylation of histone H3.  
This treatment significantly ameliorates the behavioral 
and neuropathological phenotype of R6/2 HD mice and 
improves their survival. In general, the DNA/RNA binding 
agents, anthracyclins are thought to provide significant ther-
apeutic potential by correcting the pathological nucleosome 
changes and realigning transcription. Two such agents, 
chromomycin and mithramycin, were found to improve 
altered nucleosomal homeostasis, normalizing the shift in 
the balance between methylation and acetylation in HD 
mice. This resulted in the regulation of a subset of down-
regulated genes along with a significant improvement of the 
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behavioral and neuropathological phenotypes observed in 
HD mice (Stack et al., 2007).

Although it has been less studied, histone H3 phos-
phorylation and histone H2A-H2B ubiquitylation are also 
critical to induce the nucleosomal response and gene tran-
scription at some promoters. The histone H3 kinase MSK1 
is deficient in the striatum, specifically, of R6/2 mice and 
HD patients (Roze et al., 2008b). Restoring MSK1 expres-
sion and subsequent striatal H3 phosphorylation in an in 
vitro model system of HD protects against neuronal altera-
tion induced by the mutated htt including neuritic retrac-
tion, aggregate formation and neuronal death (Roze et al., 
2008b). Histone H2A ubiquitylation is increased in R6/2 
HD mice and associated to DNA regions located in the 
promoters of down-regulated genes in an in vitro model of 
HD (Kim et al., 2008a). This transcriptional repression is 
rescued by restoration of the ubiquitylated H2A level. In 
addition, histone H2B ubiquitylation is decreased in R6/2 
HD mice, and association of ubiquitylated H2B with pro-
moters positively correlates with transcriptional level in 
R6/2 mice. Reduction in H2A and H2B ubiquitylation pro-
duces the opposite effect on transcription via methylation 
of histone H3 at lysine 9 and lysine 4, respectively. These 
findings provide the first rationale for targeting histone 
ubiquitylation for therapy in HD (Kim et al., 2008a).

2.  Striatal Chromatin Remodeling in 
Dentatorubral-Pallidoluysian Atrophy

Dentatorubral-pallidoluysian atrophy (DRPLA) is another 
example of a human autosomal dominant neurodegen-
erative disorder due to an expanded polyglutamine repeat, 
located in the exon 5 of the gene coding the atrophin 1 pro-
tein. The main clinical manifestations of DRPLA are cho-
rea, cognitive impairment, ataxia, myoclonus, epilepsia and 
psychiatric disturbances. Similarly to HD, selective brain 
areas are predominantly affected by the disease, including 
the striatum, the dentate nucleus, the red nucleus and the 
subthalamic nucleus. Although far less studied, the mecha-
nisms of neuronal dysfunction are thought to be closed to 
those involved in HD, including transcriptional dysregu-
lation. This transcriptional dysregulation is an early phe-
nomenon, which increases along with disease progression 
in a DRPLA mouse model (Sato et al., 2009). Similarly to 
HD, the polyglutamine stretch interferes with transcription 
factors and the transcriptional machinery. In particular, 
dysfunction of CREB-dependent transcription is likely to 
account, at least in part, for this dysregulation. Thus, most 
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of genes down-regulated in DRPLA models have a CRE 
site in their promoters, and CRE dependent transcription is 
altered in vitro, by over-expression of an expanded poly-
glutamine stretch (Shimohata et al., 2000; Nucifora et al., 
2001; Shimohata et al., 2005). Atrophin 1 itself, is also a 
transcription regulator inhibiting gene expression through 
various mechanisms (Wood et al., 2000; Zhang et al., 
2002b). These may include recruitment of HDAC1 through 
an interaction with atrophin 2 (Zoltewicz et al., 2004). The 
repressive activity of atrophin 1 on transcription is reduced 
in mutated atrophin 1, in a drosophila model of DRPLA 
(Zhang et al., 2002b). Treatment of 118Q DRPLA mice 
with sodium butyrate reverses the global hypoacetylation 
of histone H3 observed in these mice and improve their 
motor phenotype (Ying et al., 2006).

3.  Striatal Chromatin Remodeling in  
l-DOPA-Induced Dyskinesia

Parkinson’s disease is a neurodegenerative disease mainly 
characterized by the progressive loss of the dopaminergic 
input to the dorsal striatum (see also Chapter 34), result-
ing in severe motor dysfunctions with bradykinesia, rigidity  
and tremor. The dopamine precursor l-DOPA remains 
the most effective symptomatic pharmacological therapy. 
Unfortunately, as a result of both disease progression and 
long duration exposure to l-DOPA, patients develop debili-
tating involuntary movements referred to as l-DOPA-
induced dyskinesias (see Chapter 36). Indeed, severe 
striatal dopamine depletion alters the response of MSNs to 
dopaminergic drugs (see Chapter 28). This altered response 
is mainly due to the sensitization of D1 receptor signal-
ing and its downstream consequences (Berke et al., 1998; 
Gerfen et al., 2002; Corvol et al., 2004; Kim et al., 2006). 
Dopamine depletion is associated, in the striatum, with 
increased level and efficiency of the Golf protein (Corvol 
et al., 2004; Aubert et al., 2005), activation of the adenylate 
cyclase (Zhuang et al., 2000; Corvol et al., 2001) and, in 
turn, enhanced cAMP-dependent PKA-mediated phospho-
rylation, including DARPP-32 phosphorylation (Picconi 
et al., 2003; Santini et al., 2007) (see also Chapter 26). In 
addition, loss of physiological dopamine inputs and subse-
quent sensitization of D1 receptors enhances the l-DOPA-
induced activation of the ERK signalling pathway (Gerfen 
et al., 2002; Kim et al., 2006; Pavon et al., 2006; Santini  
et al., 2007; Westin et al., 2007; Nicholas et al., 2008). In 
an animal model of PD, this activation occurs selectively in 
the striatonigral (but not striatopallidal) MSNs that express 
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the D1 receptors (see also Chapter 36). The subsequent 
activation of MSK1 and phosphorylation of histone H3, 
which are specific to dyskinetic animals, are also restricted 
to striatonigral MSNs (Santini et al., 2009). Since phos-
phorylation of DARPP-32 has been involved, at least in 
part, in the activation of ERK downstream D1 receptors 
(Valjent et al., 2005), these data suggest a functional cou-
pling between the cAMP/PKA/DARPP-32 cascade and the 
ERK/MSK1/H3 pathway. Modulation of histone H3 and 
H4 acetylation is likely to play also a role in the chromatin 
remodeling involved in l-DOPA-induced dyskinesia, but 
data on this aspect are scarce and inconsistent (Nicholas  
et al., 2008). Although it remains to be clearly demon-
strated, these histone modifications and the related chro-
matin remodeling, could underlie, at least in part, the 
alteration of genes expression pattern observed in the stri-
atal MSNs and the resulting long-term changes in neuro-
nal functions (Andersson et al., 1999; Bordet et al., 2000; 
Konradi et al., 2004; Carta et al., 2005).

IV.  Conclusions

Thus, a combination of post-translational modifications 
occurs on histones at specific loci and appears to be criti-
cally required for gene transcription to occur. Modifying 
one of these post-translational events could be sufficient to 
restore at least in part, molecular and behavioral alterations 
observed in neurological diseases associated with basal 
ganglia dysfunctions. Although most attention has been 
paid on histone acetylation and therapeutic potentials of 
HDACis, we propose that modulation of the other histone 
post-translational modifications could be a promising ave-
nue for the treatment of neuropathologies of basal ganglia, 
including drug and alcohol addiction, HD, DRPLA and  
l-DOPA-induced dyskinesias.

References

Alarcon JM, Malleret G, Touzani K, Vronskaya S, Ishii S, Kandel ER, 
Barco A (2004) Chromatin acetylation, memory, and LTP are impaired 
in CBP/– mice: a model for the cognitive deficit in Rubinstein-Taybi 
syndrome and its amelioration. Neuron 42:947–959.

Alcorta DA, Crews CM, Sweet LJ, Bankston L, Jones SW, Erikson RL 
(1989) Sequence and expression of chicken and mouse rsk: homologs 
of Xenopus laevis ribosomal S6 kinase. Mol Cell Biol 9:3850–3859.

Anderson AN, Roncaroli F, Hodges A, Deprez M, Turkheimer FE (2008) 
Chromosomal profiles of gene expression in Huntington’s disease. 
Brain 131:381–388.

Andersson M, Hilbertson A, Cenci MA (1999) Striatal fosB expression is 
causally linked with l-DOPA-induced abnormal involuntary movements 



Handbook of Basal Ganglia Structure and Function540
and the associated upregulation of striatal prodynorphin mRNA in a rat 
model of Parkinson’s disease. Neurobiol Dis 6:461–474.

Arthur JS (2008) MSK activation and physiological roles. Front Biosci 
13:5866–5879.

Arts J, Angibaud P, Marien A, et al. (2007) R306465 is a novel potent 
inhibitor of class I histone deacetylases with broad-spectrum antitu-
moral activity against solid and haematological malignancies. Br J 
Cancer 97:1344–1353.

Aubert I, Guigoni C, Hakansson K, et al. (2005) Increased D1 dopa-
mine receptor signaling in levodopa-induced dyskinesia. Ann Neurol 
57:17–26.

Bannister AJ, Schneider R, Myers FA, Thorne AW, Crane-Robinson C, 
Kouzarides T (2005) Spatial distribution of di- and tri-methyl lysine 
36 of histone H3 at active genes. J Biol Chem 280:17732–17736.

Belfield JL, Whittaker C, Cader MZ, Chawla S (2006) Differential effects 
of Ca2 and cAMP on transcription mediated by MEF2D and cAMP-
response element-binding protein in hippocampal neurons. J Biol 
Chem 281:27724–27732.

Berger SL (2002) Histone modifications in transcriptional regulation. 
Curr Opin Genet Dev 12:142–148.

Berger SL (2007) The complex language of chromatin regulation during 
transcription. Nature 447:407–412.

Berke JD, Paletzki RF, Aronson GJ, Hyman SE, Gerfen CR (1998)  
A complex program of striatal gene expression induced by dopami-
nergic stimulation. J Neurosci 18:5301–5310.

Bertran-Gonzalez J, Bosch C, Maroteaux M, Matamales M, Herve D, 
Valjent E, Girault JA (2008) Opposing patterns of signaling activa-
tion in dopamine D1 and D2 receptor-expressing striatal neurons in 
response to cocaine and haloperidol. J Neurosci 28:5671–5685.

Bibb JA, Chen J, Taylor JR, et al. (2001) Effects of chronic expo-
sure to cocaine are regulated by the neuronal protein Cdk5. Nature 
410:376–380.

Bieliauskas AV, Pflum MK (2008) Isoform-selective histone deacetylase 
inhibitors. Chem Soc Rev 37:1402–1413.

Bolger TA, Yao TP (2005) Intracellular trafficking of histone deacetylase 
4 regulates neuronal cell death. J Neurosci 25:9544–9553.

Bordet R, Ridray S, Schwartz JC, Sokoloff P (2000) Involvement of the 
direct striatonigral pathway in levodopa-induced sensitization in  
6-hydroxydopamine-lesioned rats. Eur J Neurosci 12:2117–2123.

Bowers MS, McFarland K, Lake RW, Peterson YK, Lapish CC, Gregory 
ML, Lanier SM, Kalivas PW (2004) Activator of G protein signal-
ing 3: a gatekeeper of cocaine sensitization and drug seeking. Neuron 
42:269–281.

Brami-Cherrier K, Lavaur J, Pages C, Arthur JS, Caboche J (2007) 
Glutamate induces histone H3 phosphorylation but not acetylation 
in striatal neurons: role of mitogen- and stress-activated kinase-1.  
J Neurochem 101:697–708.

Brami-Cherrier K, Roze E, Girault JA, Betuing S, Caboche J (2009) Role 
of the ERK/MSK1 signalling pathway in chromatin remodelling and 
brain responses to drugs of abuse. J Neurochem 108:1323–1335.

Brami-Cherrier K, Valjent E, Herve D, et al. (2005) Parsing molecular and 
behavioral effects of cocaine in mitogen- and stress-activated protein 
kinase-1-deficient mice. J Neurosci 25:11444–11454.

Brandl A, Heinzel T, Kramer OH (2009) Histone deacetylases: salesmen 
and customers in the post-translational modification market. Biol Cell 
101:193–205.

Broide RS, Redwine JM, Aftahi N, Young W, Bloom FE, Winrow CJ 
(2007) Distribution of histone deacetylases 1-11 in the rat brain.  
J Mol Neurosci 31:47–58.
Brownell JE, Allis CD (1996) Special HATs for special occasions: linking 
histone acetylation to chromatin assembly and gene activation. Curr 
Opin Genet Dev 6:176–184.

Bu P, Evrard YA, Lozano G, Dent SY (2007) Loss of Gcn5 acetyltrans-
ferase activity leads to neural tube closure defects and exencephaly in 
mouse embryos. Mol Cell Biol 27:3405–3416.

Candau R, Zhou JX, Allis CD, Berger SL (1997) Histone acetyltransfer-
ase activity and interaction with ADA2 are critical for GCN5 function 
in vivo. EMBO J 16:555–565.

Carlezon WA Jr., Thome J, Olson VG, et al. (1998) Regulation of cocaine 
reward by CREB. Science 282:2272–2275.

Carrozza MJ, Kusch T, Workman JL (2003) Repairing nucleosomes dur-
ing transcription. Nat Struct Biol 10:879–880.

Carta AR, Tronci E, Pinna A, Morelli M (2005) Different responsive-
ness of striatonigral and striatopallidal neurons to L-DOPA after 
a subchronic intermittent L-DOPA treatment. Eur J Neurosci 
21:1196–1204.

Cha JH (2007) Transcriptional signatures in Huntington’s disease. Prog 
Neurobiol.

Chadee DN, Hendzel MJ, Tylipski CP, Allis CD, Bazett-Jones DP, Wright 
JA, Davie JR (1999) Increased Ser-10 phosphorylation of histone H3 
in mitogen-stimulated and oncogene-transformed mouse fibroblasts. 
J Biol Chem 274:24914–24920.

Chandramohan Y, Droste SK, Arthur JS, Reul JM (2008) The forced 
swimming-induced behavioral immobility response involves histone 
H3 phospho-acetylation and c-Fos induction in dentate gyrus gran-
ule neurons via activation of the N-methyl-D-aspartate/extracellular  
signal-regulated kinase/mitogen- and stress-activated kinase signal-
ling pathway. Eur J Neurosci 27:2701–2713.

Chawla S, Hardingham GE, Quinn DR, Bading H (1998) CBP: a signal-
regulated transcriptional coactivator controlled by nuclear calcium 
and CaM kinase IV. Science 281:1505–1509.

Chawla S, Vanhoutte P, Arnold FJ, Huang CL, Bading H (2003) Neuronal 
activity-dependent nucleocytoplasmic shuttling of HDAC4 and 
HDAC5. J Neurochem 85:151–159.

Chen J, Kelz MB, Hope BT, Nakabeppu Y, Nestler EJ (1997) Chronic 
Fos-related antigens: stable variants of deltaFosB induced in brain by 
chronic treatments. J Neurosci 17:4933–4941.

Cheung P, Allis CD, Sassone-Corsi P (2000) Signaling to chromatin 
through histone modifications. Cell 103:263–271.

Chrivia JC, Kwok RP, Lamb N, Hagiwara M, Montminy MR, Goodman 
RH (1993) Phosphorylated CREB binds specifically to the nuclear 
protein CBP. Nature 365:855–859.

Chwang WB, Arthur JS, Schumacher A, Sweatt JD (2007) The nuclear 
kinase mitogen- and stress-activated protein kinase 1 regulates hip-
pocampal chromatin remodeling in memory formation. J Neurosci 
27:12732–12742.

Clayton AL, Mahadevan LC (2003) MAP kinase-mediated phospho-
acetylation of histone H3 and inducible gene regulation. FEBS Lett 
546:51–58.

Collins BJ, Deak M, Arthur JS, Armit LJ, Alessi DR (2003) In vivo role 
of the PIF-binding docking site of PDK1 defined by knock-in muta-
tion. Embo J 22:4202–4211.

Corbit KC, Soh JW, Yoshida K, Eves EM, Weinstein IB, Rosner MR 
(2000) Different protein kinase C isoforms determine growth factor 
specificity in neuronal cells. Mol Cell Biol 20:5392–5403.

Corvol JC, Studler JM, Schonn JS, Girault JA, Herve D (2001) 
Galpha(olf) is necessary for coupling D1 and A2a receptors to adeny-
lyl cyclase in the striatum. J Neurochem 76:1585–1588.



541Chapter | 30  Chromatin Remodeling in Striatal Neurons
Corvol JC, Muriel MP, Valjent E, Feger J, Hanoun N, Girault JA, Hirsch 
EC, Herve D (2004) Persistent increase in olfactory type G-protein 
alpha subunit levels may underlie D1 receptor functional hypersensi-
tivity in Parkinson disease. J Neurosci 24:7007–7014.

Cress WD, Seto E (2000) Histone deacetylases, transcriptional control, 
and cancer. J Cell Physiol 184:1–16.

Crosio C, Heitz E, Allis CD, Borrelli E, Sassone-Corsi P (2003) 
Chromatin remodeling and neuronal response: multiple signaling 
pathways induce specific histone H3 modifications and early gene 
expression in hippocampal neurons. J Cell Sci 116:4905–4914.

Cuthbert GL, Daujat S, Snowden AW, et al. (2004) Histone deimination 
antagonizes arginine methylation. Cell 118:545–553.

Deak M, Clifton AD, Lucocq LM, Alessi DR (1998) Mitogen- and stress-
activated protein kinase-1 (MSK1) is directly activated by MAPK 
and SAPK2/p38, and may mediate activation of CREB. Embo J 
17:4426–4441.

Delcuve GP, Rastegar M, Davie JR (2009) Epigenetic control. J Cell 
Physiol 219:243–250.

Di Chiara G, Bassareo V (2007) Reward system and addiction: what 
dopamine does and doesn’t do. Curr Opin Pharmacol 7:69–76.

Drummond DC, Noble CO, Kirpotin DB, Guo Z, Scott GK, Benz CC 
(2005) Clinical development of histone deacetylase inhibitors as anti-
cancer agents. Annu Rev Pharmacol Toxicol 45:495–528.

Felsenfeld G, Groudine M (2003) Controlling the double helix. Nature 
421:448–453.

Ferrante RJ, Kubilus JK, Lee J, et al. (2003) Histone deacetylase inhibition 
by sodium butyrate chemotherapy ameliorates the neurodegenerative 
phenotype in Huntington’s disease mice. J Neurosci 23:9418–9427.

Fischle W, Wang Y, Allis CD (2003) Histone and chromatin cross-talk. 
Curr Opin Cell Biol 15:172–183.

Frodin M, Jensen CJ, Merienne K, Gammeltoft S (2000) A phosphoser-
ine-regulated docking site in the protein kinase RSK2 that recruits 
and activates PDK1. Embo J 19:2924–2934.

Frodin M, Antal TL, Dummler BA, Jensen CJ, Deak M, Gammeltoft S, 
Biondi RM (2002) A phosphoserine/threonine-binding pocket in 
AGC kinases and PDK1 mediates activation by hydrophobic motif 
phosphorylation. Embo J 21:5396–5407.

Garcia-Ramirez M, Rocchini C, Ausio J (1995) Modulation of chromatin 
folding by histone acetylation. J Biol Chem 270:17923–17928.

Gardian G, Browne SE, Choi DK, et al. (2005) Neuroprotective effects 
of phenylbutyrate in the N171-82Q transgenic mouse model of 
Huntington’s disease. J Biol Chem 280:556–563.

Gerfen CR, Miyachi S, Paletzki R, Brown P (2002) D1 dopamine receptor 
supersensitivity in the dopamine-depleted striatum results from a switch 
in the regulation of ERK1/2/MAP kinase. J Neurosci 22:5042–5054.

Giles RH, Peters DJ, Breuning MH (1998) Conjunction dysfunction: 
CBP/p300 in human disease. Trends Genet 14:178–183.

Goodman RH, Smolik S (2000) CBP/p300 in cell growth, transformation, 
and development. Genes Dev 14:1553–1577.

Graff J, Mansuy IM (2008) Epigenetic codes in cognition and behavior. 
Behav Brain Res 192:70–87.

Graham DL, Edwards S, Bachtell RK, DiLeone RJ, Rios M, Self DW 
(2007) Dynamic BDNF activity in nucleus accumbens with cocaine use 
increases self-administration and relapse. Nat Neurosci 10:1029–1037.

Gregoretti IV, Lee YM, Goodson HV (2004) Molecular evolution of the 
histone deacetylase family: functional implications of phylogenetic 
analysis. J Mol Biol 338:17–31.

Grewal SI, Moazed D (2003) Heterochromatin and epigenetic control of 
gene expression. Science 301:798–802.
Grimm JW, Lu L, Hayashi T, Hope BT, Su TP, Shaham Y (2003) Time-
dependent increases in brain-derived neurotrophic factor protein levels 
within the mesolimbic dopamine system after withdrawal from cocaine: 
implications for incubation of cocaine craving. J Neurosci 23:742–747.

Haggarty SJ, Koeller KM, Wong JC, Grozinger CM, Schreiber SL (2003) 
Domain-selective small-molecule inhibitor of histone deacetylase 6 
(HDAC6)-mediated tubulin deacetylation. Proc Natl Acad Sci USA 
100:4389–4394.

Hardingham GE, Chawla S, Cruzalegui FH, Bading H (1999) Control of 
recruitment and transcription-activating function of CBP determines 
gene regulation by NMDA receptors and L-type calcium channels. 
Neuron 22:789–798.

Hassa PO, Haenni SS, Elser M, Hottiger MO (2006) Nuclear ADP- 
ribosylation reactions in mammalian cells: where are we today and 
where are we going? Microbiol Mol Biol Rev 70:789–829.

Heffron D, Mandell JW (2005) Differential localization of MAPK-acti-
vated protein kinases RSK1 and MSK1 in mouse brain. Brain Res 
Mol Brain Res 136:134–141.

Hockly E, Richon VM, Woodman B, et al. (2003) Suberoylanilide 
hydroxamic acid, a histone deacetylase inhibitor, ameliorates motor 
deficits in a mouse model of Huntington’s disease. Proc Natl Acad 
Sci USA 100:2041–2046.

Hodawadekar SC, Marmorstein R (2007) Chemistry of acetyl transfer by 
histone modifying enzymes: structure, mechanism and implications 
for effector design. Oncogene 26:5528–5540.

Hope BT, Nye HE, Kelz MB, Self DW, Iadarola MJ, Nakabeppu Y, 
Duman RS, Nestler EJ (1994) Induction of a long-lasting AP-1 
complex composed of altered Fos-like proteins in brain by chronic 
cocaine and other chronic treatments. Neuron 13:1235–1244.

Hsu JY, Sun ZW, Li X, Reuben M, Tatchell K, Bishop DK, Grushcow JM,  
Brame CJ, Caldwell JA, Hunt DF, Lin R, Smith MM, Allis CD 
(2000) Mitotic phosphorylation of histone H3 is governed by Ipl1/
aurora kinase and Glc7/PP1 phosphatase in budding yeast and nema-
todes. Cell 102:279–291.

Hu SC, Chrivia J, Ghosh A (1999) Regulation of CBP-mediated transcrip-
tion by neuronal calcium signaling. Neuron 22:799–808.

Huang Y, Doherty JJ, Dingledine R (2002) Altered histone acetylation at 
glutamate receptor 2 and brain-derived neurotrophic factor genes is an 
early event triggered by status epilepticus. J Neurosci 22:8422–8428.

Hubbert C, Guardiola A, Shao R, et al. (2002) HDAC6 is a microtubule-
associated deacetylase. Nature 417:455–458.

Hyman SE, Malenka RC, Nestler EJ (2006) Neural mechanisms of addic-
tion: the role of reward-related learning and memory. Annu Rev 
Neurosci 29:565–598.

Janknecht R, Nordheim A (1996) MAP kinase-dependent transcriptional 
coactivation by Elk-1 and its cofactor CBP. Biochem Biophys Res 
Commun 228:831–837.

Kalivas PW, Volkow ND (2005) The neural basis of addiction: a pathol-
ogy of motivation and choice. Am J Psychiatry 162:1403–1413.

Kelz MB, Chen J, Carlezon WA Jr., et al. (1999) Expression of the tran-
scription factor deltaFosB in the brain controls sensitivity to cocaine. 
Nature 401:272–276.

Kim DS, Palmiter RD, Cummins A, Gerfen CR (2006) Reversal of 
supersensitive striatal dopamine D1 receptor signaling and extracel-
lular signal-regulated kinase activity in dopamine-deficient mice. 
Neuroscience 137:1381–1388.

Kim MO, Chawla P, Overland RP, Xia E, Sadri-Vakili G, Cha JH (2008a) 
Altered histone monoubiquitylation mediated by mutant huntingtin 
induces transcriptional dysregulation. J Neurosci 28:3947–3957.



Handbook of Basal Ganglia Structure and Function542
Kim WY, Kim S, Kim JH (2008b) Chronic microinjection of valproic 
acid into the nucleus accumbens attenuates amphetamine-induced 
locomotor activity. Neurosci Lett 432:54–57.

Konradi C, Westin JE, Carta M, Eaton ME, Kuter K, Dekundy A, 
Lundblad M, Cenci MA (2004) Transcriptome analysis in a rat model 
of L-DOPA-induced dyskinesia. Neurobiol Dis 17:219–236.

Koob G, Kreek MJ (2007) Stress, dysregulation of drug reward pathways, 
and the transition to drug dependence. Am J Psychiatry 164:1149–1159.

Korzus E, Rosenfeld MG, Mayford M (2004) CBP histone acetyltransfer-
ase activity is a critical component of memory consolidation. Neuron 
42:961–972.

Kouzarides T (2002) Histone methylation in transcriptional control. Curr 
Opin Genet Dev 12:198–209.

Kouzarides T (2007) Chromatin modifications and their function. Cell 
128:693–705.

Kumar A, Choi KH, Renthal W, et al. (2005) Chromatin remodeling is 
a key mechanism underlying cocaine-induced plasticity in striatum. 
Neuron 48:303–314.

Kuo MH, Allis CD (1998) Roles of histone acetyltransferases and deacet-
ylases in gene regulation. Bioessays 20:615–626.

Kuo MH, Zhou J, Jambeck P, Churchill ME, Allis CD (1998) Histone 
acetyltransferase activity of yeast Gcn5p is required for the activation 
of target genes in vivo. Genes Dev 12:627–639.

Levenson JM, O’Riordan KJ, Brown KD, Trinh MA, Molfese DL, Sweatt 
JD (2004) Regulation of histone acetylation during memory forma-
tion in the hippocampus. J Biol Chem 279:40545–40559.

Levine AA, Guan Z, Barco A, Xu S, Kandel ER, Schwartz JH (2005) 
CREB-binding protein controls response to cocaine by acetylating 
histones at the fosB promoter in the mouse striatum. Proc Natl Acad 
Sci USA 102:19186–19191.

Li B, Carey M, Workman JL (2007) The role of chromatin during tran-
scription. Cell 128:707–719.

Liu CL, Kaplan T, Kim M, Buratowski S, Schreiber SL, Friedman N, 
Rando OJ (2005) Single-nucleosome mapping of histone modifica-
tions in S. cerevisiae. PLoS Biol 3:e328.

Lo WS, Duggan L, Emre NC, Belotserkovskya R, Lane WS, Shiekhattar 
R, Berger SL (2001) Snf1 – a histone kinase that works in concert 
with the histone acetyltransferase Gcn5 to regulate transcription. 
Science 293:1142–1146.

Lo WS, Trievel RC, Rojas JR, Duggan L, Hsu JY, Allis CD, Marmorstein 
R, Berger SL (2000) Phosphorylation of serine 10 in histone H3 is 
functionally linked in vitro and in vivo to Gcn5-mediated acetylation 
at lysine 14. Mol Cell 5:917–926.

Lu J, McKinsey TA, Zhang CL, Olson EN (2000) Regulation of skeletal 
myogenesis by association of the MEF2 transcription factor with 
class II histone deacetylases. Mol Cell 6:233–244.

Lu L, Hope BT, Dempsey J, Liu SY, Bossert JM, Shaham Y (2005) 
Central amygdala ERK signaling pathway is critical to incubation of 
cocaine craving. Nat Neurosci 8:212–219.

Luger K, Richmond TJ (1998) The histone tails of the nucleosome. Curr 
Opin Genet Dev 8:140–146.

Marmorstein R (2001) Structure and function of histone acetyltransfer-
ases. Cell Mol Life Sci 58:693–703.

McClung CA, Ulery PG, Perrotti LI, Zachariou V, Berton O, Nestler EJ 
(2004) DeltaFosB: a molecular switch for long-term adaptation in the 
brain. Brain Res Mol Brain Res 132:146–154.

McCoy CE, Campbell DG, Deak M, Bloomberg GB, Arthur JS (2005) 
MSK1 activity is controlled by multiple phosphorylation sites. Biochem 
J 387:507–517.
McCoy CE, Macdonald A, Morrice NA, Campbell DG, Deak M, Toth R, 
McIlrath J, Arthur JS (2007) Identification of novel phosphorylation 
sites in MSK1 by precursor ion scanning MS. Biochem J 402:491–501.

McKinsey TA, Zhang CL, Lu J, Olson EN (2000) Signal-dependent 
nuclear export of a histone deacetylase regulates muscle differentia-
tion. Nature 408:106–111.

McManus KJ, Hendzel MJ (2001) CBP, a transcriptional coactivator and 
acetyltransferase. Biochem Cell Biol 79:253–266.

Mehler MF (2008) Epigenetic principles and mechanisms underly-
ing nervous system functions in health and disease. Prog Neurobiol 
86:305–341.

Merson TD, Dixon MP, Collin C, Rietze RL, Bartlett PF, Thomas T, Voss 
AK (2006) The transcriptional coactivator Querkopf controls adult 
neurogenesis. J Neurosci 26:11359–11370.

Michishita E, Park JY, Burneskis JM, Barrett JC, Horikawa I (2005) 
Evolutionarily conserved and nonconserved cellular localizations and 
functions of human SIRT proteins. Mol Biol Cell 16:4623–4635.

Miller CA, Marshall JF (2005) Molecular substrates for retrieval and 
reconsolidation of cocaine-associated contextual memory. Neuron 
47:873–884.

Moller DE, Xia CH, Tang W, Zhu AX, Jakubowski M (1994) Human rsk 
isoforms: cloning and characterization of tissue-specific expression. 
Am J Physiol 266:C351–C359.

Moratalla R, Elibol B, Vallejo M, Graybiel AM (1996) Network-level 
changes in expression of inducible Fos-Jun proteins in the stria-
tum during chronic cocaine treatment and withdrawal. Neuron 
17:147–156.

Murnion ME, Adams RR, Callister DM, Allis CD, Earnshaw WC, 
Swedlow JR (2001) Chromatin-associated protein phosphatase 1 
regulates aurora-B and histone H3 phosphorylation. J Biol Chem 
276:26656–26665.

Nakajima T, Fukamizu A, Takahashi J, Gage FH, Fisher T, Blenis J, 
Montminy MR (1996) The signal-dependent coactivator CBP is a 
nuclear target for pp90RSK. Cell 86:465–474.

Nathan D, Sterner DE, Berger SL (2003) Histone modifica-
tions: Now summoning sumoylation. Proc Natl Acad Sci USA 
100:13118–13120.

Nelson CJ, Santos-Rosa H, Kouzarides T (2006) Proline isomerization 
of histone H3 regulates lysine methylation and gene expression. Cell 
126:905–916.

Nestler EJ (2001) Molecular basis of long-term plasticity underlying 
addiction. Nat Rev Neurosci 2:119–128.

Nestler EJ, Barrot M, Self DW (2001) DeltaFosB: a sustained molecular 
switch for addiction. Proc Natl Acad Sci USA 98:11042–11046.

New L, Zhao M, Li Y, Bassett WW, Feng Y, Ludwig S, Padova FD, Gram 
H, Han J (1999) Cloning and characterization of RLPK, a novel 
RSK-related protein kinase. J Biol Chem 274:1026–1032.

Nicholas AP, Lubin FD, Hallett PJ, et al. (2008) Striatal histone modi-
fications in models of levodopa-induced dyskinesia. J Neurochem 
106:486–494.

Nightingale KP, Wellinger RE, Sogo JM, Becker PB (1998) Histone acet-
ylation facilitates RNA polymerase II transcription of the Drosophila 
hsp26 gene in chromatin. EMBO J 17:2865–2876.

North BJ, Marshall BL, Borra MT, Denu JM, Verdin E (2003) The human 
Sir2 ortholog, SIRT2, is an NAD -dependent tubulin deacetylase. 
Mol Cell 11:437–444.

Nowak SJ, Corces VG (2004) Phosphorylation of histone H3: a balancing 
act between chromosome condensation and transcriptional activation. 
Trends Genet 20:214–220.



543Chapter | 30  Chromatin Remodeling in Striatal Neurons
Nowak SJ, Pai CY, Corces VG (2003) Protein phosphatase 2A activity 
affects histone H3 phosphorylation and transcription in Drosophila 
melanogaster. Mol Cell Biol 23:6129–6138.

Nucifora FC Jr., Sasaki M, Peters MF, et al. (2001) Interference by hun-
tingtin and atrophin-1 with cbp-mediated transcription leading to cel-
lular toxicity. Science 291:2423–2428.

Ogryzko VV, Schiltz RL, Russanova V, Howard BH, Nakatani Y (1996) 
The transcriptional coactivators p300 and CBP are histone acetyl-
transferases. Cell 87:953–959.

Pallos J, Bodai L, Lukacsovich T, Purcell JM, Steffan JS, Thompson 
LM, Marsh JL (2008) Inhibition of specific HDACs and sirtuins sup-
presses pathogenesis in a Drosophila model of Huntington’s disease. 
Hum Mol Genet 17:3767–3775.

Pavon N, Martin AB, Mendialdua A, Moratalla R (2006) ERK phosphor-
ylation and FosB expression are associated with L-DOPA-induced 
dyskinesia in hemiparkinsonian mice. Biol Psychiatry 59:64–74.

Picconi B, Centonze D, Hakansson K, Bernardi G, Greengard P, Fisone G, 
Cenci MA, Calabresi P (2003) Loss of bidirectional striatal synaptic 
plasticity in l-DOPA-induced dyskinesia. Nat Neurosci 6:501–506.

Pierrat B, Correia JS, Mary JL, Tomas-Zuber M, Lesslauer W (1998) 
RSK-B, a novel ribosomal S6 kinase family member, is a CREB 
kinase under dominant control of p38alpha mitogen-activated protein 
kinase (p38alphaMAPK). J Biol Chem 273:29661–29671.

Putignano E, Lonetti G, Cancedda L, Ratto G, Costa M, Maffei L, 
Pizzorusso T (2007) Developmental downregulation of histone post-
translational modifications regulates visual cortical plasticity. Neuron 
53:747–759.

Radwanska K, Valjent E, Trzaskos J, Caboche J, Kaczmarek L (2006) 
Regulation of cocaine-induced activator protein 1 transcription factors 
by the extracellular signal-regulated kinase pathway. Neuroscience 
137:253–264.

Renthal W, Nestler EJ (2008) Epigenetic mechanisms in drug addiction. 
Trends Mol Med 14:341–350.

Renthal W, Maze I, Krishnan V, et al. (2007) Histone deacetylase 5 epige-
netically controls behavioral adaptations to chronic emotional stimuli. 
Neuron 56:517–529.

Robzyk K, Recht J, Osley MA (2000) Rad6-dependent ubiquitination of 
histone H2B in yeast. Science 287:501–504.

Romieu P, Host L, Gobaille S, Sandner G, Aunis D, Zwiller J (2008) 
Histone deacetylase inhibitors decrease cocaine but not sucrose self-
administration in rats. J Neurosci 28:9342–9348.

Rosen JB, Chuang E, Iadarola MJ (1994) Differential induction of Fos 
protein and a Fos-related antigen following acute and repeated 
cocaine administration. Brain Res Mol Brain Res 25:168–172.

Roux PP, Blenis J (2004) ERK and p38 MAPK-activated protein kinases: 
a family of protein kinases with diverse biological functions. 
Microbiol Mol Biol Rev 68:320–344.

Roze E, Saudou F, Caboche J (2008a) Pathophysiology of Huntington’s 
disease: from huntingtin functions to potential treatments. Curr Opin 
Neurol 21:497–503.

Roze E, Betuing S, Deyts C, et al. (2008b) Mitogen- and stress-activated 
protein kinase-1 deficiency is involved in expanded-huntingtin-induced  
transcriptional dysregulation and striatal death. FASEB J 
22:1083–1093.

Ryu H, Lee J, Hagerty SW, Soh BY, McAlpin SE, Cormier KA, Smith 
KM, Ferrante RJ (2006) ESET/SETDB1 gene expression and histone 
H3 (K9) trimethylation in Huntington’s disease. Proc Natl Acad Sci 
USA 103:19176–19181.
Sadri-Vakili G, Bouzou B, Benn CL, et al. (2007) Histones Associated 
with Downregulated Genes are Hypo-acetylated in Huntington’s 
Disease Models. Hum Mol Genet 16(11):1293–1306.

Santini E, Valjent E, Usiello A, Carta M, Borgkvist A, Girault JA, Herve 
D, Greengard P, Fisone G (2009) Critical involvement of cAMP/
DARPP-32 and extracellular signal-regulated protein kinase signal-
ing in L-DOPA-induced dyskinesia. J Neurosci 27:6995–7005.

Santini E, Alcacer C, Cacciatore S, Heiman M, Herve D, Greengard P, 
Girault JA, Valjent E, Fisone G (2009) L-DOPA activates ERK sig-
naling and phosphorylates histone H3 in the striatonigral medium 
spiny neurons of hemiparkinsonian mice. J Neurochem 108:621–633.

Santos-Rosa H, Caldas C (2005) Chromatin modifier enzymes, the his-
tone code and cancer. Eur J Cancer 41:2381–2402.

Sassone-Corsi P, Mizzen CA, Cheung P, Crosio C, Monaco L, Jacquot S, 
Hanauer A, Allis CD (1999) Requirement of Rsk-2 for epidermal growth 
factor-activated phosphorylation of histone H3. Science 285:886–891.

Sato T, Miura M, Yamada M, et al. (2009) Severe neurological pheno-
types of Q129 DRPLA transgenic mice serendipitously created by 
en masse expansion of CAG repeats in Q76 DRPLA mice. Hum Mol 
Genet 18:723–736.

Schroeder FA, Lin CL, Crusio WE, Akbarian S (1999) Antidepressant-
like effects of the histone deacetylase inhibitor, sodium butyrate, in 
the mouse. Biol Psychiatry Jul 1;62(1):55–64.

Shaywitz AJ, Greenberg ME (1999) CREB: a stimulus-induced transcrip-
tion factor activated by a diverse array of extracellular signals. Annu 
Rev Biochem 68:821–861.

Shiio Y, Eisenman RN (2003) Histone sumoylation is associated with tran-
scriptional repression. Proc Natl Acad Sci USA 100:13225–13230.

Shilatifard A (2006) Chromatin modifications by methylation and ubiqui-
tination: implications in the regulation of gene expression. Annu Rev 
Biochem 75:243–269.

Shimohata M, Shimohata T, Igarashi S, Naruse S, Tsuji S (2005) 
Interference of CREB-dependent transcriptional activation by 
expanded polyglutamine stretches – augmentation of transcriptional 
activation as a potential therapeutic strategy for polyglutamine dis-
eases. J Neurochem 93:654–663.

Shimohata T, et al. (2000) Expanded polyglutamine stretches interact with 
TAFII130, interfering with CREB-dependent transcription. Nat Genet 
26:29–36.

Sindreu CB, Scheiner ZS, Storm DR (2007) Ca2-stimulated adenylyl 
cyclases regulate ERK-dependent activation of MSK1 during fear 
conditioning. Neuron Jan 4;53(1):79–89.

Smith JA, Poteet-Smith CE, Malarkey K, Sturgill TW (1999) 
Identification of an extracellular signal-regulated kinase (ERK) dock-
ing site in ribosomal S6 kinase, a sequence critical for activation by 
ERK in vivo. J Biol Chem 274:2893–2898.

Sng JC, Taniura H, Yoneda Y (2006) Histone modifications in kainate-
induced status epilepticus. Eur J Neurosci 23:1269–1282.

Soloaga A, Thomson S, Wiggin GR, Rampersaud N, Dyson MH, Hazzalin 
CA, Mahadevan LC, Arthur JS (2003) MSK2 and MSK1 mediate 
the mitogen- and stress-induced phosphorylation of histone H3 and 
HMG-14. Embo J 22:2788–2797.

Spanagel R, Herz A, Shippenberg TS (1992) Opposing tonically active 
endogenous opioid systems modulate the mesolimbic dopaminergic 
pathway. Proc Natl Acad Sci USA 89:2046–2050.

Stack EC, Del Signore SJ, Luthi-Carter R, et al. (2007) Modulation of 
Nucleosome Dynamics in Huntington’s Disease. Hum Mol Genet 
16(10):1164–1175.



Handbook of Basal Ganglia Structure and Function544

J Neurochem Sep;82(6):1453–64.
Steffan JS, Bodai L, Pallos J, et al. (2001) Histone deacetylase inhibitors 
arrest polyglutamine-dependent neurodegeneration in Drosophila. 
Nature 413:739–743.

Steiner H, Gerfen CR (1993) Cocaine-induced c-fos messenger RNA 
is inversely related to dynorphin expression in striatum. J Neurosci 
13:5066–5081.

Sterner DE, Berger SL (2000) Acetylation of histones and transcription-
related factors. Microbiol Mol Biol Rev 64:435–459.

Stipanovich A, Valjent E, Matamales M, et al. (2008) A phosphatase 
cascade by which rewarding stimuli control nucleosomal response. 
Nature 453:879–884.

Strahl BD, Allis CD (2000) The language of covalent histone modifica-
tions. Nature 403:41–45.

Sugiyama K, Sugiura K, Hara T, Sugimoto K, Shima H, Honda K, 
Furukawa K, Yamashita S, Urano T (2002) Aurora-B associated 
protein phosphatases as negative regulators of kinase activation. 
Oncogene 21:3103–3111.

Thomas EA, Coppola G, Desplats PA, et al. (2008) The HDAC inhibi-
tor 4b ameliorates the disease phenotype and transcriptional abnor-
malities in Huntington’s disease transgenic mice. Proc Natl Acad Sci 
USA 105:15564–15569.

Thomas T, Voss AK, Chowdhury K, Gruss P (2000) Querkopf, a MYST 
family histone acetyltransferase, is required for normal cerebral cor-
tex development. Development 127:2537–2548.

Thomson S, Clayton AL, Mahadevan LC (2001) Independent dynamic 
regulation of histone phosphorylation and acetylation during immedi-
ate-early gene induction. Mol Cell 8:1231–1241.

Thomson S, Clayton AL, Hazzalin CA, Rose S, Barratt MJ, Mahadevan LC 
(1999) The nucleosomal response associated with immediate-early gene 
induction is mediated via alternative MAP kinase cascades: MSK1 as a 
potential histone H3/HMG-14 kinase. Embo J 18:4779–4793.

Tsankova NM, Kumar A, Nestler EJ (2004) Histone modifications at gene 
promoter regions in rat hippocampus after acute and chronic electro-
convulsive seizures. J Neurosci 24:5603–5610.

Tse C, Fletcher TM, Hansen JC (1998a) Enhanced transcription factor 
access to arrays of histone H3/H4 tetramer. DNA complexes in vitro: 
implications for replication and transcription. Proc Natl Acad Sci 
USA 95:12169–12173.

Tse C, Sera T, Wolffe AP, Hansen JC (1998b) Disruption of higher-order 
folding by core histone acetylation dramatically enhances transcrip-
tion of nucleosomal arrays by RNA polymerase III. Mol Cell Biol 
18:4629–4638.

Ura K, Kurumizaka H, Dimitrov S, Almouzni G, Wolffe AP (1997) 
Histone acetylation: influence on transcription, nucleosome mobility 
and positioning, and linker histone-dependent transcriptional repres-
sion. EMBO J 16:2096–2107.

Valjent E, Corvol JC, Trzaskos JM, Girault JA, Herve D (2006a) Role of 
the ERK pathway in psychostimulant-induced locomotor sensitiza-
tion. BMC Neurosci 7:20.

Valjent E, Corvol JC, Pages C, Besson MJ, Maldonado R, Caboche J 
(2000) Involvement of the extracellular signal-regulated kinase cas-
cade for cocaine-rewarding properties. J Neurosci 20:8701–8709.

Valjent E, Aubier B, Corbille AG, Brami-Cherrier K, Caboche J, Topilko 
P, Girault JA, Herve D (2006b) Plasticity-associated gene Krox24/
Zif268 is required for long-lasting behavioral effects of cocaine. J 
Neurosci 26:4956–4960.

Valjent E, Pascoli V, Svenningsson P, et al. (2005) Regulation of a pro-
tein phosphatase cascade allows convergent dopamine and glutamate 
signals to activate ERK in the striatum. Proc Natl Acad Sci USA 
102:491–496.

Vecsey CG, Hawk JD, Lattal KM, et al. (2007) Histone deacetylase inhibi-
tors enhance memory and synaptic plasticity via CREB:CBP-dependent  
transcriptional activation. J Neurosci 27:6128–6140.

Wang L, Liu L, Berger SL (1998) Critical residues for histone acetylation 
by Gcn5, functioning in Ada and SAGA complexes, are also required 
for transcriptional function in vivo. Genes Dev 12:640–653.

Weaver IC, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl 
JR, Dymov S, Szyf M, Meaney MJ (2004) Epigenetic programming 
by maternal behavior. Nat Neurosci 7:847–854.

Westin JE, Vercammen L, Strome EM, Konradi C, Cenci MA (2007) 
Spatiotemporal Pattern of Striatal ERK1/2 Phosphorylation in a Rat 
Model of l-DOPA-Induced Dyskinesia and the Role of Dopamine D1  
Receptors. Biol Psychiatry.

Wiggin GR, Soloaga A, Foster JM, Murray-Tait V, Cohen P, Arthur JS 
(2002) MSK1 and MSK2 are required for the mitogen- and stress-
induced phosphorylation of CREB and ATF1 in fibroblasts. Mol Cell 
Biol 22:2871–2881.

Williams MR, Arthur JS, Balendran A, van der Kaay J, Poli V, Cohen P, 
Alessi DR (2000) The role of 3-phosphoinositide-dependent protein 
kinase 1 in activating AGC kinases defined in embryonic stem cells. 
Curr Biol 10:439–448.

Wood JD, Nucifora FC Jr., Duan K, Zhang C, Wang J, Kim Y, Schilling 
G, Sacchi N, Liu JM, Ross CA (2000) Atrophin-1, the dentato-
rubral and pallido-luysian atrophy gene product, interacts with ETO/
MTG8 in the nuclear matrix and represses transcription. J Cell Biol 
150:939–948.

Yamauchi T, Yamauchi J, Kuwata T, et al. (2000) Distinct but over-
lapping roles of histone acetylase PCAF and of the closely related 
PCAF-B/GCN5 in mouse embryogenesis. Proc Natl Acad Sci USA 
97:11303–11306.

Yang L, Mei Q, Zielinska-Kwiatkowska A, et al. (2003) An ERG (ets-
related gene)-associated histone methyltransferase interacts with 
histone deacetylases 1/2 and transcription co-repressors mSin3A/B. 
Biochem J 369:651–657.

Yao TP, Oh SP, Fuchs M, et al. (1998) Gene dosage-dependent embryonic 
development and proliferation defects in mice lacking the transcrip-
tional integrator p300. Cell 93:361–372.

Ying M, Xu R, Wu X, Zhu H, Zhuang Y, Han M, Xu T (2006) Sodium 
butyrate ameliorates histone hypoacetylation and neurodegen-
erative phenotypes in a mouse model for DRPLA. J Biol Chem 
281:12580–12586.

You A, Tong JK, Grozinger CM, Schreiber SL (2001) CoREST is an inte-
gral component of the CoREST- human histone deacetylase complex. 
Proc Natl Acad Sci USA 98:1454–1458.

Zeniou M, Ding T, Trivier E, Hanauer A (2002) Expression analysis of 
RSK gene family members: the RSK2 gene, mutated in Coffin-Lowry 
syndrome, is prominently expressed in brain structures essential for 
cognitive function and learning. Hum Mol Genet 11:2929–2940.

Zhang J, Zhang D, McQuade JS, Behbehani M, Tsien JZ, Xu M (2006) 
c-fos regulates neuronal excitability and survival. Nat Genet 
30:416–420.

Zhang J, Zhang L, Jiao H, Zhang Q, Zhang D, Lou D, Katz JL, Xu M 
(2006) c-Fos facilitates the acquisition and extinction of cocaine-
induced persistent changes. J Neurosci 26:13287–13296.

Zhang D, Zhang L, Lou DW, Nakabeppu Y, Zhang J, Xu M (2002a).  



545Chapter | 30  Chromatin Remodeling in Striatal Neurons
Zhang S, Xu L, Lee J, Xu T (2002b) Drosophila atrophin homolog func-
tions as a transcriptional corepressor in multiple developmental pro-
cesses. Cell 108:45–56.

Zhang Y, Reinberg D (2001) Transcription regulation by histone methyla-
tion: interplay between different covalent modifications of the core 
histone tails. Genes Dev 15:2343–2360.

Zhao Y, Bjorbaek C, Moller DE (1996) Regulation and interaction of 
pp90(rsk) isoforms with mitogen-activated protein kinases. J Biol 
Chem 271:29773–29779.
Zhuang X, Belluscio L, Hen R (2000) G(olf)alpha mediates dopamine D1 
receptor signaling. J Neurosci 20:RC91.

Zoltewicz JS, Stewart NJ, Leung R, Peterson AS (2004) Atrophin 2 
recruits histone deacetylase and is required for the function of mul-
tiple signaling centers during mouse embryogenesis. Development 
131:3–14.



Chapter 31
Phasic Dopamine Signaling and Basal 
Ganglia Function

Peter Redgrave1, Veronique Coizet2 and John Reynolds3

1Neuroscience Research Unit, Department of Psychology, University of Sheffield, Sheffield, UK
2Institut des Neurosciences de Grenoble, Université Joseph Fourier, Grenoble, France
3School of Medical Sciences, Department of Anatomy and Structural Biology, University of Otago, Dunedin, New Zealand

I.	 Introduction
II.	 Selection: A Fundamental 

Problem
III.	R einforcement Learning
IV.	R ole of Dopamine in 

Reinforcement Learning
A.	 Phasic Dopamine Signaling
B.	 Inconvenient Observations
C.	 The Reinforcing Function of 

Phasic Dopamine: Reward 
Prediction?

D.	An Alternative Proposal: 
Reinforcement of Agency 
Assessment

V.	T he Agency Hypothesis
A.	 A Neural Network for 

Determining Agency
B.	 Signal Timing and the 

Determination of Agency
C.	 Aversive Stimuli and Failures 

of Predicted Reward

D.	Why are Short-Latency 
Dopamine Reinforcement 
Signals so Short?

VI.	 Summary and Conclusions
	 References
 
l 
 

t 
 

l 
t 

 
, 
Handbook of Basal Ganglia Structure and Function

I.  Introduction

The functional role of individual elements within a compli-
cated system is difficult to ascertain without some apprecia-
tion of what the overall system is designed to do. As one of
the brain’s fundamental processing units, the basal ganglia
are an intricate system that contain the ascending dopamine
(DA) projections as important integral elements (Lindvall and
Bjorklund, 1974) (see Chapter 1). Therefore, in the present
chapter we will begin by reviewing briefly some of the
influential ideas on basal ganglia function, specifically their
involvement in action selection (Mink, 1996; Redgrave et al.,
1999b; Grillner et al., 2005; Humphries et al., 2006; Prescott
et al., 2006; Hikosaka, 2007; Redgrave, 2007) and reinforce-
ment learning (Wickens, 1993; Schultz, 1998; Salamone and
Correa, 2002; Wickens et al., 2003; Wise, 2004; Houk, 2005;
Schultz, 2006; Berridge, 2007). Within this context we will
then assess the specific contribution of the phasic response
Copyright © 2010 Elsevier B.V. Inc. All rights reserved.2010
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of DA neurons to the fundamental processes of reinforce-
ment learning. Although ventral midbrain DA neurons tar-
get numerous structures, including intrinsic nuclei of the
basal ganglia, frontal cortex, amygdala, hippocampus, septa
area, several thalamic nuclei, and the habenula (Lindvall and
Bjorklund, 1974), the largest and most thoroughly investi-
gated DA input is to the striatum. We will therefore restric
ourselves to a discussion of how striatal function may be
influenced by phasic DA signaling. Perhaps, a clearer under-
standing of this comparatively well characterized system wil
then provide important insights about how phasic DA inpu
can modulate function in other parts of the brain.

II.  Selection: a Fundamental 
Problem

Despite numerous suggestions implicating the basal ganglia
in a wide range of functions including perception, learning
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memory, attention, many aspects of motor function, even anal-
gesia and seizure suppression, accumulating evidence points 
to a fundamental role in basic selection processes (Mink, 
1996; Redgrave et al., 1999b; Grillner et al., 2005; Humphries 
et al., 2006; Prescott et al., 2006; Hikosaka, 2007; Redgrave, 
2007). A basic selection problem is common to all multifunc-
tional systems. Briefly, the problem that must be solved is to 
resolve which functional system, at any point in time, should 
be permitted to direct “the final common motor path”, that 
is, determine behavioral output. The macro-architecture of 
the basal ganglia (Fig. 31.1A) may be seen as providing a 
potential solution to this selection problem (Redgrave et al., 
1999b). The critical components involved in selection are the 
parallel looped components that originate from and return to 
diverse cortically and subcortically based functional systems 
(Alexander et al., 1986; McHaffie et al., 2005). Afferent pro-
jections to the basal ganglia convey excitatory signals which, 
according to the “selection” view, are seen as competing bids.  
In this model (Gurney et al., 2001b, 2001a; Humphries et al., 
2006), intrinsic processing, which is responsive to the com-
parative magnitudes or “saliences” of competing inputs, 
generates patterns of output in which the external structure(s)/
representation(s) providing the most “salient” input(s) are 
selectively disinhibited (Chevalier and Deniau, 1990). In the 
absence of any consideration of biological systems, a concep-
tually similar control architecture was developed to select the 
actions of an autonomous mobile robot (Fig. 31.1B) (Snaith 
and Holland, 1990). Subsequently, it has been confirmed that 
sequences of actions that allow a mobile robot to forage when 
“hungry” and hide when “frightened” can be selected appro-
priately by a biologically constrained model of basal ganglia 
architecture (Prescott et al., 2006). We will now consider why 
reinforcement learning should be so closely associated with a 
generic selection mechanism.

III.  Reinforcement Learning

The basal ganglia have long been associated with reinforce-
ment learning, in particular, with instrumental conditioning 
(Wise, 2004; Schultz, 2006; Berridge, 2007). In his famous 
Law of Effect, Thorndike (1911) declared that “any act which 
in a given situation produces satisfaction becomes associated 
with that situation so that when the situation recurs the act is 
more likely than before to recur also”. Using slightly differ-
ent language, Thorndike is stating that in a given context, an 
action that is associated with reinforcement is more likely to 
be selected in the future when the same or similar contexts are 
encountered. Therefore, in essence, reinforcement learning  
can be seen as a process for biasing the operation of a selec-
tion machine. The question we will now address is how a 
reinforcer could bias the operation of a central selection 
mechanism of the kind represented in the macro-architecture 
of basal ganglia described above. There are several possibili-
ties but two in particular stand out.

1.	 Adjust the relative strengths of competing inputs  
(Fig. 31.2A): Theoretically, selection could be biased sim-
ply by increasing the input salience of competing systems 
associated with a reinforcer. Since the proposed selection 
process works by assessing the relative magnitudes of input 
saliences in competing channels (Gurney et al., 2001b, 
2001a; Humphries et al., 2006), reinforcement-related 

Figure 31.1  Biological and artificial selection architectures. A. 
Principle input and output connections of the mammalian basal ganglia. 
Phasic excitatory inputs (black arrows) are directed to the striatum (STR) 
from subcortical structures via the thalamus, cerebral cortex and limbic 
structures (amygdala and hippocampus). The main output nuclei are the 
substantia nigra pars reticulata (SNr) and the internal globus pallidus (not 
shown). Tonically active inhibitory connections (medium grey arrows) 
are indirectly relayed back to the cerebral cortex (via the thalamus) and 
directly back to midbrain (tectum) and brainstem structures. Light grey 
arrows represent intrinsic inhibitory connections. B. A schematic illustra-
tion of the artificial selection architecture proposed by Snaith and Holland 
(1990) in which competing behavioral systems (C1–C8) provide phasi-
cally active excitatory input to and receive tonically active inhibitory out-
puts from a central selection mechanism.
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boosting of a particular channel’s input would increase the  
probability of it being selected in any future competi-
tion. Much evidence in the biological literature indicates 
that when a particular stimulus is associated with reward, 
its representation in afferent structures projecting to the 
basal ganglia is enhanced (Schultz, 2000; Kobayashi 
et al., 2002; Watanabe et al., 2002; Ikeda and Hikosaka, 
2003; Ding and Hikosaka, 2006; Kobayashi et al., 2006). 
Although the origin of these reinforcement signals is cur-
rently unknown, there are reasons to believe they originate 
from structures that are sensitive to detailed estimates of 
outcome value.

2.	 Change the relative sensitivity of the receiver to rein-
forced inputs (Fig. 31.2B): A different way to bias selec-
tion would be to adjust the sensitivity of basal ganglia 
intrinsic circuitry by enhancing its responses, specifically 
to reinforced inputs. Increased activity associated with 
reinforced inputs could be combined with correspond-
ing reductions in sensitivity to non-reinforced or pun-
ished inputs. This version of biasing action selection has 
received most attention in analyses of the basal ganglia’s 

Figure 31.2  Independent reinforcement mechanisms that could bias 
action selection in the basal ganglia. Reinforcement A: The salience of 
afferent signals to the striatum in reinforced channels could be potentiated 
selectively by input from a currently unknown source(s) that is sensitive 
to reward prediction errors (see text). Reinforcement B: Phasic dopamine 
signals could reinforce corticostriatal/thalamostriatal neurotransmission 
selectively at recently activated synapses.
role in reinforcement learning (Wickens, 1993; Schultz, 
1998; Reynolds and Wickens, 2002; Wickens et al., 2003; 
Wise, 2004; Everitt and Robbins, 2005; Schultz, 2006; 
Arbuthnott and Wickens, 2007). Selectivity is achieved by 
restricting the effects of reinforcement to specific subsets 
of recently or concurrently active inputs based on com-
parative signal timing (Arbuthnott and Wickens, 2007). 
In most contemporary models reward-related actions are 
thought to be specific inputs from the cerebral cortex that 
are reinforced by signals from DA neurons in the ven-
tral midbrain (Schultz, 2006). While it is clear that DA 
neurotransmission operates in a range of different modes 
(Grace, 1995; Fiorillo et al., 2003; Floresco et al., 2003; 
Roitman et al., 2004; Heien et al., 2005; Schultz, 2007; 
Venton and Wightman, 2007), the responses linked most 
often with reinforcement learning are the short-latency 
phasic responses which are widely accepted as signaling 
reward prediction errors (Schultz, 1998).

IV.  Role of Dopamine in 
Reinforcement Learning

A.  Phasic Dopamine Signaling

In most species the unexpected presentation of a primary 
reward, or a neutral stimulus previously associated with pri-
mary rewards, normally evokes a stereotypic phasic DA 
response (Freeman, 1985; Horvitz et al., 1997; Schultz, 
1998; Guarraci and Kapp, 1999). It is characterized by a 
short latency (70–100 ms), short duration (100–200 ms) 
burst of activity (Schultz, 1998) (Fig. 31.3B). However, it 
is the adaptive nature of phasic DA responses when experi-
mental conditions are altered that has attracted most inter-
est (Schultz, 1998; Satoh et al., 2003; Nakahara et al., 2004; 
Bayer and Glimcher, 2005; Schultz, 2006). The properties 
of phasic DA signaling on which most contemporary theo-
ries are based can be itemized as follows: (i) While neutral 
sensory events also initially elicit phasic DA responses, they 
habituate rapidly if not associated with reward (Ljungberg 
et al., 1992). (ii) If a habituated neutral stimulus is subse-
quently associated with a primary reward, its capacity to 
evoke a phasic DA response is re-established (Ljungberg 
et al., 1992). (iii) As a primary reward becomes increasingly 
predicted by a prior event, its capacity to provoke a phasic 
DA response diminishes (Schultz, 1998; Pan et al., 2005). 
(iv) If a reward is predicted and fails to occur, DA neurons 
exhibit a brief pause about the time of expected reward 
delivery (Schultz et al., 1997). These seminal observations  
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have been interpreted as indicating that DA neurons signal 
events that are “better” or “worse” than expected (reward pre-
diction errors) (Montague et al., 1996). Because behavioral 
experiments have established that unpredicted reward, rather 
than reward per se is critical for learning (see Schultz, 2006 
for review), the phasic response properties of DA neurons 
have captured the imagination of both the biological (Schultz, 
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Figure 31.3  A latency constraint associated with visual input to DA 
neurons. Typical examples show the relative timing of responses evoked by 
an unexpected visual stimulus in the superior colliculus, substantia nigra 
pars compacta and substantia nigra pars reticulata. Peri-stimulus histograms 
from different publications are aligned on stimulus onset. A. Activity in the 
superior colliculus is characterized by an early sensory response (latency 
40 ms) followed by a later motor response (latency 200 ms). The latter 
is responsible for driving the orienting gaze-shift to bring the stimulus onto 
the fovea. (Modified with permission from Jay and Sparks, 1987.) B. The 
phasic dopaminergic response (latency 70 ms) (modified with permission 
from Schultz 1998) occurs after the collicular sensory response but prior 
to its pre-saccadic motor response. C. Phasic dopaminergic activity also 
occurs prior to the output signal from substantia nigra pars reticulata that 
disinhibits the motor related activity of target neurons in the superior col-
liculus. (Modified with permission from Hikosaka and Wurtz, 1983).
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998; BarGad et al., 2003; O’Doherty et al., 2003; Morris 
t al., 2004; Ungless, 2004; Bayer and Glimcher, 2005) and 
omputational neuroscience communities (Montague et al., 
996; Sutton and Barto, 1998; Dayan and Balleine, 2002; 
ontague et al., 2004; Singh et al., 2005). Indeed, the reward 

rediction error hypothesis of phasic DA signaling has 
ecome one of the widely accepted tenets of contemporary 
euroscience. However, there is a body of evidence that does 
ot fit easily with this view (Redgrave et al., 1999a; Horvitz, 
000; Redgrave and Gurney, 2006; Redgrave et al., 2008).

.  Inconvenient Observations

.	 DA neurons exhibit robust phasic responses to unex-
pected neutral stimuli that are novel and elicit orient-
ing, but have no reinforcement consequences (Horvitz, 
2000). Counter claims that such stimuli must therefore 
be rewarding are circular.

.	 Phasic DA neuronal responses are remarkably stereo-
typed (100 ms latency, 100 ms duration) across spe-
cies, numerous experimental paradigms, and are largely 
independent of sensory modality or perceptual com-
plexity of eliciting events (Schultz, 1998).

.	 The latencies of phasic, sensory-evoked DA responses 
(100 ms) (Schultz, 1998) are typically shorter than 
those of the gaze-shift (150–200 ms) that brings the 
eliciting event onto the fovea for examination (Jay and 
Sparks, 1987; Fig. 31.3A, cf. Fig. 31.3B). Therefore, 
under most natural circumstances, both the identity and 
conscious appreciation of the event has yet to be estab-
lished at the time of DA signaling (Stoerig, 2006).

.	 Pre-saccadic visual input to DA neurons derives largely, 
if not exclusively from the midbrain superior colliculus 
(Comoli et al., 2003; Dommett et al., 2005). Note that 
short latency visual input from the superior colliculus 
may influence DA neurons either directly via the tecto-
nigral projection or indirectly via other routes includ-
ing the pedunculopontine tegmental nucleus (Pan et al., 
2005) and the subthalamic nucleus (Coizet et al., 2009). 
However the important point is that while collicular 
neurons are exquisitely sensitive to the location of lumi-
nance changes, they are largely insensitive to color, static 
contrast and high spatial frequency (Wurtz and Albano, 
1980; Sparks, 1986; Grantyn, 1988; Stein and Meredith, 
1993). Note also that collicular neurons are responsive 
at short latency to multisensory stimuli (visual, audi-
tory and somatosensory (Stein and Meredith, 1993), 
although, the extent to which non-visual activity in the 
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superior colliculus can influence DA neurons is cur-
rently unknown. Thus, in the absence of specific training 
in highly constrained environments, pre-saccadic visual 
processing in the superior colliculus is particularly ill 
equipped to determine the identity, and hence the value 
of an unexpected event.

5.	 Despite numerous reports of DA neurons effectively dis-
criminating complex characteristics of visual stimuli used 
to signal reward magnitude and probability (Schultz, 
2006), it must be noted that, with few exceptions (Morris 
et al., 2004), relevant experiments contain a confound 
based on numerous (typically 1000s, sometimes 10s of 
1000s) prior associations between the location of stimu-
lus presentation (encoded within collicular retinocentric 
maps; Wurtz and Albano, 1980) and stimulus value. While 
such procedures may not easily generalize to natural envi-
ronments (where evolution “designed” relevant neural sys-
tems to operate), they may have the ability to differentially 
sensitize “rewarded” regions of the retinotopic collicular 
response field (Ikeda and Hikosaka, 2003), thereby giving 
the impression that the colliculus, and hence DA neurons, 
can discriminate stimulus value at pre-saccadic latencies.

C. The Reinforcing Function of Phasic 
Dopamine: Reward Prediction?

Most versions of the reward prediction error hypoth-
esis assume that phasic DA activity is reward-related and  
reinforces the selection of behavior that will maximize the 
future acquisition of reward (Dayan and Balleine, 2002; 
Schultz, 2006). Here, a reward prediction error represents 
a difference between the predicted and actual utility value 
of the current state/event. Unfortunately, when an event 
is both temporally and spatially unpredictable (i.e., most 
natural situations), subcortical afferent sensory processing 
would be in a position to report only preliminary estimates 
of stimulus valence (Dean et al., 1989). In contrast, after 
a foveating gaze-shift the event can be analysed by more 
sophisticated cortical perceptual processing and its identity 
established (Thorpe and Fabre-Thorpe, 2001). Insofar as an 
accurate determination of value depends on knowing what 
the stimulus is, it seems that post-gaze-shift stimulus iden-
tification may be a necessary pre-condition for calculating 
genuine errors of “reward prediction”. Accumulating evi-
dence suggests that such calculations can be performed by 
neurons in pre-frontal cortex (Padoa-Schioppa and Assad, 
2006; Potts et al., 2006). However, to date we know of 

no evidence suggesting that DA neurons can be activated  
phasically by the appreciation of an unexpected reward 
determined on the basis of post-gaze-shift analyses of stim-
ulus identity. Consequently, although there is doubt that 
early, subcortical sensory processing in real-world situa-
tions can provide DA neurons with sufficient information 
to signal reward prediction errors (Redgrave et al., 1999a), 
evidence that phasic DA is performing an essential rein-
forcing function is substantially stronger. Thus, biologically 
significant events (classified by early sensory processing as 
“not immediately harmful”) (Dean et al., 1989), evoke pos-
itive DA responses (Schultz, 1998; Horvitz, 2000), while 
noxious stimuli (Ungless et al., 2004; Coizet et al., 2006) 
or the failure of predicted salient events (Schultz, 1998), 
evoke predominantly negative responses. Since DA neu-
rons seem to be made aware that something has happened, 
rather than what has happened, perhaps it would be safer to 
regard phasic DA activity as reporting “sensory prediction 
errors” rather than “reward prediction errors”. However, 
this leaves open the important question of what is being 
reinforced.

D.  An Alternative Proposal: Reinforcement 
of Agency Assessment

Relying on what is known of the sensory properties of the 
superior colliculus (Wurtz and Albano, 1980; Stein and 
Meredith, 1993; Boehnke and Munoz, 2008), DA neurons 
are likely to be informed that a biologically significant event 
has occurred. Typically, if neutral stimuli are not reinforced 
their capacity to evoke a sensory response in the superior 
colliculus habituates rapidly (Horn and Hill, 1966; Sprague 
et al., 1968; Grantyn, 1988). Consequently, in the present 
context biological significance is established in terms of 
a non-habituated sensory response in the superior collicu-
lus (Boehnke and Munoz, 2008). In addition, and depend-
ing on simple stimulus characteristics such as size, speed 
and direction of movement (especially loom), the superior 
colliculus can also assess whether or not a novel event is 
likely to be immediately harmful (Dean et al., 1989). It is 
likely, therefore, that short-latency afferent sensory infor-
mation originating from the superior colliculus contains 
preliminary estimates of both biological salience (Boehnke 
and Munoz, 2008) and potential harm (Dean et al., 1989). 
With this point in mind, we proposed recently (Redgrave 
and Gurney, 2006; Redgrave et al., 2008) that, rather than 
reinforcing actions that maximize future reward, afferent 
information from the superior colliculus may be more suit-
able for reinforcing assessments of agency (that is, when 
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some aspect of the agent’s behavior is the cause of an ini-
tially unpredicted event) and the discovery of novel actions 
(when the agent identifies which particular aspects of its 
behavior are the critical cause). Such learning would make 
notably less stringent demands of early sensory processing 
than envisaged by the reward prediction error hypothesis, 
and is more likely to be within the scope of subcortical sen-
sory systems (Comoli et al., 2003; Dommett et al., 2005; 
Boehnke and Munoz, 2008).

V. The Agency Hypothesis

A.  A Neural Network for Determining 
Agency

The agency hypothesis (Redgrave and Gurney, 2006; 
Redgrave et al., 2008), which proposes that the basal gan-
glia appear ideally configured to determine whether the 
agent is the likely cause of the unpredicted event, then 
through DA-related repetition and neural plasticity, dis-
cover the causal components of behavioral output (novel 
actions), was based on an analysis of the functional archi-
tecture of the basal ganglia and considerations of signal 
timing. (Note we use the general term “agent” to accom-
modate bio-mimetic architectures used to control robot 
behavior (Prescott et al., 2006) as well as the neural sys-
tems in the brains of animals that control their behavior.) 
For example, the relatively invariant timing of the phasic 
DA response (Schultz, 1998) highlights the importance of 
considering the signals that are also likely to be present 
in targeted structures at the time of phasic DA release, 
because it is with these signals that DA is most likely to 
interact. For the purpose of this analysis, we will continue 
to restrict ourselves primarily to signal processing in the 
striatum which is the principal target of ascending DA sys-
tems (Lindvall and Bjorklund, 1974; Gerfen and Wilson, 
1996). A review of relevant literature (Redgrave and 
Gurney, 2006; Redgrave et al., 2008) suggests there will be 
at least three additional afferent signals present in the stria-
tum at the time of phasic DA release (Fig. 31.4A):

1.	 Sensory: Many tectonigral axons that innervate the sub-
stantia nigra pars compacta have collateral projections 
that terminate in regions of the thalamus that provide 
direct input to the striatum (Coizet et al., 2007) (see 
Chapter 23). This branched architecture would ensure 
that a separate short-latency sensory representation of 
the unexpected event that triggered the phasic DA sig-
nal would also elicit a corresponding phasic glutama-
tergic input to the striatum from the thalamus (Smith 
et al., 2004; Lacey et al., 2007) (see also Chapter 
22). The known timing of these two afferent signals 
(Dommett et al., 2005; Schulz et al., 2009) suggests 
they have the potential to converge.
Figure 31.4  Potential interaction between converging inputs to the striatum to determine agency. A. Four classes of anatomically and physiologi-
cally identified afferent signals to the striatum: (i) Efference motor copy via branched pathways from motor cortex and subcortical sensorimotor struc-
tures (for example, superior colliculus) reach the striatum directly (cortex) or indirectly via the thalamus (subcortical structures); (ii) Striatal neurons are 
sensitive to experimental context (see text for references); (iii) A sequence of retino-tecto-thalamo-striatal projections convey a short-latency glutama-
tergic version of unpredicted visual events; (iv) retino-tecto-nigro-striatal projections convey a short-latency dopaminergic version of unpredicted visual 
events. B. Event caused by agent. Whenever the agent is the cause of the unpredicted event, relevant components of the multidimensional contextual 
and motor efference copy inputs will directly precede short-latency glutamatergic sensory input from the thalamus and the phasic dopaminergic input 
from substantia nigra. C. Event caused by external source. When no relevant motor copy inputs precede the phasic sensory inputs (glutamatergic and 
dopaminergic), the unpredicted event is likely to have been caused by an external source. This figure was modified with permission from the artwork 
that appeared in Redgrave and Gurney, 2006.
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2.	 Contextual: Striatal neurons are influenced by contex
tual variables related to the general sensory, metabolic
and cognitive state of the animal (Hikosaka et al., 1989
Schultz, 2000). Such inputs are likely to originate in
cortical, limbic and subcortical (thalamic) structures
(Gerfen and Wilson, 1996).

3.	 Motor-copy: Anatomical and physiological data sug
gest that copies of motor commands from both cortica
and subcortical sensorimotor structures to the brain
stem are also relayed to the striatum via collaterals o
fibres that contact motor and pre-motor neurons in the
medulla and spinal cord (Crutcher and DeLong, 1984
Bickford and Hall, 1989; Levesque et al., 1996; Mink
1996; Reiner et al., 2003; McHaffie et al., 2005) (see
also Chapter 18). These efference copy signals of action
decisions and motor commands may be seen as pro
viding the striatum with a running record of ongoing
behavioral output.

B.  Signal Timing and the Determination of 
Agency

The combination of potentially convergent signals identi
fied in Figure 31.4A could permit the agent to determine
whether any aspect of its behavioral output (motor-copy
was related to the onset of a biologically significant sensory
event. In cases where the agent is causally responsible, a
representation of the critical movement will most often be
embedded in the immediately preceding record of moto
output (Fig. 31.4B), while if the event was caused by an
external source (that is, not the agent), then nothing in the
preceding motor record would correlate (Fig. 31.4C). How
might such a mechanism operate? A clue to DA’s rein
forcing role is given by the observation that high levels o
DA receptor activation cause segments of behavior to be
repeated, for example, pharmacologically induced stere
otypies (Robbins and Sahakian, 1981). Consequently, we
suppose that sensory-evoked phasic DA release reinforces
the re-selection of any immediately preceding behaviora
output. In other words, the selection mechanisms within
the basal ganglia are biased towards repeating the just
performed action. Perhaps this effect could be considered
a special case of DA making the agent “want” to do wha
it has just done (Berridge, 2007). Thus, if the agent is the
cause of the sensory event and prior behavior is repeated
then the event will occur again, if not, it won’t. At a mecha
nistic level, we suppose the phasic DA signal causes a form
of plasticity that adjusts the “sensitivity of the receiver”
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to bias the re-selection of causal behavioral output (i.e.,
Reinforcement B in Fig. 31.2). However, this comparatively
simple story entails a major computational problem – how
is the agent/reinforcement system to know, or able to iden-
tify, which aspects of its prior behavior are causal? In most
circumstances, the contextual and motor record will be
multi-dimensional, and at the beginning, possibly with few
components causally related to the sensory event. However,
if the phasic release of DA promotes repetition of prior
behavioral selections with some variability (that is, where
not all components are included in each iteration), then by
facilitating/potentiating recently active channels when the
event occurs, and suppressing active channels when it fails,
the system should converge on the causal/relevant compo-
nents of contextual and behavioral output. This repetition-
bias mechanism would ensure that increasingly refined
representations of the critical aspects of behavioral output
and the consequent sensory outcome will occur more fre-
quently in brain areas external to the basal ganglia which
have the capacity to develop and store associative links
between action and outcome (Corbit and Balleine, 2003). At
the end of this process when critical causal components of
behavioral output have been identified and refined, and the
sensory consequences of enactment fully predicted, a new
action channel would have developed within the basal gan-
glia and a novel action-outcome pairing stored externally
(Singh et al., 2005). At this point, an entirely new action/
response would have been developed which was not previ-
ously in the agent’s repertoire. However, what happens if the
unexpected sensory event caused by the agent is bad? Thus
far, we have considered almost exclusively the role of posi-
tive DA neuronal responses in promoting action-outcome
learning. We will now turn our attention to the issue of pha-
sic suppressions of DA neuronal activity.

C.  Aversive Stimuli and Failures of Predicted 
Reward

If a caused event was aversive or detrimental, discovering
causative aspects of behavior through repetitions promoted
by phasic DA responses would be ill-advised, if not danger-
ous. In such cases, the adaptive option would be to suppress
any tendency to repeat immediately prior behavior and avoid
the context(s) in which the event occurred. It is significant,
therefore, that noxious stimuli can elicit a short latency pha-
sic inhibition of significant numbers of ventral midbrain DA
neurons, that generally lasts for the duration of the noxious
event (Ungless et al., 2004; Coizet et al., 2006). If positive
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DA responses are thought to promote behavioral repetitions, 
it would be natural to suggest that negative DA signals act to 
reduce the likelihood of re-selecting immediately preceding 
behavior. To initiate negative DA responses would require 
afferent sensory processing to discriminate, at short latency, 
potentially harmful events, and by some means direct inhib-
itory afferent signals to DA neurons. Recent experimental 
evidence shows that the parabrachial nucleus, a major target 
of afferent nociceptive pathways from the spinal cord (Klop 
et al., 2005), provides direct projections to ventral midbrain 
regions containing DA neurons (Klop et al., 2005; Overton 
et al., 2005). The mechanism by which these inputs suppress  
the activity of DA neurons remains to be determined. Simi
larly, additional work will be required to determine the pre-
cise consequences of a population pause in DA neuronal 
activity on striatal neurotransmission.

A further detrimental situation where agency could be 
important is when a well-predicted reward fails to occur. 
Perhaps it was something the agent did that was respon-
sible for the predicted event failing. If so, the adaptive 
option would also be to suppress any tendency to repeat 
immediately prior behavioral selections. Under such cir-
cumstances it is well-established that DA neurons typically 
exhibit a short pause/negative response about the time of 
the failed reward delivery (Schultz, 1998). Thus, failures of 
predicted reward may have similar effects in structures tar-
geted by DA, to those elicited by noxious stimuli (Ungless 
et al., 2004; Coizet et al., 2006). The source(s) of the affer-
ent inhibitory signals that suppress DA activity when a 
predicted event fails is currently unknown. However, very 
recent evidence indicates a role of the habenula (Matsumoto 
and Hikosaka, 2009). A final point is that, as with posi-
tive phasic DA signals (Schultz, 1998), negative phasic 
responses of DA neurons occur at very short latencies fol-
lowing noxious stimulus onset (Coizet et al., 2006) or fol-
lowing the failure of a predicted reward (Schultz, 1998). 
We will now consider why this might be.

D.  Why are Short-Latency Dopamine 
Reinforcement Signals so Short?

Anatomical studies indicated that early sensory input to 
DA neurons in the ventral midbrain comes mainly, if not 
exclusively, from the comparatively primitive sensory sys-
tems of the brainstem (Comoli et al., 2003; Dommett et al., 
2005; Overton et al., 2005; Omelchenko and Sesack, 2007). 
Viewed from the perspective of the reward prediction error 
hypothesis, it is difficult to understand why the sensory 
information indicating “current state” that is used to gen-
erate a reward prediction error should be based on such 
limited and preliminary sensory processing. The manifest 
advantages of waiting just an additional few hundred mil-
liseconds for cortical systems to identify the stimulus and 
provide incomparably better estimates of utility seem obvi-
ous. However, if instead DA neurons are signaling sensory 
prediction errors that are used to determine agency and 
discover novel actions, largely independent of immediate 
outcome value (Redgrave et al., 2006, 2008), pre-saccadic 
latencies of DA responses are an advantage, not a problem. 
Indeed, the agency view of phasic DA signaling provides 
a potential explanation of why the reinforcement signal 
should occur before any behavior elicited by the onset of 
an unpredicted biologically significant event, that is, the 
initial orienting/approach or defensive/withdrawal move-
ments (Wurtz and Albano, 1980; Sparks, 1986; Grantyn, 
1988; Dean et al., 1989; Stein and Meredith, 1993). In the 
proposed basal ganglia network, a critical component is 
the record of behavioral output relayed to the striatum by 
collateral projections from sensorimotor regions to motor 
effector systems in the brainstem (Crutcher and DeLong, 
1984; Bickford and Hall, 1989; Levesque et al., 1996; 
Mink, 1996; Reiner et al., 2003; McHaffie et al., 2005) 
(Fig. 31.4A). Assuming some aspect of the agent’s behav-
ior causes an initially unpredicted event, and reinforcement 
is delayed until after the event has been properly investi-
gated and identified – which may require combinations of 
eye, head and body movements associated with orienting 
gaze-shifts, inspection etc – the record of behavioral output 
would immediately be contaminated by movements elicited 
by the event itself, but unrelated to its cause. The overall 
system would then be faced with a drastically more difficult 
task of identifying and then reinforcing critical causative 
components of behavior embedded somewhere further back 
in the past motor record. This has been recognized as the 
credit-assignment problem (Izhikevich, 2007). On the other 
hand, if an agent is the cause of a phasic sensory event, it 
is its immediately preceding behavior that is most likely to 
be responsible. Having a DA reinforcement signal (positive 
or negative) delivered before any event-elicited behavio-
ral reactions would greatly simplify the credit-assignment 
problem and ensure reinforcement was directed to the most 
likely cause. This mechanism could explain the profound 
detrimental effect of delaying reinforcement by just a few 
seconds on acquisition rates in associative learning (Black 
et al., 1985; Dickinson, 2001; Elsner and Hommel, 2004; 
Schultz, 2006). For example, in the case of instrumental 



557Chapter | 31  Phasic Dopamine Signaling and Basal Ganglia Function

activity. Exp Brain Res 53:244–258.
conditioning, the longer the delay between causal com-
ponent of behavior (for example, lever press) and sensory 
reinforcement (the delivery of reward) the more likely the 
record of ‘motor output’ in the striatum will be contami-
nated with irrelevant behavioral output − which, inadvert-
ently, would be reinforced by the sensory-evoked DA 
response when reward is delivered. This problem would 
be exacerbated if the active inputs representing copies of 
behavioral (motivational, affective, cognitive and sensori-
motor) selections, establish a temporary “eligibility trace” 
(that decays over seconds) that sensitizes the recently active 
striatal neurons to subsequent DA-related reinforcement  
[see Artbuthnott and Wickens (2007) for an alternative arti
culation of the same idea]. The processes by which synap-
tic efficacies are adjusted following reinforcement-related 
phasic DA receptor activation (Greengard et al., 1999), and 
how long they remain in an altered state, will necessarily 
extend well beyond the duration of the phasic DA response 
(100–200 ms). Presumably it is this arrangement that per-
mits a discrete “trigger” event (a phasic DA response meas-
ured in ms) to produce selective and lasting adjustments 
(measured in minutes) to an action selection mechanism 
that biases subsequent selections towards (positive DA) or 
away from (negative DA) what the agent has just done.

VI.  Summary and Conclusions

This chapter is an elaboration of the recent proposal that 
short-latency sensory driven DA responses provide the rein-
forcement signals that enables the brain to discriminate the 
sensory events for which it is responsible (Redgrave and 
Gurney, 2006). As part of this process, new responses req
uired in specific circumstances to make events happen are 
discovered. These basic functions rely on combining the 
selective and adaptive properties of basal ganglia neural 
processing. Quick and dirty sensory analysis is sufficient 
to generate the necessary reinforcing signals, with the sys-
tem needing to know only if a sensory event is likely to be 
immediately detrimental, so appropriate (positive or nega-
tive) DA reinforcement signals can be generated. We have 
made a clear distinction between this “sensory prediction 
error” system, and systems driven by “reward prediction 
errors” which require outcomes to be identified so useful est
imates of utility can be made to guide the choice of future 
actions. The latter system is thought to be associated with 
processing in the pre-frontal cortex (Padoa-Schioppa and 
Assad, 2006; Potts et al., 2006). However, the mechanism(s) 
by which genuine errors in reward prediction are used to 
adjust the magnitude of representations of reward-related 
stimuli in structures with afferent projections to the basal 
ganglia (Kobayashi et al., 2002; Watanabe et al., 2002; Ikeda 
and Hikosaka, 2003; Ding and Hikosaka, 2006; Kobayashi 
et al., 2006; Pleger et al., 2008) (Reinforcement A in Fig. 
31.2), remain to be determined.
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I.  Introduction

In a 1950 symposium, Karl Lashley offered the follow-
ing conclusion on a possible role for the mammalian basal
ganglia in learning and memory: “The evidence seems
conclusive that in mammals the basal ganglia are not an
essential link in the patterning of learned activities” (cited
by Iverson, 1979). Five decades later, it is now clear that
Lashley’s conclusion was premature, and in fact the basal
ganglia are critically involved in mammalian learning and
memory processes. In particular, extensive evidence indi-
cates that the basal ganglia mediate a form of learning in
which “Hullian-like” stimulus-response (S-R) habits (Hull,
1943) are acquired and expressed. This hypothesis has
largely been developed within the context of a “multiple
systems” approach to memory organization. According
to multiple memory systems theory, relatively independ-
ent brain systems support the acquisition of different types
of memory (for a historical review, see Squire, 2004).
Multiple memory systems theory was originally derived
from an analysis of the effects of damage to the hippoc-
ampal system on behavior across a wide range of learning
tasks (e.g., Hirsh, 1974; O’Keefe and Nadel, 1978). This
analysis revealed that the effects of hippocampal lesions
on learning and memory were selective, producing impair-
ment on tasks involving “cognitive/relational” memory
(Tolman, 1932; Hirsh, 1974), and sparing acquisition of
tasks that could be acquired using S-R “habit” learning. 
The hypothesis that the basal ganglia may mediate S-R/
habit learning was subsequently introduced by Mishkin 
and colleagues in the mid-1980s (Mishkin et al., 1984; 
Mishkin and Petri, 1984; see also Mahut et al., 1984). The 
present chapter presents a brief overview of data support-
ing this hypothesis by focusing on evidence that the role 
of the basal ganglia in habit learning and memory gener-
alizes across different mammalian species, including rats, 
monkeys, and humans. The aim of the chapter is to pro-
vide converging evidence for this view of the mnemonic 
function of the basal ganglia by highlighting a few prom-
inent experiments from each of these species. Review of 
the findings from lower animals (rats and non-human  
primates) focuses on lesion studies, whereas description of 
the human research focuses on research involving patients 
with neuropsychological disorders and neuroimaging stud-
ies. These studies predominantly assessed the role of the 
striatum/caudate nucleus and putamen.

II.  Evidence from rat studies

As described above, the idea that the basal ganglia are 
involved in habit learning and memory was developed within 
the context of multiple memory systems theory, specifically 
in an attempt to identify brain regions that may mediate the 
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learning that is spared following damage to a “cognitive”
memory system that critically involves hippocampal/medial
temporal lobe function. This hypothesis was based in part on
anatomical considerations, as the dorsal striatum receives sen-
sory input from all regions of the cortex via topographically
arranged corticostriatal projections, and can readily influ-
ence motor output via downstream projections to brainstem
structures and/or via basal ganglia-thalamo-cortical loops
(e.g., Webster, 1961; Van Hoesen et al., 1981; Alexander
et al., 1986) (for an overview of the anatomical organization,
see Chapter 1). Thus, it was suggested that the dorsal stria-
tum is anatomically well-situated to mediate S-R habit learn-
ing across various sensory modalities (Mahut et al., 1984;
Mishkin and Petri, 1984).

In rats, early lesion studies conducted prior to the advent
of the multiple memory systems approach can be considered
consistent with the hypothesis that the basal ganglia play a
role in habit learning. Thus, basal ganglia damage impairs
acquisition of one-way and two-way active avoidance (e.g.,
Kirkby and Kimble, 1968; Winocur and Mills, 1969; Neill
and Grossman, 1971; Mitcham and Thomas, 1972; Kirkby
and Polgar, 1974; Winocur, 1974), and straight-alley runway
behavior (Kirkby et al., 1981). However, the first study to
directly assess this hypothesis in rats employed dissociation
methodology to compare the effects of basal ganglia lesions
on acquisition of both cognitive and habit learning tasks in
a radial maze (Packard et al., 1989). In the standard “cogni-
tive” memory version of the task, rats obtained food rewards
by visiting each arm of the radial maze once within a daily
training session, and re-entries into maze arms that were
previously visited are scored as errors. This task requires
rats to remember which maze arms have been previously
visited within a trial, and involves spatial working memory
(Olton and Papas, 1979) and/or the use of a cognitive map-
ping strategy (O’Keefe and Nadel, 1978). In a newly devel-
oped “habit” memory version of the task, rats obtained food
rewards by visiting four randomly selected and illuminated
maze arms twice within a daily training session, and visits
to unlit maze arms are scored as errors. Every visit to an
illuminated maze arm was reinforced, and thus there was
no requirement to use cognitive memory to remember spe-
cific arm entries. Instead, this task can be acquired using a
habit learning mechanism by which a light cue (i.e., stimu-
lus) evokes approach behavior (i.e., a response). It is impor-
tant to note that these two tasks were conducted in the same
apparatus and were designed to possess the same motiva-
tional (food reward), sensory (visual), and motoric (maze
running) characteristics. Therefore, any differential effect
 
 
 

 

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 

 

 

 
 

of basal ganglia damage in task acquisition could be more 
readily attributed to a deficit in the type of memory required 
for task performance. Pre-training electrolytic lesions of the 
basal ganglia (i.e., dorsal striatum) produced a dissociation 
in behavior in these two radial maze tasks, impairing acqui-
sition of the habit task and leaving acquisition of the cogni-
tive task unaffected. These findings in these two radial maze 
tasks were subsequently replicated in a study examining the 
effects of neurotoxic lesions of the basal ganglia (McDonald 
and White, 1993). Importantly, the deficit produced by dor-
sal striatal lesions in the acquisition of this simultaneous 
visual discrimination task in the radial maze reflects dis-
ruption of a S-R (light-approach) association, rather than a 
stimulus-stimulus (light-food) association. The nature of the 
association guiding the expression of learned behavior can 
be assessed in a reinforcer devaluation paradigm (Adams, 
1981), in which sensitivity in changes to the “value” of a 
reinforcer are examined once a learned behavior is acquired. 
According to S-R learning theory, reinforcer devaluation 
should not disrupt responding, as S-R associations do not 
include information concerning the nature of the reinforcer. 
In the dorsal striatal-dependent radial maze task described 
above, rats exposed to reinforcer devaluation produced by 
lithium chloride injections following task acquisition con-
tinue to approach illuminated maze arms, consistent with 
an S-R interpretation of “what” is learned in this task (Sage 
and Knowlton, 2000; see also Yin et al., 2004; 2005).

An additional early study used two water maze tasks to 
examine the hypothesis that the basal ganglia play a selective 
role in habit memory (Packard and McGaugh, 1992). In these 
tasks two rubber balls differing in visual appearance (vertical 
versus horizontal black/white stripes) served as visual cues. 
One ball (correct) was located on top of a platform that could 
be used to escape the water, and the other ball (incorrect) was 
located on top of a thin rod that did not provide escape. In a 
cognitive version of the task the correct platform was located in 
the same spatial location on every trial, and the visual pattern 
on the ball associated with the correct platform varied across 
trials. Therefore, acquisition of this task required animals to 
use a spatial form of cognitive memory. In a habit version of 
the task the visual pattern on the ball associated with the cor-
rect platform was consistent, but the platform was located in 
different spatial locations across trials. Therefore, this task 
can be acquired by a habit learning mechanism that involves 
performing an approach response to a specific visual cue. Pre-
training lesions of the dorsal striatum impair acquisition of the 
habit task, without affecting acquisition of the cognitive task 
(Packard and McGaugh, 1992).
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A similar dissociation is observed using a single-platform
water maze task in which rats are trained to swim to a vis
ible escape platform that is always located in the same spa
tial location. In this situation, when the visible platform
is moved to a new spatial location following training, rat
with lesions of the dorsal striatum exhibit a cognitive stra
egy and swim to the spatial location that the platform wa
previously located in, whereas control rats exhibit a hab
strategy and swim to the visible platform in its new loca
tion (McDonald and White, 1994). Taken together wit
the radial maze experiments described above, these find
ings indicate that the selective role of the dorsal striatum i
habit memory generalizes to aversively motivated learning

Another example of a lesion study in rats that provide
evidence of a selective role for the basal ganglia in hab
learning was conducted using a plus-maze task (Packar
and McGaugh, 1996). With respect to multiple memor
systems theory, the use of this task is of particular inter
est in part because it was originally introduced as a mean
of distinguishing between cognitive and S-R habit theorie
of learning by assessing the relative use of “place” an
“response” learning (e.g., Tolman et al., 1946). The plus
maze apparatus is arranged so that a goal box (e.g., east o
west) can be approached from one of two start boxes (e.g
north or south). In a “dual-solution” version of the task
rats are trained to obtain food from a consistently baite
goal box (e.g., west), from the same start box (e.g., south
According to the cognitive view of learning, rats trained i
this task learn the spatial location of the reinforcer, and thi
information can be used to guide an approach response t
the baited goal box. In contrast, according to the S-R hab
view of learning, rats learn to approach the baited goa
box by acquiring a response tendency (i.e., a specific bod
turn) at the choice point of the maze. Note that both o
these putative learning mechanisms can be used to success
fully acquire this dual-solution task. Following acquisition
a probe trial is administered in which rats are started from
the opposite start box (e.g., north), and behavior on thi
trial is used to assess the type of learning acquired. Thus
rats employing cognitive memory for the spatial location o
the reinforcer should continue to approach the baited goa
box on the probe trial (i.e., place learning). In contrast, rat
employing habit memory should display the specific bod
turn response that was acquired and approach the opposit
goal box on the probe trial (i.e., response learning).

In order to examine the role of the basal ganglia in th
expression of learned behavior in this task, rats that wer
cannulated in the dorsolateral striatum were first trained i
  

 
 

 
 

 

 

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

a daily session using the same start box on each trial (e.g., 
south) to obtain food from a consistently baited goal box 
(e.g., west). Following seven days of training rats were per-
forming at asymptotic levels, and on day eight they were 
given a probe trial to assess the relative use of place and 
response learning. Prior to the probe trial, a reversible brain 
lesion was produced via intra-dorsolateral striatal injections 
of the sodium channel blocker lidocaine. On the day 8 probe 
trial, rats receiving or saline vehicle or lidocaine injections 
into the dorsolateral striatum were predominantly place 
learners. Thus, infusions of lidocaine into the dorsolateral 
striatum did not impair the expression of cognitive/place 
learning that was employed by the control rats on the day  
eight probe trial, consistent with the findings from the 
radial maze experiment described above. Of course, as the 
vehicle injected rats displayed a predominant use of place 
learning on the day eight probe trial, the findings do not 
allow for any conclusions concerning the potential role of 
the basal ganglia in response learning. However, an inter-
esting feature of the dual-solution plus-maze task is that 
with extended training, rats eventually switch from the use 
of place learning to a response-learning tendency (Ritchie 
et al., 1950; Hicks, 1964). Therefore, the rats were trained 
for an additional seven days, and received intra-striatal 
injections of lidocaine prior to a second probe trial adminis-
tered on day sixteen. On this second probe trial rats receiv-
ing saline vehicle injections were predominantly response 
learners. In contrast, rats receiving intra-dorsal striatal injec-
tions of lidocaine were predominantly place learners, indi-
cating a blockade of the expression of response learning.  
The results suggest that the shift or transition from the use 
of place learning to response learning in this task involves 
the gradual recruitment of a dorsal-striatal based habit learn-
ing system to guide behavior. Interestingly, the “switch” to 
response learning can be accelerated by post-training intra-
dorsolateral striatal injections of glutamate (Packard, 1999).

The dorsolateral striatum also mediates the acquisition 
of a single-solution plus-maze task that requires rats to use 
habit/response learning by varying the start point on each 
trial and reinforcing the same body turn at the choice point 
(Chang and Gold, 2004; for an extended review of the role of 
the basal ganglia in plus-maze behavior, see Packard, 2009). 
The selective impairment in response learning in the plus-
maze following lesions of the basal ganglia is consistent with 
other studies implicating this brain region in “egocentric” 
habit learning (e.g., Potegal, 1972; Cook and Kesner, 1988).

It is important to note that lesions of the hippocampal 
system produce the opposite effect of dorsal striatal lesions 



564

in both the plus-maze (Packard and McGaugh, 1996), and 
radial maze (Packard et al., 1989; McDonald and White, 
1993), tasks described above. Thus, consistent with multiple 
memory systems theory the double dissociations observed 
following manipulations of these two brain regions pro-
vide compelling evidence of the functional independence 
of cognitive and habit memory. In sum, the findings of the 
two experiments described above indicate that the basal 
ganglia play a selective role in habit learning and memory 
in rats. Numerous other studies in rats employing brain 
lesion, pharmacological, electrophysiological, and molecu-
lar approaches are also consistent with this hypothesis (for 
extended reviews see White and McDonald, 2002; Packard 
and Knowlton, 2002; Graybiel, 2008; Packard, 2009).

III.  Evidence from monkey studies

As previously described, the idea that the basal ganglia are 
involved in habit learning was originally introduced based in 
large part on anatomical consideration of brain regions that 
might suitably mediate the spared learning that is observed 
following hippocampal/medial temporal lobe damage in 
monkeys (Mishkin and Petri, 1984; Mishkin et al., 1984; 
Mahut et al., 1984). However, in contrast to the large number 
of studies supporting this idea that have been conducted 
using rats, relatively few lesion experiments have directly 
assessed this hypothesis in non-human primates.

Two early brain lesion experiments provided some evi-
dence (albeit inconclusive) of a role for the basal ganglia 
in habit learning in non-human primates. The first of these 
studies was designed to further examine the hypothesis that 
interconnected regions of the mammalian cortex and basal 
ganglia are “equipotential” in function (Divac et al., 1967). 
Ablation of the inferotemporal cortex had been previously 
shown to impair acquisition of a visual discrimination habit 
(Mishkin and Pribram, 1954), and one of the subcortical 
projection sites of this cortical region is the tail of the cau-
date nucleus (Whitlock and Nauta, 1956). Therefore, mon-
keys with pre-training lesions of different regions of the 
caudate nucleus, including a group that received lesions of 
a rostral part of the caudate tail, were trained in a visual pat-
tern discrimination task that can be acquired using an S-R  
habit learning mechanism. Monkeys with lesions of the 
caudate tail required twice as many trials to reach crite-
rion in this task compared to other groups of monkeys with 
lesions in the head of the caudate nucleus, although they 
were eventually able to acquire the task (Divac et al., 1967).
Handbook of Basal Ganglia Structure and Function

A second early study of the effects of basal ganglia 
lesions on habit learning in monkeys examined the effects 
of lesions of the caudoventral putamen on retention of visual 
and auditory discrimination habit tasks (Buerger et al., 1974). 
Like the tail of the caudate nucleus, the monkey caudoven-
tral putamen also receives projections from the inferotempo-
ral cortex (Reitz and Pibram, 1969). In this study, lesions of 
the putamen impaired post-operative retention of the visual 
discrimination task, without affecting behavior in the audi-
tory discrimination task. Subjects with the largest amount 
of ventral putamen damage displayed the greatest retention 
deficit. Although the findings were consistent with a pos-
sible role for the basal ganglia in habit learning and memory, 
the findings were ultimately inconclusive due to inadvertent 
lesion damage to the adjacent white matter.

Several years subsequent to these two early primate 
experiments, and following the numerous studies conducted 
in rats, the hypothesis that the monkey basal ganglia plays 
a selective role in habit memory was examined (Fernandez-
Ruiz et al., 2001). This study compared the effects of neuro-
toxic-induced lesions of the rostral tail of the caudate nucleus 
and overlying ventrocaudal putamen on behavior in a visual 
“habit” task and a “cognitive” delayed non-matching-to- 
sample (DNMS) task. In the visual habit task, monkeys were 
presented concurrently with pairs of objects (20 different 
pairs), and one of the objects in each pair was consistently 
baited with a food reward located in an underlying well. The 
repetition of each pair occurred using a 24 hour inter-trial 
interval. Monkeys were first trained to criterion using one set 
of 20 objects, and following surgery were trained on three 
new sets of 20 objects each. In the DNMS task, monkeys 
were trained to displace a baited sample object, followed by 
a choice using various delay intervals between the previously 
baited object (i.e., which was now unbaited), and a novel 
baited object. The findings indicated that monkeys with 
lesions of the ventrocaudal neostriatum were impaired on the 
concurrent object visual discrimination task, with animals 
with the largest lesion extent displaying the greatest impair-
ment (Fernandez-Ruiz et al., 2001). Importantly, the basal 
ganglia lesions did not impair behavior in the DNMS task, 
indicating a dissociation of the effects of the lesions on habit 
and cognitive memory. Taken together with previous evi-
dence that performance on the DNMS task, but not the visual 
habit task is impaired by lesions of the medial temporal lobe 
(e.g., perirhinal/entorhinal cortices; Buffalo et al., 1999), the 
findings suggest a double dissociation between the mne-
monic functions of these brain regions. An additional finding 
from a lesion study in non-human primates also implicates 
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basal ganglia function in habit learning and memory (Teng 
et al., 2000). In this study, monkeys with lesions restricted to 
the hippocampal system (hippocampus proper, dentate gyrus, 
and subiculum) were unimpaired on an 8-object concurrent 
visual discrimination task. However, a subset of animals that 
had also sustained damage to the tail of the caudate nucleus 
were impaired in concurrent discrimination learning, as well 
as on a pattern discrimination task.

Finally, although outside of the scope of the present brief 
review, evidence from several studies employing electro-
physiological approaches also provide evidence consistent 
with a role for the monkey basal ganglia in habit learning and 
memory (for reviews see Hikosaka, 2007; Graybiel, 2008).

IV.  Evidence from human studies

The hypothesis that regions of the basal ganglia are involved 
in habit learning and memory is also supported by studies in 
humans (for review see Packard and Knowlton, 2002). This 
line of research includes experiments in patients with neu-
ropsychological disorders that involve basal ganglia dys-
function, including Parkinson’s and Huntington’s disease 
(e.g., Paulsen et al., 1993; Butters et al., 1994; Knowlton 
et al., 1996), as well as studies employing noninvasive neu-
roimaging (e.g., Jenkins et al., 1994; Doyon et al., 1996; 
Rauch et al., 1997; Dong et al., 2000; Poldrack et al., 2001; 
Hartley et. al., 2003; Iaria et al., 2003).

An early study designed to directly assess a possible 
selective mnemonic role for the basal ganglia involved a 
comparison of cognitive and habit memory in temporal lobe 
amnesics, and patients with Parkinson’s disease (Knowlton 
et al., 1996). This experiment employed a classification 
learning task in which each of four individual visual cues 
were probabilistically related either 25, 43, 57, or 75% of 
the time to one outcome (sunshine) and 75, 57, 43, or 25% 
of the time with a second outcome (rain). On each trial one, 
two, or three of these cues were on a computer screen and 
subjects pressed a key to predict the “weather” outcome, and 
feedback (i.e., correct or incorrect prediction) was provided. 
Previous research had demonstrated that probabilistic learn-
ing is spared in temporal lobe amnesic patients, suggesting 
that the use of cognitive/declarative memory is not neces-
sary for acquisition (Knowlton et al., 1994). Rather, the task 
is learned gradually over several trials, and subjects can per-
form the task without awareness of the specific information 
they have acquired. Nondemented patients with Parkinson’s 
disease failed to acquire the probabilistic classification task, 
performing at approximately 50–55% correct following  
50 trials, whereas age and education-matched control sub-
jects performed at approximately 70% correct (Knowlton 
et al., 1996). The hypothesis that this impairment involves a 
selective deficit in habit learning was supported by the find-
ing that the same Parkinson’s patients displayed normal cog-
nitive/declarative memory for the training episode as assessed 
by a post-session questionnaire. Equally important, amnesic 
patients with bilateral damage to the hippocampus or dien-
cephalic midline displayed the opposite behavioral pattern; 
acquiring the probabilistic classification task to control lev-
els, but presenting a severe impairment in cognitive/declara-
tive memory for the training episode. Therefore, this human 
study provides a double dissociation between the roles of the 
basal ganglia and medial temporal lobe in habit and cogni-
tive memory, respectively, analogous to that observed in 
rats and monkeys. Whereas the study by Knowlton and col-
leagues notably involved a direct comparison of basal ganglia 
function in cognitive and habit memory, acquisition of the 
“weather prediction” task (Marsh et al., 2004; 2005) is also 
impaired in patients with Tourette’s syndrome, a neuropsy-
chiatric disorder known to involve basal ganglia dysfunction.

Basal ganglia function in habit learning and memory 
has also been investigated in human research using “vir-
tual reality” maze tasks designed to be analogous in part 
to those used in earlier animal research. For example, Iaria 
and colleagues used functional magnetic resonance imaging 
(fMRI) and trained subjects in a virtual environment radial 
maze task that could be acquired using a cognitive/spatial 
learning or a habit/egocentric learning strategy (Iaria et al., 
2003). Following acquisition, subjects reported in a debrief-
ing session on how they had solved the task. Based on their 
response, subjects were categorized as using a cognitive 
strategy (i.e., use of extra-maze landmarks to guide spatial 
choice behavior), or a habit strategy (i.e., use of an egocen-
tric turning response from a single maze starting point to 
guide choice behavior). The fMRI results revealed subjects 
using a spatial strategy showed increased activation in the 
hippocampus. In contrast, subjects that used a nonspatial 
strategy showed increases in activity within the basal ganglia 
(caudate nucleus). Moreover, consistent with the previously 
described lower animal research, in which rats “switched” to 
the use of caudate-dependent habit learning with extended 
training (Packard and McGaugh, 1996), human subjects who 
switched from a spatial to nonspatial strategy in the virtual 
maze task also showed increases in caudate nucleus activa-
tion over training (Iaria et al., 2003). Activation of the dorsal 
striatum/caudate nucleus has also been shown to correlate 
with accurate “route-following” (repeatedly following a fixed 
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route), whereas hippocampal activation is correlated with 
successful “wayfinding” (the use of novel short routes) in a 
virtual reality “town” environment (Hartley et al., 2003).

Consistent with the research employing virtual reality 
mazes, a role for the human dorsal striatum in habit learn-
ing has also been demonstrated using the reinforcer devalu-
ation procedure described earlier (Tricomi et al., 2009). In 
this fMRI study, subjects were shown visual cues that were 
associated with two different food rewards, and were trained 
on a variable interval reinforcement schedule to make a key 
press response press on one of two different keys. Following 
task acquisition, reinforcer devaluation was instigated by 
allowing subjects to satiate to one of the two food rewards. 
Relative to subjects who had received limited (i.e., one day) 
of training, those who had been “overtrained” for three days 
did not display any effect of the reinforcer devaluation pro-
cedure, responding to both cues despite the satiation experi-
ence. Moreover, consistent with a role for the basal ganglia 
in habit formation, the fMRI data indicated greater activation 
in the dorsolateral striatum in subjects receiving the more 
extensive training.

Finally, numerous neuropsychological and neuroimag-
ing human studies implicate the basal ganglia in both the 
acquisition and expression of various motor skills that may 
putatively be acquired as habits (for reviews, see Salmon 
and Butters, 1995; Doyon et al., 2009).

V.  Conclusions, modifications, and 
implications

As described above, findings of studies in rats, mon-
keys, and humans provide converging evidence support-
ing the hypothesis that the basal ganglia are involved in 
habit learning and memory. With regards to the research 
conducted in rats, the examples provided in the present 
brief chapter focused on a set of brain lesion experi-
ments (for an extended review on the effects of basal gan-
glia lesions on habit learning in rats see, White, 2009). 
However, it should be noted that this hypothesis is also 
supported by numerous studies in rats employing phar-
macological (e.g., Packard and White, 1991; Packard 
and Teather, 1997; 1999), molecular (e.g., Colombo 
et al., 2003; Teather et. al., 2005), and electrophysiologi-
cal (e.g., Jog et al., 1999; for review see Graybiel, 2008) 
approaches. In addition, mechanisms of synaptic plastic-
ity (e.g., long-term potentiation, long-term depression, 
and spike-dependent timing) that may mediate habit learn-
ing in the rat basal ganglia have also been extensively  
investigated (for reviews, see Di Filippo et al., 2009; 
Wickens, 2009).

The present discussion referred to the “dorsal striatum” 
(i.e., caudate-putamen), in general. However, the hypoth-
esis that functional heterogeneity may exist in the learning 
and memory processes mediated by the dorsal striatum is 
suggested by anatomical evidence that this brain structure 
receives input from all areas of the neocortex (e.g., Webster, 
1961; 1965; Kemp and Powell, 1970; Veening et al., 1980; 
McGeorge and Faull, 1989). In recent years increasing evi-
dence indicates that the role of the dorsal striatum in habit 
learning and memory may be particularly associated with lat-
eral regions of this brain structure (for reviews, see Yin and 
Knowlton, 2006; White, 2009). In contrast, medial regions of 
the dorsal striatum that receive input from the frontal cortex 
may subserve more “cognitive-like” mnemonic functions, 
although it should be noted that there is evidence from lesion 
studies in rats that appears inconsistent with this idea (e.g., 
DeCoteau and Kesner, 2000; Adams, Kesner and Ragozzino, 
2001; Sakamoto and Okaichi, 2001). Nonetheless, one useful 
modification of the general hypothesis that the dorsal striatum 
plays a selective role in habit learning and memory is that this 
mnemonic function may be more closely tied to the dorsolat-
eral striatum. For example, a dissociation between the role of 
the dorsomedial and dorsolateral striatum in action-outcome 
learning and S-R habit learning has been observed in the rat 
(Yin et al., 2004; 2005). In this context it might also be noted 
that whereas particular disease states have clearly been asso-
ciated with basal ganglia dysfunction, the extent of accom-
panying damage to various brain regions interconnected with 
the basal ganglia (e.g., areas of prefrontal cortex) can vary 
depending on disease stage. Thus, mnemonic deficits have 
also been observed in Parkinson’s and Huntington’s disease 
that likely reflect an interaction with executive functions of the 
frontal cortex (for review, see Grahn et al., 2009). In addition, 
it should be noted that deficits in habit learning in Parkinson’s 
disease may in part reflect an interaction with dopaminergic 
medication (e.g., Frank, 2005; Shohamy et al., 2006).

Finally, the implications of the general hypothesis that 
the basal ganglia play a critical role in habit learning and 
memory can be appreciated when one considers that theo-
retical approaches to a wide range of human behavior have 
begun to incorporate this idea. Examples include theories 
of social interaction and self-regulation (e.g., Lieberman, 
2000; Wood et al., 2002; Wood and Neal, 2007), cultur-
ally-based rituals (Graybiel, 2008), and various psycho-
pathologies (e.g., White, 1996; Marsh et al., 2004; Everitt 
and Robbins, 2005; Graybiel, 2008) (see Chapter 33 for 
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43:1456–1465.
discussion of a role for the basal ganglia and habit learning 
in drug addiction).
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I.  Introduction

In this chapter we discuss the central role of the basal gan-
glia in the pathophysiology of stimulant addiction. More 
precisely we will emphasize that drug addiction, which 
we describe as a compulsive incentive habit, results 
from the progressive subversion by addictive drugs of  
striatum-dependent instrumental and Pavlovian learning 
mechanisms that are normally involved in the control over 
behavior by natural reinforcers. The basal ganglia are pre-
dominantly organized in functionally segregated parallel 
cortico-striato-pallido-thalamo-cortical loops involved in 
cognitive, motor and motivational processes (see Chapter 1  
for an overview of the anatomical organization of these  
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circuits). However, increasing evidence suggests that the 
neural organization of the basal ganglia is more complex, 
and that serial integrative projections may link motivational, 
emotional and motor functions in the establishment of 
instrumental behavior. Circuitry linking ventral and dorsal 
areas of the striatum via so-called ‘spiraling’ connections 
with midbrain dopamine (DA) neurons (see Chapter 24) 
may thus be one aspect of this circuitry mediating the mod-
ulation by drug-associated Pavlovian incentive influences 
of drug seeking and taking instrumental responses that are 
themselves under the control of both action-outcome and 
stimulus-response (S-R) mechanisms. Here we suggest that 
protracted exposure to psychostimulants abnormally recruits 
these serial and dopamine-dependent striato-nigro-striatal  
ascending spirals linking the nucleus accumbens to more 
dorsal regions of the striatum, thereby �������������������  underlying���������   a shift 
from action-outcome to S-R mechanisms in the control 
over drug seeking. When this shift in the associative struc-
ture governing instrumental control over drug-seeking 
is combined with drug-associated Pavlovian influences 
from limbic cortical structures, such as the amygdala and 
the orbitofrontal cortex, drug seeking behavior becomes 
established as an incentive habit. Though not sufficient to 
explain the compulsive nature of the drug seeking and tak-
ing behavior that characterizes drug addiction, the instan-
tiation of striatal processing of drug-associated stimuli and 
their influence on instrumental responding might be a key 
mechanism underlying the development of drug addiction.

II.  Drug addiction: a 
neuropsychiatric disorder 
dependent upon the basal ganglia 
and their cortical inputs

Drug addiction is a brain disease (Leshner, 1997) currently 
defined as a chronic relapsing disorder characterized by loss 
of control over drug intake and compulsive drug use that per-
sists despite adverse consequences (DSM IV, APA, 2000), 
such that drug addicts eventually jeopardize their social 
and professional lives as well as their health in their pursuit 
of drug use (Gawin and Ellinwood Jr, 1989; Gawin, 1989, 
1991). Over the course of the development of the pathol-
ogy, drug seeking becomes progressively controlled by 
drug-associated stimuli in the environment (O’Brien et al., 
1992a, 1992b, 1998), acting as both conditioned reinforcers 
and as Pavlovian elicitors of craving and relapse. Although 
there is not yet a generally agreed account of the neuro-
biological basis of addiction, within and between systems  
adaptations in the brain have been identified that may 
contribute to the establishment of compulsive drug tak-
ing. Thus psychostimulants engage positive reinforcement 
mechanisms, perhaps sensitizing the incentive properties 
of the cues in the environment that are repeatedly associ-
ated with them, a process termed “incentive sensitization” 
(Robinson and Berridge, 1993, 2000, 2001, 2003). But 
psychostimulants also trigger between-systems adapta-
tions that lead to increased drug seeking through nega-
tive reinforcement: withdrawal from psychostimulants 
triggers progressively increasing negative affective states, 
a process known as “hedonic allostasis” (Koob and Le 
Moal, 2001, 2005, 2008), which may contribute to com-
pulsive drug use. Finally, not only do psychostimulants 
act upon Pavlovian associations, but they also influence 
the mechanisms underlying instrumental learning and per-
formance. Psychostimulants accelerate the establishment 
of habitual responding for the drug, such that drug seek-
ing becomes to some extent divorced from the hedonic 
value of the drug itself and more controlled by drug- 
associated stimuli in the environment (Everitt and Robbins, 
2005). Cocaine and amphetamine exposure may also impair 
prefrontal cortex-dependent executive functions such as 
behavioral control (Bornovalova et al., 2005; Verdejo-García 
et al., 2007) and planning (Bechara et al., 2001; Bolla et al., 
2003; Franken et al., 2007).

Thus, drug addiction may be viewed as a multifacto-
rial pathology involving dysfunctional prefrontal cortical 
executive control over abnormally strong Pavlovian and 
instrumental learning mechanisms, which in turn depend 
upon the striatum and its limbic-cortical afferents (Everitt 
et al., 2001; Everitt and Robbins, 2005). The neural basis 
of these Pavlovian and instrumental learning mechanisms 
has been extensively investigated for behavior directed 
towards natural rewards. Much evidence suggests that 
addictive drugs aberrantly engage these mechanisms via 
their effects upon monoaminergic, glutamatergic and other  
neurotransmitter systems (Berke and Hyman, 2000; 
Hyman and Malenka, 2001; Nestler, 2001a; Nestler, 2002; 
Robbins and Everitt, 2002; Frenois et al., 2005; Hyman, 
2005; Hyman et al., 2006; Dalley and Everitt, 2009), upon 
neuronal morphology (Kolb et al., 2003; Jedynak et al., 
2007) and upon functional interactions within and between 
cortical, striatal and brainstem structures (Takahashi et al., 
2007; Belin and Everitt, 2008). In this chapter we will 
discuss how the basal ganglia and their cortical inputs 
are involved in the pathophysiology of psychostimulant 
addiction.



573Chapter | 33  Neural and Psychological Basis of a Compulsive Incentive Habit
III.  Neurophysiological 
mapping of the consequences of 
psychostimulant exposure in the 
basal ganglia

Psychostimulants exert their primary neurobiological effects 
by altering the function of proteins involved in the regulation 
of DA transmission. Cocaine binds to the DA transporter 
(DAT) and blocks the reuptake of DA, as well as serotonin 
and noradrenaline, whereas amphetamine also acts at the 
vesicular monoamine transporter (VMAT) to promote the 
release of DA and other monoamines (see also Chapter 17). 
By increasing DA transmission at dopaminergic synapses 
in the ventral and dorsal striatum, pallidum, subthalamic 
nucleus (STN) and also limbic cortical structures including 
the amygdala and the prefrontal cortex (Brown et al., 1979; 
Meibach and Katzman, 1979; Campbell et al., 1985; Lavoie 
et al., 1989), psychostimulants mimic DA increases second-
ary to phasic DA neuron firing involved in coding salience 
and reward (Schultz, 2000), but greatly potentiate these 
mechanisms through both the magnitude and duration of 
drug-induced increases in DA transmission.

Functional imaging studies in rats have revealed that 
exposure to cocaine not only influences the activity of many 
cortical areas, including medial prefrontal (mPFC), ante-
rior cingulate (ACC), somatosensory and motor cortices 
(Febo et al., 2005), but also the striatum, STN and pallidum 
(Pontieri et al., 1995; Febo et al., 2005). These findings 
have been corroborated by cellular imaging studies, using  
c-fos mRNA as a marker of cellular activation after exposure 
to psychostimulants, which have revealed that the dorsome-
dial and dorsolateral striatum, the core (NAcC) and shell 
(NAcS) of the nucleus accumbens (NAc), the STN and the 
ventral pallidum (VP) are activated after single, or repeated 
exposure to amphetamine or cocaine (e.g., Bachand et al., 
2009) (see Chapter 29). Repeated exposure to psychostimu-
lants has also been reported to alter gene expression in all 
the structures of the basal ganglia (Frankel et al., 2008).

Thus, not only the striatum, but other structures grouped 
within the basal ganglia, are directly affected by exposure 
to psychostimulants and may be implicated in the patho-
physiology of drug addiction. Thus, the STN has been sug-
gested differentially to mediate the motivational properties 
of food versus drug rewards, since lesions of this structure 
decrease motivation for, and conditioned approach to stimuli 
associated with, cocaine, but increase these behavioral mea-
sures for food in a progressive ratio schedule of reinforce-
ment and conditioned place preference tests, respectively 
(Baunez et al., 2005). The pallidum is also involved in the 
reinforcing effects of psychostimulants since dopaminergic 
or excitotoxic lesions of this structure respectively block 
the acquisition of conditioned place preference for cocaine 
(Gong et al., 1997) or impair the acquisition of cocaine self- 
administration (Hubner and Koob, 1990). Moreover, rein-
statement of cocaine seeking behavior is dependent upon  
-opioid receptors in the ventral pallidum (Tang et al., 2005), 
suggesting that this structure is also involved in the circuitry 
that mediates relapse to drug seeking behavior (McFarland 
and Kalivas, 2001). Increasing evidence suggests that both 
parallel and serial striatal mechanisms underlying Pavlovian 
and instrumental learning play a major role in the establish-
ment and the expression of drug addictive behavior.

IV.  Drug reinforcement: a 
mechanism dependent upon ventral 
cortico-striato-pallidal loops

Since all drugs of abuse share the commonality of increasing 
DA transmission within the NAc (Di Chiara and Imperato, 
1988), this system has been a major neurobiological target 
for addiction research for almost 50 years. Thus, following 
the initial studies on intracranial self-stimulation of the brain 
(Olds and Milner, 1954), the mesolimbic pathway, compris-
ing projections from the dopaminergic neurons of the ventral 
tegmental area innervating the NAc as well as the olfactory 
tubercle, has been shown to be of importance in mediating 
the reinforcing effects of addictive drugs (Ikemoto, 2007). 
Imaging studies in humans have revealed that the subjective 
effects of self-administered psychostimulants, e.g., euphoria, 
high and rush, are correlated with DA transmission in the 
ventral striatum (Breiter et al., 1997; Drevets et al., 2001).  
However, it is difficult to infer any causal relationship 
between NAc DA levels and euphoria since DA in the NAc 
is involved in several processes mediating, for example, 
stimulus salience and novelty, which may play a role in the 
subjective interpretation of the effects of stimulants.

A. F rom Reward to Reinforcement, the 
Dopamine Hypothesis

The mesolimbic dopamine hypothesis of reward (Wise, 
2004) has been a major focus of research because of the 
functional position of the ventral striatum in corticostriatal 
circuitry. The NAc was suggested to be the interface between 
emotion, motivation and action (Mogenson et al., 1980) 
on the basis of its major inputs from the limbic cortices  
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such as the amygdala, OFC and hippocampus (Floresco 
et al., 2001; Ambroggi et al., 2008; Belujon and Grace, 
2008) (see also Chapter 21). Thus, the hypothesis that 
drugs, especially psychostimulants such as cocaine and 
amphetamine, exert their rewarding effects via an increase 
in NAc DA transmission has greatly influenced drug addic-
tion research, generating abundant experimental tests of a 
very difficult hypothesis to refute, not least because subjec-
tive states of “pleasure” or “liking” (as it is now so often 
referred to) cannot easily be measured in animals. Although 
NAc DA is not apparently involved in the presumed hedonic 
reactions to the taste of food reinforcers, whereas opiate 
mechanisms in the NAc and globus pallidus are (Berridge 
and Robinson, 1998; Kelley and Berridge, 2002), there are 
no related data in animals concerning hedonic or ‘liking’ 
responses to addictive drugs.

However, it is clear that hedonic responses to addictive 
drugs must inevitably reflect the subjective perception of 
their neurochemical effects, including DA release in the 
NAc and elsewhere (Volkow et al., 1999), and these may 
be correlated with activity in other systems that are invo
lved more directly with hedonic responses to natural and 
drug reinforcers (Everitt and Robbins, 2005). It also seems 
unlikely that ‘pleasure’ can be mediated by neurochemical 
mechanisms occurring solely in subcortical structures such 
as the NAc or globus pallidus and that activity in striatopal-
lidal circuitry and in other sites following drug self-admin-
istration, or consumption of natural rewards, is subject to 
further processing in cortical, perhaps especially insular 
(Critchley et al., 2004) and other prefrontal cortical areas, 
before attribution and accompanying subjective commen-
tary – or “feelings” – can occur (Altman et al., 1996; Everitt  
and Robbins, 2005).

If the relationship between DA and the hedonic 
response to psychostimulants remains a matter of debate 
there is, however, wide agreement that DA transmission, 
especially in the ventral cortico-striato-pallidal loop of 
the basal ganglia, provides a neurochemical mechanism 
of drug reinforcement in the brain. Several lines of evi-
dence suggest that the dopaminergic innervation of the 
NAcS and olfactory tubercle underlies the primary rein-
forcing effects of cocaine and amphetamine (Di Chiara 
et al., 2004; Wise, 2004; Ikemoto et al., 2005) as measured 
in drug self-administration procedures. Thus, not only 
is extracellular DA in the NAc increased in response to 
administration of addictive drugs (Di Chiara and Imperato, 
1988; Carboni et al., 1989), but intra-NAc infusions of 
direct and indirect DA receptor agonists are reinforcing 
(Phillips et al., 1994; Ikemoto et al., 1997) and natural- and  
drug-reinforced responding depends on NAc DA (Pettit 
et al., 1984; Salamone et al., 2003).

B. F rom Positive to Negative Reinforcement: 
Reduced Striatal Dopamine Transmission and 
Beyond

Repeated exposure to psychostimulants also triggers neuro-
physiological adaptations within the basal ganglia that are 
associated with negative reinforcement and hedonic allos-
tasis (Koob and Le Moal, 2008; Koob, 2009). Withdrawal 
from chronic exposure to psychostimulants is associated 
with negative affective and psychological states such as 
chronic irritability, emotional pain, dysphoria, anxiety, 
and loss of interest in natural sources of reward (Koob and  
Le Moal, 2005). These negative states may contribute 
to the establishment of compulsive drug use in that they 
maintain drug seeking by addicts through attempts to self-
medicate (Koob and Le Moal, 2008; Koob, 2009).

At the neurobiological level, acute withdrawal from 
extended access to cocaine in rats is associated with dec
reased levels of DA in the NAc (Weiss et al., 1992), that have 
been suggested to contribute to boredom and lack of inter-
est in natural rewards and which, together with increased 
expression of dynorphin in the NAc, contribute to dyspho-
ria (Koob and Le Moal, 2008; Koob, 2009) (see Chapter 29 
for a review of the suggested role of dynorphin in addic-
tion). Interestingly, low striatal D2 DA receptor levels have 
been observed in cocaine addicts and to be associated with 
reduced frontal metabolism, suggesting a general alteration 
of limbic corticostriatal circuitry function in psychostimu-
lant addicts (Volkow et al., 1993). However, recent studies in 
drug naive monkeys have revealed that low D2-DA receptor 
levels in the ventral striatum also predict the subsequent self-
administration of cocaine (Nader et al., 2008). Moreover, 
a reduced NAc binding potential in vivo of the DA D2/3 
receptor ligand [18F]fallypride, has been shown to predict 
escalation of cocaine self-administration and high levels of 
impulsivity in rats (Dalley et al., 2007), a behavioral marker 
of vulnerability for the transition from controlled to compul-
sive cocaine self-administration (Belin et al., 2008b). Thus, 
whereas cocaine exposure is associated with decreased stria-
tal DA levels that may be involved in mediating hedonic 
allostasis, pre-existing low DA D2 receptor levels in the 
NAc may predispose to psychostimulant addiction.

One of the most striking neurobiological adaptations to 
repeated exposure to psychostimulants that plays a role in 
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negative states is the progressive recruitment of stress sys-
tems, including CRF and noradrenaline, in the “extended 
amygdala”, which includes the BNST and the CeA, as well 
as perhaps the NAcS. These adaptations provide additional 
drive for drug taking as a self-medication strategy (Koob 
and Moal, 1997, 2001, 2005, 2008). The recruitment of 
CRF and NA systems has been suggested to contribute to 
the establishment of compulsive drug use (Koob and Le 
Moal, 2005, 2008), and may be important modulatory fac-
tors involved in the control of incentive habits.

C.  Neurochemical Sensitization of Striatal 
Dopamine Transmission by Repeated 
Exposure to Psychostimulants

Repeated exposure to psychostimulants induces a neuro-
chemical sensitization of the dopaminergic system, char-
acterized by a progressive enhancement of drug-induced 
DA release to the same dose of cocaine or amphetamine 
(Robinson and Becker, 1982; Robinson et al., 1982; 
Robinson et al., 1988; Pierce and Kalivas, 1997; Belin 
et al., 2007). This long lasting neuroadaptation has been 
reported to be measurable in cocaine addicts (Schlaepfer 
et al., 1997) and is associated with an increased behav-
ioral response to a challenge with the drug that is in turn 
correlated with cellular and molecular adaptations in both 
dopaminergic and NAc neurons (Pierce and Kalivas, 1997; 
Vanderschuren and Kalivas, 2000; Belin et al., 2007).

The sensitized DA response to psychostimulant admin-
istration has been suggested to contribute to the narrow-
ing of the behavioral repertoire of drug addicts who focus 
on drug seeking and drug taking behaviors at the expense 
of other sources of reward. Thus, superimposed on the 
decreased basal DA levels in the striatum that accompanies 
withdrawal from stimulants, a sensitized DA response to 
the drug may ultimately become an important mechanism 
enabling an optimal level of reinforcement in the brain, 
thereby providing stimulants, and perhaps other, addictive 
drugs with the ability to increase DA transmission suffi-
ciently to maintain drug seeking behavior (Goldstein and 
Volkow, 2002).

At the psychological level, behavioral sensitization 
has been suggested to reflect maladaptive learning mecha-
nisms, whereby repeated exposure to psychostimulants 
impacts upon Pavlovian incentive mechanisms dependent 
upon the ventral striatum, thereby abnormally increasing 
the incentive properties of drug-associated stimuli which 
induce a pathological “wanting”, as opposed to “liking” 
for the drug (Robinson and Berridge, 1993, 2000, 2001, 
2003).

Sensitization of the dopaminergic system has 
strongly been argued to play a role in the pathophysi-
ology of psychostimulant addiction (Robinson and 
Berridge, 1993, 2000), but the nature of the psychologi-
cal processes affected by this neuroadaptation is still a 
matter of debate. The “incentive sensitization” theory 
emphasizes Pavlovian mechanisms that influence motiva-
tional states through, for example, Pavlovian-instrumental  
transfer (PIT), suggested to be one manifestation of drug 
“wanting” (Wyvell and Berridge, 2001). However, amphet-
amine or cocaine sensitization also facilitate the develop-
ment of habitual responding for food (Nelson and Killcross, 
2006; Nordquist et al., 2007), suggesting that behavioral 
sensitization may also reflect adaptations within the cortico- 
dorsal striatal circuitry that controls instrumental performance 
(Everitt and Wolf, 2002; Belin et al., 2008a). Additionally, the 
demonstration that repeated cocaine exposure fails to induce 
behavioral sensitization in Pitx3-Deficient mice lacking a 
nigrostriatal pathway (Beeler et al., 2008) suggests that the 
dorsal striatum, the locus of S-R (habit) learning mechanisms 
(see Chapter 32), may be an important substrate for the estab-
lishment of a neurobiological process that has been consid-
ered previously mainly to involve the ventral striatum.

The dichotomy illustrated above is far-reaching since 
drug addiction is a pathology encompassing both Pavlovian 
and instrumental learning mechanisms (Everitt et al., 2001; 
Everitt and Robbins, 2005; Belin et al., 2008a; Everitt 
et al., 2008) in which both dorsal and ventral basal gan-
glia circuits are implicated. Although not having been the 
major focus of drug addiction research until recently, the 
dorsal striatum, which is involved in cognitive and motor 
processes, clearly provides a core neurobiological sub-
strate of both goal-directed and habitual control of instru-
mental responding (Yin et al., 2004; Everitt and Robbins, 
2005; Faure, 2005; Yin et al., 2005; Yin and Knowlton, 
2006) and thus is viewed as being of increasing impor-
tance within the neurobiological framework of addictive 
processes (Garavan et al., 2000; Everitt et al., 2001; Everitt 
and Robbins, 2005; Volkow, 2006; Belin and Everitt, 2008; 
Belin et al., 2008a). Addiction cannot simply be viewed as 
involving neurobiological adaptations within an “incen-
tive motivational” mesolimbic DA pathway innervating 
the nucleus accumbens; it also appears to involve recruit-
ment and even reorganization of the inter- and intra-striatal 
mechanisms normally involved in controlling instrumental 
behavior (Everitt and Robbins, 2005).
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V. Striatal -Dependent pavlovian 
and instrumental learning 
mechanisms in the development of 
drug addiction

A.  Instrumental Learning Processes: the 
Acquisition of Drug Taking Behavior

Identification of the neurobiological basis of the acquisi-
tion of instrumental responding for addictive drugs has 
proven problematic because of the difficulty in disentan-
gling the neural control of instrumental conditioning from 
that of the effects of the self-administered drugs themselves, 
which include “rewarding”, reinforcing and motor effects. 
Thus, gross DA depletion from the striatum, especially the 
ventral striatum, greatly impairs the acquisition of cocaine 
self-administration (Roberts et al., 1977), in large part by 
decreasing the reinforcing effects of the drug. However, pre-
training lesions of either the NAcS or NAcC do not impair 
the acquisition of cocaine self-administration (Ito et al., 
2004), while lesion or inactivation of limbic cortical struc-
tures, including the basolateral amygdala (BLA), subiculum 
or medial prefrontal cortices, have no or only minor effects 
on the acquisition of this behavior (Whitelaw et al., 1996; 
Weissenborn et al., 1997; Caine et al., 2001). Nevertheless, 
it is widely held that the dopaminergic innervation of the 
striatum, particularly the NAc, is central to the acquisition of 
instrumental responding for drugs, as it is for natural rewards 
(Cousins et al., 1993; Cousins and Salamone, 1996a, 1996b). 
It has been hypothesized that drugs of abuse induce abnor-
mally strong consolidation of instrumental learning mecha-
nisms, thereby greatly enhancing the propensity to engage 
in a drug seeking response the next time that the context 
and cues signal that responding is opportune. The neuro-
nal networks within the NAc that fire during lever pressing 
for natural or cocaine rewards differ within the same ani-
mals (Carelli et al., 2000; Carelli and Wondolowski, 2003; 
Carelli, 2004), suggesting that addictive drugs not only sub-
vert instrumental conditioning mechanisms but also recruit 
non-overlapping and distinct ventral striatal networks.

B.  Goal-Directed and Habitual Drug Seeking 
Behavior

The same instrumental response can be mediated by differ-
ent associative structures, i.e., goal-directed or S-R (habit). 
We have hypothesized that the mechanism controlling drug 
seeking behavior shifts from the former to the latter during 
the development of drug addiction (Everitt and Robbins, 
2005; Belin et al., 2008a). When instrumental responding 
is goal-directed, the initiation of the response is under the 
direct control of the current value of the outcome and, at 
least for ingestive reinforcers, appears to be controlled by 
the dorsomedial striatum (Yin et al., 2005; Yin et al., 2006). 
Habitual responding1, by contrast, is dependent upon the 
dorsolateral striatum (Yin et al., 2004; Yin and Knowlton, 
2006) (see Chapter 32), and is characterized by direct ini-
tiation of responding by a conditioned stimulus and/or con-
text (Balleine and Dickinson, 1998). During early stages 
of instrumental conditioning, responding is assumed to be 
goal-directed, while prolonged training under unchanged 
circumstances eventually facilitates behavioral autonomy. 
In addition, the development of habitual control of behav-
ior is facilitated by schedules of reinforcement in which 
the contingency between responding and reward delivery 
is weak, such as in interval schedules of reinforcement 
(Dickinson et al., 1983; Hilário and Costa, 2008), includ-
ing second-order schedules of cocaine reinforcement that 
we have employed (Everitt and Robbins, 2000). These two 
modes of control over instrumental behavior can be dif-
ferentiated experimentally through reinforcer devaluation 
procedures (Mackintosh, 1974): whereas goal-directed 
behavior is sensitive to devaluation of the outcome, habit-
ual responding is not (Balleine et al., 1995; Balleine and 
Dickinson, 1998; Yin et al., 2004; Faure, 2005; Yin et al., 
2005; Yin et al., 2006).

It has not proven possible to date using the test of 
devaluation of non-ingestive drug rewards (e.g., intrave-
nous cocaine) to probe the associative structure underlying 
performance of drug self-administration. However, when 
drugs of abuse were offered in liquid form, the presence 
of cocaine or alcohol in a sucrose solution led to acceler-
ated emergence of habitual control of behavior (Dickinson 

1Automatic behavioral responses that depend upon the dorsal striatum 
reflect the operation of two different processes (i) the psychological 
mechanisms that trigger the response and (ii) the psychological 
mechanisms that control the performance of this response. Here we 
discuss a habit in terms of only the first of these two mechanisms. It has 
already been well described that automatization of behavior (Balleine 
and Dickinson, 1998) is associated with increased performance and 
faster onset of response in a subjectively less demanding task, therefore 
reflecting a cognitive-motor network that is shaped by extended training. 
Such skills, or procedural memory, may involve the second mechanism 
referred to above and, in the context of addiction, in the repetitive motor 
sequences associated with drug seeking and drug taking. Habitual 
responding, as operationally defined by Logan (Logan, 1998a; Logan, 
1998b) and Dickinson (Dickinson, 1985) is triggered by the presentation 
of a stimulus without any explicit relationship with the outcome. Such 
stimulus-response (S-R) processes can encompass other behavioral sub-
routines either of the same S-R nature or be goal-directed.
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et al., 2002; Miles et al., 2003). Since the dorsal, par-
ticularly dorsolateral, striatum has been implicated in  
S-R (habit) learning, it is of note that chronic exposure to 
cocaine progressively affects the physiology of the dorsal 
striatum, modifying the matrix/striosome activation ratio 
of this structure in favor of the striosomes (Canales, 2005), 
that may receive more limbic cortical projections than the 
matrix neurons of the same area, and that metamphetamine 
sensitization is associated with increased spine density on 
medium spiny neurons of the dorsolateral but not dorsome-
dial striatum (Jedynak et al., 2007).

At the behavioral level, inactivation of the dorsolat-
eral striatum in rats impairs relapse to drug seeking after 
long-term withdrawal or “abstinence” (Fuchs, 2006; See 
et al., 2007), and bilateral infusion of the D1 DA receptor 
antagonist SCH23390 into the dorsolateral striatum blocks 
context-induced reinstatement of heroin seeking behav-
ior, which may reflect contextual control of an S-R habit 
(Bossert et al., 2009). These results are consistent with acti-
vation of the dorsal striatum following the presentation to 
drug addicts of cocaine-associated cues that elicit craving 
(Garavan et al., 2000; Volkow, 2006; Wong et al., 2006).

The body of evidence reported above, in combination 
with the sensitivity of the development of habitual control 
of behavior to DA depletion in the dorsal striatum (Faure, 
2005), strongly suggest that drug seeking may rapidly 
become habitual. This might depend upon the ability of 
addictive drugs to enhance a naturally occurring DA sensi-
tization process that has been shown to develop after pro-
tracted instrumental training (Ahn and Phillips, 2007), as 
well as to usurp DA-dependent striatal memory consolida-
tion mechanisms (Tiffany, 1990; Everitt et al., 2001; Wise, 
2004; Everitt and Robbins, 2005). In principle, the more 
direct motivational coupling between a taking response and  
its affective outcome would be expected to preserve goal-
directed control of drug taking for a longer period of time 
than drug seeking (Adams and Dickinson, 1981), although 
the large number of drug taking events in which addicts 
engage, combined with the repetitive dopaminergic activa-
tions associated with each drug taking event, could eventually 
surmount that motivational control to produce consumma-
tory habits (Cardinal et al., 2002). The implications of such 
a mechanism are far reaching, because whereas habitual drug 
seeking could, in the event of reward devaluation, become 
inflexible, persistent - or compulsive - seeking, the actual 
consumption of procured drug reward might be expected 
never to fail to align with drug reward value. However, if 
both drug seeking and taking become habitual, devalued 
drug rewards may be procured and consumed repeatedly, 
even compulsively, especially when compounded by a failure 
of prefrontal control mechanisms that evaluate the changed 
affective consequences of actions (Schoenbaum, 2004).

C.  Pavlovian Conditioning: the Establishment 
of Drug “Cues”

Pavlovian conditioning refers to the behavioral and physio-
logical changes brought about by experiencing a predictive 
relationship between a neutral stimulus and a consequent 
biologically significant event (Pavlov, 1927). In a Pavlovian 
conditioning experiment, a contingency is arranged between 
the presentation of the neutral stimulus, and the delivery of 
a biologically significant outcome, so that the animal learns 
that a specific stimulus predicts the impending delivery 
of the unconditioned stimulus. Both stimuli are presented 
independently of the animal’s behavior. The acquisition of 
Pavlovian conditioning has been well established for both 
appetitive and aversive reinforcers.

Pavlovian conditioning may manifest itself behavior-
ally in procedures that measure “Pavlovian approach” (or 
“autoshaping”), Pavlovian-to-instrumental transfer (or PIT) 
and conditioned reinforcement. Thus, Pavlovian condi-
tioned stimuli not only become attractants that grab atten-
tion and subserve approach behavior, they can energize or 
motivate instrumental behavior (as in the PIT paradigm), 
and they can also act as conditioned reinforcers of instru-
mental behavior. All three processes may contribute signif-
icantly to the development of compulsive responding. We 
will discuss them separately in the following sections.

D.  Conditioned Approach

Conditioned approach, sometimes referred to as sign- 
tracking, is one of the automatic behavioral responses elic-
ited by Pavlovian conditioned stimuli (Brown and Jenkins, 
1968; Tomie et al., 1989) that may serve to bring animals 
closer to sources of natural reinforcement, or in the con-
text of addiction, to addictive drugs (Tiffany, 1990; Altman 
et al., 1996). Drug-paired conditioned stimuli have now 
been shown to support approach responses in rats. It appears 
that Pavlovian approach can be observed with relatively 
long, but not shorter drug inter-infusion intervals (Kearns 
and Weiss, 2004; Uslaner and Robinson, 2006), suggesting 
that relatively predictive, as opposed to coincident, CS-US 
pairings do produce approach to drug-paired stimuli.

Little is known about the neural basis of approach to 
drug-paired stimuli. However, it might be predicted that 
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similar structures to those underlying approach to food-
associated stimuli, such as the central amygdala (CeA) and 
nucleus accumbens core (Parkinson et al., 1999; Parkinson 
et al., 2000; Cardinal et al., 2002; Parkinson et al., 2002) 
also underlie approach to psychostimulant-associated cues, 
although perhaps with abnormal strength due to the intrinsic 
DA activating effects of stimulant drugs which might amplify 
associative mechanisms in the CeA. Indeed, increased DA 
transmission in the CeA enhances Pavlovian conditioned 
approach to a natural reward CS (Harmer and Phillips, 1999). 
Drug-induced potentiation of learning is also suggested by 
the finding that exposure to psychostimulants, through sensi-
tization, renders conditioned approach insensitive to lithium- 
induced devaluation of a natural reward (Schoenbaum, 2004).  
This finding suggests that during the development of 
addiction, drug-associated Pavlovian predictors may elicit 
approach responses regardless of the current motivational 
value of the drug. At the clinical level, such Pavlovian mech-
anisms might be relevant for automatic or reflexive approach 
to places where the drug is available (Tiffany, 1990), such as 
approaching a bar or other sources of drug supply. Individual 
differences in sign-tracking to food-associated cues also pre-
dict subsequent drug self-administration, suggesting that the 
propensity for this form of learning might indicate a vulner-
ability to subsequent drug abuse and addiction (Flagel et al., 
2007; Flagel et al., 2008a,b).

E.  Pavlovian-to-Instrumental Transfer

PIT has been hypothesized to play a significant role in drug 
addictive behavior (Berridge et al., 2009; Yin and Knowlton, 
2006) since it describes the enhancement of instrumen-
tal performance by non-contingently presented Pavlovian 
CSs. Behaviorally, Pavlovian CSs may enhance instrumen-
tal responding when that instrumental response has been 
trained extensively under lean reinforcement conditions, 
whereas minimal training under rich reinforcement sched-
ules renders responding less susceptible to Pavlovian influ-
ences (Lovibond, 1981; Holland and Gallagher, 2003). 
Accordingly, it is not surprising that the PIT effect is stronger 
when instrumental responding is controlled by habitual (S-R) 
rather than goal-directed mechanisms (Holland, 2004).

Although PIT has been shown in smokers working for 
cigarettes and money (Hogarth et al., 2007), in rodents 
non-contingent presentation of a cocaine-paired CS, that is 
known to facilitate DA transmission in the NAc (Gratton 
and Wise, 1994; Neisewander et al., 1996; Di Ciano et al., 
1998; Ito et al., 2000; Weiss et al., 2000), does not appear to 
potentiate responding for the drug, but instead significantly  
depresses instrumental performance (Di Ciano and Everitt, 
2003). It has also been reported that non-contingent  
presentation of a drug-paired CS after extinction does not 
reinstate cocaine seeking, whereas response-contingent CS 
presentation does (Grimm et al., 2000).

There are at least two different potential explanations for 
this somewhat surprising set of results. Firstly, responding 
for non-ingestive drug rewards may simply not be potenti-
ated by non-contingent presentation of drug-associated  
CSs (Everitt and Robbins, 2005) because the sensory 
and reward-processing substrates upon which they act 
are fundamentally different from those engaged by natu-
ral rewards. For example, there are no obvious counter-
parts to consummatory ingestive behavior in animals 
receiving intravenous drug infusion. Secondly, and per-
haps most importantly, CSs in psychostimulant self- 
administration studies may themselves be processed as 
highly salient, rewarding stimuli (Robinson and Berridge, 
1993), which could explain the observed depression in 
responding, since CS presentation might even distract an 
animal from performing its seeking responses (Flagel et al., 
2008a,b). Thus, the frequent coincident presentation of CS 
and US in drug self-administration studies and the stimulus-
enhancing effects of psychostimulants may lead rats to pro-
cess a drug-paired CS both as highly salient and as rewarding 
in its own right, consistent with its persistent conditioned 
reinforcing properties (Di Ciano and Everitt, 2004a).

F.  Conditioned Reinforcement

As noted above, stimuli that are associated with uncondi-
tioned rewards may also themselves gain rewarding proper-
ties, thereby acting as conditioned reinforcers. Conditioned 
reinforcers can support responding for long periods of 
time, thereby bridging delays between seeking and obtain-
ing the drug (Everitt and Robbins, 2000). Such properties 
can be demonstrated in procedures where animals work 
to obtain presentation of a CS, often in the absence of the 
unconditioned reward. Conditioned stimuli will therefore 
support the acquisition of a new instrumental response pro-
vided they are presented response-contingently (Robbins, 
1976; Williams and Dunn, 1991; Williams, 1992). Under 
a second-order schedule of reinforcement, the seek-
ing of drugs (as well as food or a sexual partner) can be 
maintained over long periods if a drug CS is presented 
response-contingently (usually under a fixed ratio sched-
ule), but with cocaine (or other reward) delivered under 
an overall fixed interval or fixed ratio schedule (Goldberg 
et al., 1975; Everitt and Robbins, 2000).
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Conditioned reinforcement plays an important role 
in the foraging for drugs over long periods of time both  
in humans (Panlilio et al., 2005) and animals (Arroyo et al., 
1998; Goldberg et al. 1975; 1981). Cocaine and amphet-
amine-associated CSs acting as conditioned reinforcers 
markedly enhance drug seeking (Goldberg et al., 1975; 
Arroyo et al., 1998) and can support the acquisition of a 
new instrumental response (Di Ciano and Everitt, 2004a; 
Lee et al., 2006). In addition, it has been shown that omis-
sion of CS presentation under a second order schedule of 
reinforcement results in a more disruptive effect on cocaine 
seeking than on food seeking, suggesting that prolonged 
psychostimulant seeking is particularly dependent upon 
conditioned reinforcers (Goldberg et al., 1981).

The neural basis of conditioned reinforcement for 
drug-paired CSs is well characterized. The acquisition of  
cue-controlled cocaine seeking depends upon the BLA 
(Whitelaw et al., 1996), the NAcC, but not the NAcS (Di 
Ciano and Everitt, 2001; Ito et al., 2004) and the interaction 
between the BLA and the NAcC (Di Ciano, 2004). Lesions 
of the orbitofrontal cortex also affect the acquisition of 
cocaine seeking (Hutcheson and Everitt, 2003; Everitt et al., 
2007). Performance of cue-controlled cocaine seeking is also 
influenced by the VTA (Di Ciano and Everitt, 2004b) while 
the potentiation by cocaine of drug seeking under a second 
order schedule depends upon the NAcS (Ito et al., 2004).

Although the acquisition of cue-controlled cocaine seek-
ing depends upon the NAcC and the BLA, it is the dopami-
nergic innervation of the dorsal striatum that is involved in 
mediating well established cue-controlled cocaine seeking. 
A first indication that this is the case was the observation 
that during well-established cocaine seeking under a second- 
order schedule, contingent presentations of a cocaine-asso-
ciated conditioned reinforcer were associated with increased 
extracellular DA in the dorsolateral striatum but not in the 
NAcC, nor in the NAcS (Ito et al., 2002). Moreover, bilat-
eral intra-dorsolateral striatum infusions of the DA receptor 
antagonist, -flupenthixol, selectively reduced cue-con-
trolled cocaine seeking habits (Vanderschuren, 2005; Belin 
and Everitt, 2008).

Therefore, between the acquisition and the subsequent 
performance, or maintenance, of cue-controlled cocaine 
seeking there is an apparent shift in the locus of control 
from the NAc to the dorsolateral striatum, which, we have 
hypothesized, reflects the development of habitual drug 
seeking (Everitt and Robbins, 2005). This devolution of con-
trol over behavior to DA-influenced mechanisms in the dor-
solateral striatum is strongly supported by the observation 
in monkeys that the alterations of striatal metabolic activity,  
DA transporter binding and DA D2 receptors following  
cocaine self-administration are initially restricted to the 
NAc, but spread dorsally throughout the entire striatum after 
protracted exposure to the drug, eventually to encompass 
the dorsolateral striatum (Letchworth et al., 2001; Porrino, 
2004). Additionally, cue-selective evoked neuronal firing 
in a discrimination learning/reversal task is altered in the 
ventral striatum but increased in the dorsolateral striatum 
by protracted exposure to cocaine (Takahashi et al., 2007), 
while relapse to cocaine-seeking behavior after imposed 
abstinence depends upon the dorsolateral striatum (See et al., 
2007). These preclinical data are consistent with evidence 
obtained from imaging studies that have revealed activation 
of the dorsal striatum by cocaine (Garavan et al., 2000), and 
a relationship between dorsal striatal DA transmission and 
cue-induced cocaine craving (Volkow, 2006). Thus, both in 
humans and animals, chronic cocaine exposure appears to 
facilitate a shift from ventral to dorsal striatal control over 
behavior that we have shown to be associated with the devel-
opment of habitual, cue-controlled cocaine seeking.

We have established in rats that this progressive devolution 
of the control over cue-controlled cocaine seeking depends 
upon the serial, DA-dependent connectivity linking the NAcC 
to the dorsolateral striatum initially described in non human 
primates (Haber et al., 2000) (see Chapter 24) and also in 
rats (Ikemoto, 2007). This corticostriatal circuitry has been 
proposed to be a substrate for integrative mechanisms link-
ing incentive motivation to cognitive processes (Everitt and 
Wolf, 2002; Everitt and Robbins, 2005; Yin and Knowlton, 
2006; Belin et al., 2008a; Everitt et al., 2008; Haber, 2008). 
Disconnection of the NAcC and its regulation of DA trans-
mission in the dorsolateral striatum impairs habitual cue-con-
trolled cocaine seeking to the same extent as bilateral DA 
receptor blockade in the dorsolateral striatum alone (Belin 
and Everitt, 2008). This asymmetric manipulation does not 
impair general operant responding. Thus combining a uni-
lateral excitotoxic lesion of the NAcC with an infusion of - 
flupenthixol into the contralateral dorsolateral striatum does 
not impair a newly acquired chain pulling task for sucrose 
(Belin and Everitt, 2008) or cocaine seeking assessed after 
eleven days of continuous reinforcement for cocaine at a point, 
therefore, when responding is under action-outcome control 
(Belin D, Besson M and Everitt BJ, unpublished observations).

Therefore, based on these observations we have hypoth-
esized that the Pavlovian incentive influences exerted by the 
BLA over the NAcC in turn recruit an increasingly domi-
nant habit system that is dependent upon dorsolateral striatal 
mechanisms engaged by re-entrant dopaminergic circuitry, 
thereby establishing an incentive habit. Drug seeking in 
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addicted individuals might then be seen as a result of patho-
logical drug-influenced Pavlovian mechanisms that engage 
a drug seeking habit that is therefore difficult to relinquish. 
Such a mechanism may account for the observation in hum
ans that presentation of cocaine-associated stimuli activates 
the dorsolateral striatum (Garavan et al., 2000; Volkow, 
2006) together with limbic cortical areas (Childress et al., 
1999). It is further supported by studies in animals showing 
that repeated exposure to psychostimulants, whether self-
administered or experimenter-delivered, increases the incen-
tive properties of cocaine (Deroche et al., 1999; Ahmed and 
Cador, 2006), recruits dorsolateral striatum-dependent adap-
tations (Letchworth et al., 2001; Porrino, 2004) and facili-
tates the formation of an S-R habit (Nelson and Killcross, 
2006; Nordquist et al., 2007). These observations might 
reflect the powerfully strong recruitment by drugs of abuse 
of the DA-dependent ascending, or spiraling, striatal cir-
cuitry that provides a neuroanatomical and functional sub-
strate for linking incentive influences from the amygdala to 
S-R processes in the dorsolateral striatum via the NAcC.

Although we argue that incentive habits play an impor-
tant role in the pathophysiology of drug addiction, they 
cannot account for different behavioral aspects of the 
pathology, especially compulsive drug use, i.e., maintained 
drug use despite adverse consequences, which is a hallmark 
of drug addiction. Indeed, incentive habits may provide 
the neurobiological and psychological substrate for drug- 
associated impulses to be behaviorally mediated with-
out explicit control over the action, helping to explain the 
persistence in doing so despite knowledge of the negative 
consequences of taking the drug. Compulsive drug use may 
thus result from a failure in top–down executive control 
over incentive habits, not only involving striatal mecha-
nisms but also disrupted prefontal cortical functions (Everitt 
and Robbins, 2005; Belin et al., 2008a; Everitt et al., 2008).

VI.  Cellular and molecular 
substrates of drug addiction: role 
of corticostriatal mechanisms

A.  Psychostimulant-Induced Plasticity in the 
Corticostriatal Circuitry: When Addictive 
Drugs Usurp Basal Ganglia-Dependent 
Learning Mechanisms, such as Striatal LTP 
and LTD

At the cellular level, emphasis has been placed on the 
view that addiction develops as a consequence of adaptive 
neuroplasticity such as long-term potentiation (LTP) and 
long-term depression (LTD) in midbrain DA neurons and 
the targets of their projections, particularly the striatum, 
but increasingly in limbic and cortical areas as well (e.g., 
the hippocampus, amygdala and prefrontal cortex). At the 
core of these studies is the view that the synaptic plasticity 
measured as LTP and LTD (see also Chapters 9 and 12) 
underpins alterations in neural circuitry induced by acute 
or chronic exposure to addictive drugs and thereby altered 
reward, Pavlovian and instrumental learning processes 
(Hyman and Malenka, 2001; Jones and Bonci, 2005; Saal 
and Malenka, 2005; Kauer and Malenka, 2007).

There are abundant data showing that exposure to psy-
chostimulants elicits LTP at excitatory synapses on VTA 
neurons. Measured 24 h after a single in vivo exposure to 
cocaine, LTP was shown no longer to be induced at syn-
apses onto DA neurons suggesting that they were already 
potentiated (Ungless et al., 2001). In addition, the AMPA/
NMDA ratio (the ratio between AMPA receptor-mediated 
and NMDA receptor-mediated EPSCs) was increased two-
fold in VTA slices. This effect was blocked by an NMDA 
receptor antagonist, indicating that NMDA receptor activa-
tion was necessary for cocaine to instantiate LTP (Ungless 
et al., 2001). The effect appears to be selective to DA neu-
rons in the VTA as there was no such effect of cocaine 
on LTP or AMPA/NMDA ratios on GABAergic neurons 
(Ungless et al., 2001). Amphetamine too has been shown 
to increase AMPA/NMDA ratios 24 h after treatment in 
vivo (Saal et al., 2003). The LTP induced by cocaine is now 
known to involve the insertion of Glu-R2-lacking AMPA 
receptors into the neuronal membrane (Bellone and Luscher, 
2006). The cocaine-evoked plasticity persists for about  
5 days, but is not evident after 10 days (Ungless et al., 2001).

Psychostimulant-induced LTP in the VTA has been 
shown to correlate with behavioral sensitization (Kauer 
and Malenka, 2007) which is known to be blocked by 
glutamate receptor antagonists infused into the VTA 
(Vanderschuren and Kalivas, 2000). Since over-expression  
of the GluR1 AMPA receptor subunit in the VTA has been 
reported to enhance sensitization and some motivational 
effects of drugs of abuse (Carlezon and Nestler, 2002), it has 
been hypothesized that LTP induced in VTA DA neurons by 
addictive drugs may have an important, albeit transient effect 
to increase their “rewarding effects” (Hyman et al., 2006). 
Nevertheless, it is not clear how such acute and transient 
effects of addictive drugs on neuronal plasticity contribute 
to the development of some of the behavioral characteristics 
of addiction, such as escalation of drug intake, compulsive 
drug seeking and an enhanced propensity to relapse during  
withdrawal (but see the review by Thomas et al., 2008). 
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However, it has been shown that whilst the passive adminis-
tration of cocaine results in the transient appearance of LTP in 
VTA neurons, cocaine self-administration results in a much 
more persistent potentiation of VTA excitatory synapses 
that is still detectable 3 months following the last cocaine 
exposure (Thomas et al., 2001). Moreover, food or sucrose 
ingestion resulted only in the transient form of LTP in VTA 
neurons. These studies are important both because they take 
into account that, in addiction, drugs are self-administered 
and not passively received and also because they suggest that 
plasticity induced by self-administered cocaine is different, 
being more persistent, than that following exposure to vol-
untarily ingested natural rewards. These findings may indeed 
be more readily related to phenomena such as cued reinstate-
ment or relapse to drug seeking after abstinence (Chen et al., 
2008; Thomas et al., 2008).

Plasticity in the primary striatal target of mesolimbic DA 
neurons has also been demonstrated. But unlike VTA syn-
aptic potentiation, the predominant response in NAc neu-
rons is LTD-like, rather than LTP-like, since AMPA/NMDA 
ratios are depressed. This LTD is only seen after repeated 
(5 days) cocaine treatment, not after a single injection 
(Thomas et al., 2001; Kourrich et al., 2007). The picture is, 
though, somewhat more complicated, since after 1–2 weeks 
of withdrawal, there is an increase in AMPA/NMDA ratio 
and synaptic potentiation, not depression (Boudreau and 
Wolf, 2005). Furthermore, if cocaine is self-administered  
rather than given non-contingently, there is in addition a 
marked increase in the AMPA receptor subunit GluR1 in 
NAc neurons and a reduction in GluR2 subunits (Conrad 
et al., 2008), so that these neurons become calcium perme-
able and more excitable (Luscher and Bellone, 2008). In 
animals that had self-administered cocaine and studied after 
1 day of withdrawal, LTD is actually depressed in the NAcC 
and NAcS, but after 3 weeks of withdrawal from cocaine, 
LTD was abolished specifically in the NAcC (Martin et al., 
2006). Whilst cocaine dosing procedures and other method-
ological differences do not allow a simple functional inter-
pretation of these data, they do show that cocaine is able to 
induce long-lasting changes in the NAcC that may be related 
to drug seeking behavior and relapse. As Martin et al. (2006) 
speculate, a failure to elicit LTD in the NAcC of rats hav-
ing self-administered cocaine might be related to the con-
solidation of the instrumental drug taking response, or to the 
readiness with which drug-associated CSs induce relapse, 
or other behavioral processes that depend upon the NAcC 
(Martin et al., 2006). Given the role of the dorsal striatum 
in instrumental habit learning (Yin et al., 2004; Yin et al., 
2006) and the enhancement of habit learning by stimulant 
drugs (Nelson and Killcross, 2006; Nordquist et al., 2007), 
investigation of synaptic LTD in the dorsal striatum follow-
ing the self-administration of cocaine and other drugs under 
conditions that are associated with the development of drug 
seeking habits (Vanderschuren, 2005; Belin and Everitt, 
2008) would also provide a valuable means for linking neu-
ronal plasticity and addictive behavior (Luscher and Bellone, 
2008). Interestingly, synaptic plasticity is altered by cocaine 
exposure at corticostriatal synapses in the dorsolateral stria-
tum (Centonze et al., 2006) and amphetamine sensitization 
increases the density of dendritic spines on medium spiny 
neurons in the dorsolateral striatum (Li et al., 2003), thereby 
suggesting that structural and synaptic plasticity mechanisms 
in the dorsal striatum are influenced by psychostimulants.

These striatal synaptic plasticity mechanisms are accom-
panied by structural changes in the dopaminergic neurons of 
the ventral midbrain (Nestler, 2005b), the medium spiny neu-
rons of the striatum and also cortical neurons (Robinson and 
Kolb, 1997; Robinson and Kolb, 1999; Robinson et al., 2001; 
Li et al., 2003; Robinson and Kolb, 2004; Crombag et al., 
2005). Interestingly, striatal neuronal morphological changes 
induced by repeated exposure to psychostimulants are not 
restricted to the ventral striatum where, specifically in the 
NAcC, they are associated with the induction of behavioral 
sensitization (Li et al., 2004). They also occur in the dorsolat-
eral striatum, where prior exposure to methamphetamine pro-
duced a significant increase in mushroom and thin spines on 
medium spiny neurons, but not in the dorsomedial striatum 
where a significant decrease in mushroom spines is observed 
(Jedynak et al., 2007). Thus, not only is striatal synaptic 
function altered by exposure to psychostimulants but stria-
tal networks appear to be completely reorganized by these 
drugs, thereby altering the integrative mechanisms of the 
striatal complex. Whether these progressive morphological 
adaptations play a role in the recruitment of the intrastriatal 
mechanisms involved in the establishment of incentive habits 
remains to be established, but the dorsomedial/dorsolateral 
striatum spine density dissociation suggests that morphologi-
cal alterations may parallel the progressive recruitment of the 
dorsolateral striatum by chronic exposure to psychostimu-
lants (Porrino, 2004).

B.  Psychostimulant-Induced Molecular 
Adaptations within the Basal Ganglia: 
Implications for Drug Addiction

The behavioral, neural and cellular adaptations involved in 
the development of psychostimulant addiction are associated  
with profound alterations of gene expression in the basal 
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ganglia and their limbic cortical and dopaminergic inputs
(Nestler, 1993; Nestler and Aghajanian, 1997; Nestler,
2000; Gonzalez-Nicolini and McGinty, 2002; Bannon et al.,
2005; Goldman et al., 2005; Yuferov et al., 2005; Albertson
et al., 2006) (see Chapter 29), although a clear relation-
ship between each level remains to be established. While
repeated exposure to psychostimulants induces forms of
cellular adaptation other than gene expression, including
activation of transduction pathways by phosphorylation
of their components such as DARPP-32, CREB and ERK
(Carrasquillo and Sweatt, 2005; Lu et al., 2005; Mattson
et al., 2005; Zachariou et al., 2006b) (see also Chapter 26),
addressing receptors at the membrane, or reorganization
of post-synaptic density scaffolding, we will focus here
on modification of gene expression which might provide
the molecular substrate for the long-lasting nature of drug
addiction (Nestler and Aghajanian, 1997; Nestler, 2000) (see
also Chapter 30). Thus, the transient activation of CREB in
the NAc by repeated exposure to cocaine or amphetamine
is associated with a decrease in the rewarding properties of
these drugs (Carlezon et al., 1998), very likely through its
inducting of the expression of the peptide dynorphin. This
peptide binds to kappa opioid receptors on the soma of DA
neurons in the VTA as well as on their terminals, thereby
decreasing DA release in the NAc (Spanagel et al., 1992),
and is also associated with dysphoria (Hyman and Malenka,
2001) (see Chapter 29).

Drug-induced gene expression has been shown pro-
gressively to be recruited in corticostriatal circuitry as suc-
cessive “waves”, the first induced by the acute effects of
exposure to cocaine or amphetamine and the subsequent
waves emerging during protracted exposure to the drug
and withdrawal episodes (Kalivas and Volkow, 2005).
Moreover, a shift in the locus of these gene expression
waves may occur from ventral to more dorsal loops of the
cortico-striato-pallidal circuitry, as described at the meta-
bolic and functional level in monkeys chronically admin-
istering cocaine (Letchworth et al., 2001; Porrino, 2004).
Thus the picture obtained from post-mortem analyses of
brain transcriptomes of cocaine addicts (Albertson et al.,
2006; Kristiansen et al., 2009) represents the end-point of
a series of transitions that may be crucial in the etiology of
drug addiction, but remain fully to be elucidated.

Considerable interest has been generated in the induc-
tion of the Fos family of genes in the ventral and the dor-
sal striatum after acute exposure to addictive drugs (Hope
et al., 1992; Hope et al., 1994). These immediate early
genes are transiently activated by exposure to cocaine or
amphetamine and are involved in mediating subsequent 
drug-induced changes in gene expression (Nestler, 2005a; 
Nestler, 2005b; Nestler, 2008). However, they cannot 
account for the protracted nature of behavioral changes 
observed in drug addicts. It is thus important to focus on 
the long-term effects of chronic drug exposure which have 
greater heuristic value with regard to the human condition 
(Nestler, 2009). Thus, after protracted exposure to psycho-
stimulants most Fos-like transcription factors are desen-
sitized, in that their inducibility is blunted (Hope et al., 
1992) (see Chapter 29). In contrast, a truncated form of 
FosB, namely FosB, that mediates long-term neural and 
behavioral plasticity (Nestler et al., 1999), accumulates in 
substance P and dynorphin-containing striatal neurons and 
contributes to long-lasting drug-induced modifications in 
gene expression (Nestler, 2001b).

Cocaine-induced FosB in the NAcS and NAcC, but 
also in the BLA, is correlated with preference for cocaine 
compared to novelty, as measured in a CPP procedure 
(Harris et al., 2007). Expression of FosB in striatal dyn-
orphin-containing neurons of transgenic mice increases the 
sensitivity to the locomotor activating effects of cocaine 
and the rewarding properties of cocaine, as measured in 
a CPP procedure (Kelz et al., 1999) or self-administration 
of low doses of the drug (Colby et al., 2003). Conversely, 
the expression of c-Jun, a dominant negative antago-
nist of FosB, in the NAc and dorsal striatum decreases 
cocaine CPP, suggesting reduced sensitivity to the reward-
ing effects of the drug (Peakman et al., 2003).

FosB controls the expression of several genes which 
have been suggested to be involved in the development of 
addiction-like behavior in animal models. Thus, it regu-
lates the expression of dynorphin, although unlike CREB 
it decreases it (Zachariou et al., 2006a), as well as cdk5, a 
protein involved in regulating dopaminergic and glutama-
tergic transmission in the striatum (Chergui et al., 2004). 
Cdk5 has been shown to modulate the rewarding properties 
of cocaine (Benavides et al., 2007) and, more importantly, 
to be involved in cocaine-induced morphological changes 
of striatal neurons (Meyer et al., 2008).

Another mechanism by which FosB may exert control 
over behavioral and molecular responses to addictive drugs is 
its potential to control epigenetic mechanisms, i.e., regulation 
by chromatin compaction of the availability of genes to con-
trol the transcription machinery (Nestler, 2009) (see Chapter 
30). For example, FosB is implicated in the desensitization 
of Fos-like genes after repeated exposure to amphetamine 
through an epigenetic mechanism (Renthal et al., 2008).
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VII. Towards an understanding 
of psychostimulant addiction: 
dysregulation of corticostriatal 
circuitry and incentive habits

Drug addiction develops as the result of within and 
between systems adaptations (Everitt and Robbins, 2005; 
Koob and Moal, 2005), modulating positive and negative  
reinforcement processes, but hypothesized ultimately to 
be expressed as pathologically instantiated instrumental 
and Pavlovian mechanisms over which top down execu-
tive control is impaired (Everitt and Robbins, 2005). 
Positive and negative reinforcement, as well as Pavlovian 
reflexive responses, instrumental learning and the control 
by Pavlovian incentives over instrumental performance 
are dependent upon parallel and serial striatal, integrative 
mechanisms thereby affording the basal ganglia a central 
role in the neurobiology of drug addiction.

A.  Parallel Mechanisms

Studies of natural reinforcement have proven to be very 
valuable for the understanding of the learning mechanisms 
dependent upon the basal ganglia that are involved both in 
voluntary behavior and psychostimulant addiction. Three 
parallel systems can be identified as playing different or com-
plementary roles in instrumental learning and instrumental 
performance.

1.	 A ventral system, including the ventral striatum, and 
particularly the NAc, and its inputs especially from the 
amygdala, hippocampus and anterior cingulate cor-
tex as well as “teaching signal” DA inputs from the 
VTA. It is important for the acquisition of instrumen-
tal drug seeking behavior and for mediating the impact 
of Pavlovian stimuli on instrumental performance, 
including conditioned reinforcement and Pavlovian-
instrumental transfer (Cardinal et al., 2002; Everitt and 
Robbins, 2005; Belin et al., 2008a).

2.	 A dorsomedial system, including the DMS and its 
afferents from the cerebral cortex, most notably the 
prefrontal and prelimbic cortices (Reep et al., 2003), is 
involved in executive processes, including the control 
of goal-directed instrumental behavior. Within this dor-
somedial system, the pDMS receiving projections from 
the BLA (Kelley et al., 1982), might play a predomi-
nant role in action-outcome learning mechanisms and 
perhaps the modulation of instrumental incentive learn-
ing (Balleine, 2005) when behavior is goal-directed.
3.	 A dorsolateral system, including the dorsolateral stria-
tum, its inputs from the sensorimotor and associative 
cortex (Alexander et al., 1986; Alexander and Crutcher, 
1990) and its DA innervation (Faure, 2005), which 
mediates habitual, or S-R, learning and performance 
mechanisms (Balleine, 2005).

Therefore, it appears that the striatum can be segregated 
into different, though interacting, functional domains in 
which the ventral part, or NAc, is involved in the acquisi-
tion, performance and modulation of instrumental behav-
ior by Pavlovian CSs (Cardinal et al., 2002), whereas the 
dorsal territories of the striatum are involved in learning 
action-outcome and S-R associations. Because of the topo-
graphic organization of basal ganglia circuitry (Alexander 
et al., 1986; Alexander and Crutcher, 1990) these domains 
convey parallel and somewhat independent information 
required for instrumental behavior, given that lesions of 
one domain apparently do not impair the behavioral out-
put of the others (Yin et al., 2004; Yin et al., 2005; Yin and 
Knowlton, 2006; Yin et al., 2006). Such parallel mecha-
nisms can also be seen during the acquisition and expres-
sion of Pavlovian reflexive responses. Thus specific ventral 
circuitry is involved in the acquisition and expression of 
autoshaping (or sign-tracking). This ventral circuit involves 
the CeA, the anterior cingulate cortex, the NAcC and its 
inputs from the VTA (Cardinal et al. 2002). It is dissociable 
from a more dorsal circuit that is involved in conditioned 
orienting (Han et al., 1997), involving direct projec-
tions from the CeA to influence the nigrostriatal pathway. 
Dopamine plays an important role in detecting unpredicted 
salient stimuli as well as the actions that result in the pre-
sentation of these stimuli (Redgrave and Gurney, 2006) 
(see Chapter 31), thereby gating incentive teaching signals 
in the basal ganglia and monitoring their accuracy (predic-
tion/error detection) (Schultz et al., 1997; Schultz, 1998; 
Schultz and Dickinson, 2000; Schultz, 2007). Because 
Pavlovian learning mechanisms gain access to instrumen-
tal performance through the NAc, parallel processing alone 
cannot account for these interactions when instrumental 
performance depends upon different, seemingly separate, 
neural systems, such as that involving the dorsolateral stri-
atum (Belin and Everitt, 2008).

B.  Integrative Mechanisms

Pavlovian influences over instrumental performance require 
integrative processes within the basal ganglia that we have 
suggested (Belin and Everitt, 2008) depend to a considerable  
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extent upon the DA-dependent ascending spiralling cir-
cuitry linking the NAc to the dorsal striatum (Haber et al., 
2000; Haber, 2003; Ikemoto, 2007; Haber, 2008) (Fig. 
33.1). The neural mechanisms of conditioned reinforcement 
provide a very clear behavioral illustration of integrative  
processes within the basal ganglia. Responding with con-
ditioned reinforcement, as measured at early stages of 
training under a second order schedule of reinforcement, 
depends upon DA transmission in the BLA, glutamater-
gic transmission in the NAcC, interactions between these 
Figure 33.1  Drug addiction as a failure in top–down executive control over drug-oriented incentive habits. Basal ganglia circuitry is fundamentally 
involved in the mechanisms underlying the development and persistence of drug addiction. The reinforcing, and possibly the hedonic (H), effects of 
psychostimulants depend upon the shell of the nucleus accumbens (NAcS), the olfactory tubercle and the ventral pallidum (GPe-GPi), whereas the moti-
vational balance between natural and drug rewards (NR/DR) may depend upon the subthalamic nucleus (STN). More importantly, exposure to addictive 
drugs triggers neurobiological, and hence, functional modifications, in neural networks involved in implicit subcortical, and declarative cortical, mecha-
nisms. At the subcortical level, addictive drugs alter both Pavlovian and instrumental learning mechanisms. (1) Addictive drugs enhance the Pavlovian 
incentive influences from the basolateral nucleus of the amygdala (BLA) to the core of the nucleus accumbens (NAcC) and alter the Pavlovian incentive 
processing between the BLA and the orbitofrontal cortex (OFc) thereby leading to increased incentive salience of drugs and environmental stimuli asso-
ciated with them. Alterations of hippocampal (hipp) function may also contribute to an enhanced incentive control of contextual cues over drug seeking 
and drug taking behavior. (2) Addictive drugs facilitate the instantiation of habitual responding, whereby drug seeking behavior is no longer under the 
direct control of the motivational properties of the drug itself, but instead, governed by stimuli in the environment. The development of habitual drug 
seeking and drug taking behavior may be related to a ventral to dorsal striatal shift in the locus of control over behavior, which depends at least in part 
upon the ascending dopamine-dependent circuitry linking the ventral to the dorsolateral striatum (DLS) via recurrent connections with the dopaminergic 
neurons in the ventral tegmental area (VTA) and the substantia nigra pars compacta (SNc) in the ventral midbrain. Thus, maladaptive, drug focused, 
Pavlovian incentive processes that control “drug-oriented incentive impulses” in the NAcC eventually influence the dorsal striatum-dependent stimulus-
response (S-R), or “habit” system, thereby giving rise to incentive habits. Additionally, exposure to psychostimulants shifts the striatal matrix/striosome 
functional output towards the striosomes which receive limbic inputs and hence may represent another way to gate limbic influence over dorsolateral 
striatal (DLS)-dependent processes. However, incentive habits cannot alone account for the development of compulsive drug seeking and taking behav-
ior which, instead, may arise from the interaction between subcortical mechanisms that tend to drive the addict towards drugs and drug-associated 
stimuli and declarative cortical mechanisms. Indeed, exposure to addictive drugs triggers a change in the balance of cortical neuroadaptations from 
ventromedial to dorsolateral prefrontal cortex, which might be associated with drug-induced deficits in top–down executive control over instrumental 
behavior. Drug addicts and drug-exposed animals display cognitive inflexibility, impaired decision making processes and high rates of impulsivity, sug-
gesting impairment of prefrontal cortical function. Thus, once incentive habits develop and are progressively less under the control of prefrontal execu-
tive function, drug use is no longer under the control of the individual and can be described as compulsive.
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structures and also the integrity of the orbitofrontal cor-
tex (Everitt et al., 2008). However, after protracted train-
ing to seek cocaine it is the dorsal striatal dopaminergic 
system that is important in instrumental performance (Ito 
et al., 2002; Vanderschuren, 2005) and the recruitment of 
the dorsolateral striatum has been demonstrated to depend 
upon the dopaminergic interactions linking NAcC to the 
dorsolateral striatum (Belin and Everitt, 2008). These data 
emphasize intra-striatal integrative mechanisms in the 
interactions between Pavlovian and instrumental learn-
ing. However it is still unclear whether this transition from 
ventral to dorsal striatum demonstrated for cocaine-seek-
ing under a second order schedule of reinforcement is spe-
cific to addictive drugs or if it reflects a greater capacity of 
stimulants such as cocaine to hasten the integrative process 
that is usually recruited by natural rewards.

C.  Addiction: Towards the View of an 
Incentive Habit

Although not definitively demonstrated, addictive drugs 
may through their potent effects on DA transmission under-
lie the abnormally strong consolidation of Pavlovian and 
instrumental learning mechanisms. This greatly enhances 
the propensity to engage in drug seeking in response to 
contexts and cues associated with the drug, particularly 
when these cues act as sub-goals for instrumental behavior 
by acting as conditioned reinforcers (Everitt and Robbins, 
2005). Moreover, treatment with stimulant drugs that sen-
sitize DA transmission also facilitates the development of 
habits over goal-directed instrumental responses for natu-
ral rewards (Nelson and Killcross, 2006; Nordquist et al., 
2007), while orally ingested drug rewards such as alcohol 
and cocaine engage S-R habits more rapidly than do natu-
ral reinforcers (Dickinson et al., 2002; Miles et al., 2003).

We have summarized here experimental support for the 
hypothesis that drug seeking habits progressively domi-
nate goal-directed drug-seeking behavior and that they 
are highly influenced by Pavlovian incentive mechanisms. 
Hence we have introduced the term incentive habit (Belin 
et al., 2008a) to describe this phenomenon. We argue that 
incentive habits depend at least in part upon serial pro-
cessing between the BLA, the NAcC and the ascending, 
DA-mediated circuitry that links this system to the dorso-
lateral striatum. Incentive habits can be triggered by drug- 
associated stimuli, withdrawal-associated stimuli or internal 
states that influence the motivational value of these stimuli. 
Therefore, incentive sensitization (Robinson and Berridge, 
1993; Robinson and Berridge, 2000; Robinson and 
Berridge, 2001; Robinson and Berridge, 2003) and negative 
affective states (Koob and Moal, 1997, 2001, 2005, 2008) 
play an important role in the establishment and persistent 
performance of incentive habits by generating an increased 
incentive value of drug-associated stimuli and/or a with-
drawal (including conditioned withdrawal) induced drive 
towards drug taking, respectively.

D. Top–down Inhibitory or “Executive” 
Control

There is no reason to think that incentive habits are uniquely 
established in individuals responding for drugs. Such habits 
are also adaptively established in animals responding for 
natural rewards. However, in the context of drug addiction, 
it is the development of a pathological incentive habit that 
is of major interest and importance and the mechanisms we 
have so far described are perhaps not sufficient by them-
selves to explain the development of compulsive drug use, 
i.e. that which is maintained despite negative consequences, 
the hallmark of addiction in DSM-IV (APA, 2000).

We and others have hypothesized that the develop-
ment of compulsive drug use may reflect a loss of prefron-
tal executive control over incentive habits that underlie drug 
seeking and taking (Jentsch and Taylor, 1999; Robbins 
and Everitt, 1999; Everitt and Robbins, 2005; Kalivas and 
Volkow, 2005). Repeated exposure to drugs of abuse is asso-
ciated with many cognitive and behavioral deficits includ-
ing those in visual attention, delay discounting, reversal 
learning, impulsivity or decision making in both humans 
(Moeller et al., 2002; Hester and Garavan, 2004; Kirby and 
Petry, 2004) and in animal models of addiction (Paine et al., 
2003; Paine and Olmstead, 2004; Schoenbaum et al., 2004; 
Dalley et al., 2005a; Dalley et al., 2005b; Black, 2006; Calu 
et al., 2007; George et al., 2008). These processes require 
the functional integrity of areas of the PFC. Therefore, 
protracted exposure to addictive drugs may diminish the 
influence of top–down executive control by the PFC (Fig. 
33.1), thereby facilitating the impact of Pavlovian motiva-
tional influences on instrumental drug seeking responses 
(Schoenbaum et al., 2004; Schoenbaum, 2004; Schoenbaum 
et al., 2006; Schoenbaum and Shaham, 2008). Additionally, 
by subverting orbitofrontal-dependent decision-making  
processes (Jentsch and Taylor, 1999; Bolla et al., 2003), 
drugs of abuse may bias individual choices towards drugs and 
diminish sensitivity to negative feedback, thereby promoting 
compulsive drug seeking (Everitt and Robbins, 2005).
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An interesting avenue for future research will be to deter-
mine whether the drug-induced development of incentive 
habits and failure of top–down executive control are parallel 
or interactive processes. Studies in monkeys have reported 
that the progressive engagement of the dorsal striatum by 
cocaine self-administration parallels a progressive functional 
engagement of dorsolateral parts of the PFC after extended 
exposure to cocaine (Porrino et al., 2007). This observation 
suggests that both cortical and ventral to dorsal striatal shifts 
co-occur in the course of addiction and is in agreement with 
studies in humans showing that low DA D2-receptor binding 
in the dorsal striatum of cocaine addicts is associated with 
decreased metabolic activity in the PFC, especially in the 
orbitofrontal cortex (Volkow et al., 1993). However, whether 
it is intra-striatal adaptations that trigger or contribute to 
cortical adaptations in response to protracted cocaine self-
administration, or vice-versa, remains to be established. Nor 
is it clear whether reduced cortical metabolism (Volkow et al., 
2001; Volkow et al., 2002) or reductions in, for example, 
striatal DA D2 receptors (Volkow et al., 2001) seen in drug 
addicted individuals are purely the result of chronic drug tak-
ing, or are causal factors leading to drug abuse and addiction, 
or result from an interaction between the two (Dalley et al., 
2007). Nevertheless, we suggest that the development of 
incentive habits that parallels the progressively greater control 
of the dorsal striatum over drug seeking may be facilitated by 
drug-induced prefrontal cortical impairments. Indeed, S-R  
habits require less executive control than goal-directed 
actions (Muller et al., 2007; Tanji and Hoshi, 2008) and may 
therefore be strengthened by weaker prefrontal control over 
behavior resulting from toxic effects of chronically and even 
acutely (Schoenbaum et al., 2006) self-administered addic-
tive drugs.
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I.  Introduction

The etiology of Parkinson’s disease (PD) is poorly under-
stood. However, numerous studies point to environmental  
poisons, such as synthetic toxins, pesticides and heavy 
metals, as potential risk factors. Indeed, the environmen-
tal hypothesis of PD was born in the early to mid 1980s, 
when Langston and colleagues discovered that the toxin,  
1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) 
could cause Parkinsonism in humans (Langston et al., 1983; 
Langston et al., 1984). Nevertheless, humans are exposed  
to numerous pesticides and toxins in nature, yet not eve-
ryone develops PD, suggesting that the factors required 
for disease development are more complex. Many stud-
ies, using animal models or patients, point to interactions 
between an individual’s genetic background and exposure 
to environmental toxins, which has led to the multiple 
hit hypothesis of PD, i.e., more than one risk factor trig-
ger disease development and progression (for review see 
Carvey et al., 2006). In addition, inflammation is emerging 
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as an important feature of the disease, one that may con-
tribute to the neurodegenerative process (Boka et al., 1994; 
Hunot et al., 1999; McGeer et al., 2001). This chapter will 
examine the contributions of environmental factors, genetic 
background and inflammation in disease development and 
progression.

II.  Environmental Hypothesis of 
Parkinson’s Disease

A. Toxin Exposure and Animal Models

Epidemiological studies provide strong support for the 
environmental basis of PD, for they have consistently 
found a high incidence of PD among people who live in 
rural areas or are involved in farming (Priyadarshi et al., 
2001; Kamel et al., 2007). This increased risk has led sci-
entists to concentrate on exposure to toxins as precipitating 
factors in disease development. In Table 34.1, we provide a 
summary of the most common toxins and their effects.
593
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Table 34.1  Summary of environmental toxins and their effects

Environmental 
toxin

Penetration of the blood-brain  
barrier (BBB)

Mechanism of action Associated with 
Parkinsonism or risk 
of developing PD in 
humans

MPTP Lipophilic and readily crosses BBB Inhibits complex I Yes

Paraquat Carrier-mediated transport across  
the BBB

Generates oxygen radicals and inhibits  
complex I with a low potency

Yes

Maneb Unknown but may cross with a carrier-
mediated process as paraquat does

Inhibits complex III and increases lipid 
peroxidation

Yes

Dieldrin Lipophilic and readily crosses the BBB Decreases dopamine transport and stimulates 
glial production of oxygen radicals

Yes

Rotenone Lipophilic and readily crosses BBB Inhibits complex I Not known

Heavy metals Readily cross the BBB Reduces dopamine production and alters 
dopamine turnover

Yes
1.  1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine

The discovery that the toxic metabolite of MPTP, 1-
methyl-4-phenylpyridiumn ion (MPP), was a potent 
complex I inhibitor in dopamine neurons opened a new 
era in PD research (see also Chapter 38). When this toxin 
is injected in humans, it replicates most features of spo-
radic PD (Davis et al., 1979; Langston et al., 1983). In pri-
mates other than humans, the effects of MPTP also mimic 
those in man, and if given acutely or chronically to mice, 
40–80% of dopamine neurons in the substantia nigra die 
(for reviews, see Meredith and Kang, 2006; Meredith  
et al., 2008). MPTP’s actions in rodents are limited, for 
it has no effect on rats (Zuddas et al., 1994), and despite 
killing dopamine neurons in mice, frequent injections and 
large doses are required to reach significant dopamine 
depletion (Sonsalla and Heikkila, 1986) and, behaviorally, 
MPTP-treated mice show few of the typical motor symp-
toms (Meredith and Kang, 2006).

MPTP is highly lipophilic and readily crosses the 
blood-brain barrier (Markey et al., 1984). Once in the brain, 
astrocytes, and certain types of neurons, take it up and oxi-
dize the molecule to a protoxin via monoamine oxidase 
B (Fig. 34.1). This protoxin is then converted to MPP, 
which is somehow released into the extracellular space, 
where it is actively transported into dopamine neurons via 
the dopamine transporter (Fig. 34.1). Once inside the cell, 
MPP either binds the vesicular monoamine transporter-2  
and moves into vesicles, or it penetrates mitochondrial 
membranes and disrupts mitochondrial respiration at the 
level of complex I, or it remains in the cytosol, where it 
interacts with enzymes carrying negative charges (Ramsay 
and Singer, 1986; Lee et al., 1992; Klaidman et al., 1993). 
It is the movement into the mitochondria that damages 
respiration, reduces ATP production, and augments oxida-
tive stress (Meredith et al., 2004; Przedborski et al., 2004). 
Other pesticides/fungicides that are similar in their chemi-
cal structures to MPTP, are therefore thought to induce 
Parkinsonism through their ability to inhibit mitochondrial 
proteins (Fig. 34.1). There are also naturally occurring 
compounds in nature with a substituted pyridinium struc-
ture similar to synthetic pesticides, which can kill dopa-
mine neurons in vitro (Michel et al., 1989).

2.  Paraquat (PQ)

A quarternary ammonium herbicide, N-N’-dimethyl-4,4’-
bipyridium dichloride (PQ) structurally resembles MPTP 
and its toxic metabolite, MPP. Paraquat does not easily 
cross the blood-brain-barrier (BBB; Shimizu et al., 2001), 
but once it does, this toxin is transported into the mitochon-
dria by a carrier-mediated process (Shimizu et al., 2001; 
Dick et al., 2007), where it becomes a potent redox cycler 
(Thiruchelvam et al., 2005). Neurotoxicity arises with the 
formation of reactive oxygen and nitrogen species due to 
inhibition of mitochondrial and cytoplasmic malate dehy-
drogenase activities (Fukushima et al., 1993). Earlier reports 
speculated that PQ acts by inhibiting complex I, due to its 
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structural similarity to MPTP (Fukushima et al., 1994; 
Tawara et al., 1996; Dawson and Dawson, 2003). Richardson 
and colleagues (2005) demonstrated a low in vitro potency 
of PQ to inhibit complex I, as compared to MPP in iso-
lated mitochondria. Nevertheless, other more recent studies 
have shown that PQ can become reduced to a cation (PQ) 
by NAD(P)H dehydrogenase, a process that generates oxy-
gen radicals within the mitochondria (Cocheme and Murphy, 
2008). Castello and colleagues (Castello et al., 2007) also 
show inhibition of the electron transport chain but suggest 
that superoxide production involves inhibiting complex III. 
Thus, PQ appears to damage mitochondria, through the 
enhanced production of oxygen radicals, and its mechanism 
of action may occur through inhibition of complex I or, pos-
sibly, III (Fig. 34.1). Clearly, further work on the structure- 
toxicity relationship is required to understand how the 
pyridium ion damages dopamine neurons but, more impor-
tantly, why structurally similar ions, such as those generated  
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Figure  34.1  Schematic diagram illustrating how environmental 
toxicants reach the mitochondria of a dopamine neuron in the substantia  
nigra. MPTP crosses the blood–brain barrier and is taken up by astro-
cytes, where it is oxidized by monoamine oxidase B (MAO-B) to form 
two metabolites, MPDP and MPP (Chiba et al., 1984). The metabo-
lite MPP is generally considered to be the toxic metabolite, although 
MPDP also has some toxicity but is thought to be the major peripheral 
metabolite. MPP is transported into the dopamine neurons via the dopa-
mine transporter (DAT) and is either sequestered in organelles (see text) 
but especially in mitochondria, where it targets complex I of the electron 
transport chain. Many agricultural toxins are lipophilic and penetrate the 
plasma and mitochondrial membranes targeting either complex I or III in 
the transport chain. All these toxins augment the production of reactive 
oxygen and nitrogen species and reduce the synthesis of ATP.
by MPTP and PQ, could have different mechanisms of 
action at the level of the mitochondrion.

3.  Maneb

Manganese ethylene-bis-dithiocarbamate (Maneb) is a 
heavy metal fungicide that inhibits glutamate transport and 
dose-dependently reduces high affinity dopamine uptake 
and release (Soleo et al., 1996; Vaccari et al., 1996; Vaccari 
et al., 1998). Maneb induces Parkinsonism in agricultural 
workers, who are chronically exposed to the fungicide 
(Ferraz et al., 1988; Meco et al., 1994), and its effects are 
enhanced when individuals have also been exposed to the 
pesticide, paraquat. Maneb is used to model PD in mice 
and is thought to inhibit complex III and increase lipid 
peroxidation (Fig. 34.1; Thiruchelvam et al., 2005). In in 
vitro studies, Maneb catalyzes catechol oxidation, which 
may underlie its selectivity in targeting dopamine neurons 
(Fitsanakis et al., 2002). It is generally co-administered with 
paraquat to enhance toxicity in order to destroy a significant 
number of dopamine neurons (Thiruchelvam et al., 2000a; 
Thiruchelvam et al., 2000b; Thiruchelvam et al., 2000c).

4.  Dieldrin

A diorthosubstituted polychlorinated biphenyl, dieldrin, 
like DDT, is a chlorinated insecticide. These compounds 
are cyclodiene insecticides. They are stable and are highly 
lipophilic, thus they cross the BBB readily. They tend to 
accumulate and persist in nature. They were commonly 
used from the 1950s to the 1970s and have been detected, 
postmortem, in the brains of PD patients (Corrigan et al., 
1998). Recent studies have demonstrated that developmen-
tal exposure of mice to dieldrin leads to persistent changes 
in the nigrostriatal system and an increased susceptibil-
ity to other dopamine toxins (Richardson et al., 2006). 
Dieldrin decreases striatal expression of the dopamine 
transporter, thus altering dopamine uptake, but in the 
absence of dopamine cell loss (Hatcher et al., 2007). This 
insecticide also stimulates microglia to generate reactive 
oxygen species (Mao et al., 2007).

5.  Rotenone

This is a common pesticide and insecticide, and a natural 
mitochondrial poison extracted from tropical legumes. It 
is lipophilic, readily crosses cell membranes, and easily 
penetrates the BBB (Betarbet et al., 2000). It is a potent 
mitochondrial inhibitor and targets complex I in a manner 
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similar to MPTP (Fig. 34.1). Greenamyre and colleagues 
have shown that rotenone delivered chronically by mini
pumps kills dopamine neurons and induces a bradykinetic 
behavioral profile (Betarbet et al., 2000; Sherer et al., 
2003b). They have also shown that rotenone-treated rats 
display other features of PD, including accumulation and 
aggregation of alpha-synuclein, microgliosis and iron accu-
mulation in the SN, as well as loss of enteric neurons and 
cardiac sympathetic denervation. Rotenone was originally 
thought to specifically target the nigrostriatal dopamine 
system (Hoglinger et al., 2003), but the data support a more 
general toxicity including damage to peripheral organs 
such as the stomach and liver as well as induce non-specific 
CNS damage (Lapointe et al., 2004). In addition, the ability 
to reproduce this model has proven difficult. More recent 
work by Greenamyre and colleagues have shown less vari-
ability in this model through the use of i.p. injections of the 
toxin (reviewed in Meredith et al., 2008).

6.  Other Environmental Toxicants

Substances that may increase the risk of PD include heavy 
metals, such as manganese and zinc, found in the car-
bamate herbicides, mancozeb and zineb, respectively. 
Exposure to these metals over time can lead to detrimen-
tal changes in dopamine turnover (Soleo et al., 1996). Lead 
exposure can also lead to similar changes in dopamine 
turnover. Lead can replace iron in brain tissue and since 
iron is a co-factor for l-dopa, it can reduce dopamine pro-
duction and increase oxidative radicals (Jenner, 1998). 
Other industrial chemicals such as toluene, trichloroethyl-
ene, carbon monoxide, and carbon disulfide have also been 
linked to PD (Tanner, 1992; Hageman et al., 1999; Gash  
et al., 2008).

B. Toxin Exposure and Human Susceptibility 
to PD

Epidemiological studies support the environmental basis for 
PD (Priyadarshi et al., 2001; Kamel et al., 2007) and experi-
mental animals exposed to environmental toxins mimic many 
pathological hallmarks of PD thereby strongly implicat-
ing toxin exposure in the pathology (Betarbet et al., 2000; 
Thiruchelvam et al., 2000a; Petroske et al., 2001; Meredith  
et al., 2002; Przedborski and Vila, 2003; Thiruchelvam et al., 
2003; Yazdani et al., 2006; Zeevalk et al., 2007). Nevertheless, 
there is little evidence to state that toxin exposure leads to 
the development of PD. Certainly, human exposure to cer-
tain industrial chemicals or chronic exposure to toxins such 
as dieldrin or maneb, reduce dopamine production in the 
human brain and increase certain Parkinsonian symptoms, 
as described above. One important factor to consider is that 
humans could accumulate these toxins over time and once 
they reach physiologically relevant quantities, dopamine neu-
ron loss accelerates.

One clear difference between PQ and MPTP is the 
dicationic nature of PQ and the requirement that PQ is 
actively transported across the BBB (Shimizu et al., 2001; 
Dick et al., 2007). Paraquat exposure has been linked with 
an increase in the risk of contracting PD (Hertzman et al., 
1990; Hertzman et al., 1994). Even though PQ does not 
readily cross the BBB, repeated subchronic exposure could 
lead to PQ accumulation and damage to the mitochondria 
(LoPachin and Gavin, 2008). Rotenone also damages mito-
chondria but has yet to be linked directly to Parkinson’s 
disease in humans. Heavy metal exposure, i.e. iron or man-
ganese, is associated with Parkinsonism in humans. One 
study identified a small group of professional welders who 
developed Parkinsonism, but the onset and pathology dif-
fered somewhat from those features in other PD patients 
(Racette et al., 2001).

Exposure to toxins during development may also 
enhance susceptibility to PD later in life. One study 
exposed juvenile mice to zineb or the mixture of endosul-
fan and zineb through i.p. injections over a week and found 
that this exposure was enough to reduce dopamine levels 
and increase protein aggregations in the cortex following 
re-exposure at 8 months of age (Jia and Misra, 2007). Even 
though this study was conducted in experimental animals, 
scientists agree that there are significant risks to infants 
and children, if they are exposed to pesticides (Kimmel and 
Makris, 2001; Dietert et al., 2002). Finally, the environ-
mental susceptibility to toxins by humans could be related 
to genetic damage or genetic predisposition (Potashkin and 
Meredith, 2006; Meredith et al., 2008).

C. Toxins and Oxidative Stress

Features of oxidative stress, such as ATP loss, neuroin-
flammation, large accumulations of lysosomes and lipo-
fuscins, and protein aggregation, appear selectively in 
dopamine neurons following treatment with a variety of 
toxins. Even though many of the same features appear 
in cells during the aging process, such characteristics are 
accelerated in PD and can be mimicked in toxin models 
of the disease (Dauer and Przedborski, 2003; Meredith  
et al., 2004; Carvey et al., 2006).
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Normal mitochondrial respiration is critical to the main-
tenance of adequate ATP for basic cell processes. Any loss 
of ATP can disrupt functional ion pumps and reduce the 
plasma membrane potential, which in turn decreases the 
activation threshold for N-methyl-D-aspartate (NMDA) 
receptors (Novelli et al., 1988; Smith and Grace, 1992; 
Meredith et al., 2009), thus increasing a neuron’s vulner-
ability to damage by glutamate (Blandini et al., 1996; 
Przedborski and Jackson-Lewis, 1998). Particularly damag-
ing is the production of peroxynitrite and oxygen radicals.

There are data supporting reduced mitochondrial res-
piration as a causative factor in PD. Post-mortem, the 
substantia nigra shows a reduction of about 30% in mito-
chondrial respiration, possibly through damage to complex 
I (Parker et al., 1989; Schapira et al., 1990a; Schapira et al., 
1990b). In addition, humans administered mitochondrial 
poisons, such as MPTP, develop Parkinsonism (Langston 
et al., 1983). It is not only dopamine neurons that have a 
reduced capacity for many normal physiological func-
tions in PD. Recent in vivo imaging (high resolution 31 
phosphorous magnetic resonance spectroscopy) of the 
brain of PD patients found a mitochondrial dysfunction in 
parts of the cortex not associated the nigrostriatal system. 
Rango and colleagues (2006) found an energy imbalance 
in cortical neurons under increased oxidative metabolism 
requirements. Although these data provide strong evi-
dence for mitochondrial dysfunction in PD, it remains 
unclear whether mitochondrial defects actually induce the 
disorder. Certainly individuals with typical mitochondrial 
diseases do not show the same symptoms as PD patients 
(Przedborski, 2009). Moreover, since post-mortem studies 
are conducted on individuals in an advanced disease state 
with very few remaining dopamine cells, the mitochondrial 
disturbance may be concentrated in non-dopamine cells.

Oxidative stress remains an important factor for PD 
progression. Bioenergetic restraints increase cellular stress 
and greatly augment the formation of radicals (Fariello, 
1988; Jenner, 1998), particularly peroxynitrite and oxygen 
radicals. These harm physiological functions, such as pro-
teolysis, and damage cytosolic proteins. Protein accumula-
tions further contribute to cellular stress and presumably 
form Lewy bodies, which are large, “wagon-wheel” accu-
mulations of insoluble proteins.

D.  Inclusion Formation

Misfolded, unassembled or damaged proteins, and in par-
ticular alpha-synuclein, are potentially toxic to the cell, 
and must therefore be rapidly cleared from the cytoplasm, 
a process generally attributed to the ubiquitin-proteasomal 
system (UPS). However, the UPS is energy expensive and 
reserved for proteins with short half-lives (Glickman and 
Ciechanover, 2002; Cuervo, 2004). Disruptions in ATP pro-
duction could also saturate the UPS. Such saturation would 
help explain why ubiquitinated complexes accumulate 
in the dopamine cells of PD midbrains (Gai et al., 2000; 
McNaught and Jenner, 2001). These proteins accumulate 
in circular bodies called Lewy bodies (see Box 34.1) in the 
cytoplasm of dopamine neurons.

Animal models do not adequately replicate Lewy body 
formation. Eosinophilic inclusions have been reported 
in old primates treated with MPTP (Forno et al., 1986; 
Forno et al., 1993), but Lewy bodies are seemingly absent 
from nigral dopamine cells in humans, who became 
Parkinsonian by injecting MPTP (Langston et al., 1999). 
There are limited reports of alpha-synuclein-positive 
aggregates in the chronic MPTP mouse model, but only in 
mice that had lost more than 70 percent of their dopamine 
neurons after treatment (Meredith et al., 2002; Meredith 
et al., 2004). However, the aggregates are granular and do 
not resemble Lewy bodies (Fig. 34.2). Other groups using 
the same MPTP regimen failed to find alpha-synuclein-
positive inclusions (Shimoji et al., 2005; Alvarez-Fischer 
et al., 2008), but dopamine cell loss was considerably 
less (40%; Alvarez-Fischer et al., 2008). In a rotenone rat 
model, where cell death in the substantia nigra is progres-
sive, alpha-synuclein-immunoreactive inclusions are found 
in the substantia nigra neurons (Betarbet et al., 2000). No 
inclusions were seen in rotenone-treated rats that had no 
dopamine lesions. In addition, the inclusions in the rote-
none model were small, but had a solid core with a fibril-
lar halo as seen in Lewy bodies. Data from these models 
suggest that this protein pathology appears once oxidative 
damage and cell loss have become extensive. Certainly, 
rotenone-induced inhibition of complex I in cell cultures 
progressively damages the cells oxidatively (Sherer et al., 
2002). Also, inhibition of complex I, and augmented oxi-
dative stress promote alpha-synclein aggregation (Masliah 
et al., 2000; Parihar et al., 2008).

The current concept of protein aggregation in PD 
points to protein stress and proteolytic failure as underly-
ing causes, but how alpha-synuclein contributes to protein-
aceous aggregations is not clear. Initially, reports described 
alpha-synuclein as being degraded by the UPS (Bennett  
et al., 1999; Tofaris et al., 2001), suggestions that led to 
the theory that malfunction in the UPS degradation of  
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alpha-synuclein is a cause of PD. However, subsequent stud-
ies that inhibited the UPS were unable to confirm changes 
in cellular quantities of alpha-synuclein (Ancolio et al.,  
2000; Rideout et al., 2001; Rideout and Stefanis, 2002). Pro
teins with long half-lives, such as alpha-synuclein, appear 

Box 34.1  Lewy Bodies

Distinctive neuronal inclusions considered a diagnostic 
hallmark of idiopathic Parkinson’s disease are called Lewy 
bodies (Beal, 2001). Lewy bodies are eosinophilic struc-
tures in the neuronal cytoplasm. Immunohistochemically, 
they stain with a variety of antibodies, including those 
raised against neurofilament, ubiquitin, and alpha-synuclein  
(Spillantini et al., 1997; Spillantini et al., 1998). In the 
brainstem, they are usually circular with a dense protein/ 
lipid core surrounded by a peripheral halo (Roy and 
Wolman, 1969). In the cerebral cortex, they are often much 
less eosinophilic, more elongate and diffuse than the brain-
stem bodies. In the cortex, they also may lack the periph-
eral halo (Meredith et al., 2002; Katsuse et al., 2003). Lewy 
bodies may be single or multiple within a neuron and their 
size can vary. Ultrastructurally, they have a dense central 
core, which is lipid-rich and surrounded by radiating fila-
ments (7 to 20 nm in diameter; Meredith et al., 2004). In 
the cortex, Lewy bodies have a random arrangement of 
intermediate filaments but which lack a radial orientation. 
Lipids are a significant proportion of cortical Lewy bodies 
and tend to be concentrated in the core if the bodies are 
of a concentric formation. Alpha-synuclein and ubiquitin 
in the cortical bodies appear in overlapping layers or are 
partial segregated into layers (Gai et al., 2000).

Lewy bodies may result from disrupted neurofilament 
transport or metabolism leading to an accumulation of 
altered cytoskeletal elements including a variety of insol-
uble proteins (Fig. 34.3). Lewy bodies are also present in 
other neurodegenerative conditions such as Lewy body 
dementia. They are also found in older people with no 
neurological or psychiatric disorders, but at lower densities 
than in neurodegenerative conditions (Del Tredici et al., 
2002).

The fibrillization and aggregation of proteins such as 
alpha-synuclein may represent the pathological state of 
the neuron or simply be a hallmark of the ongoing degen-
eration (Goldberg and Lansbury, 2000). Regardless, these 
inclusions disrupt the cytoskeleton of the cell (Braak and 
Braak, 2000), and could even trigger the demise of the 
neuron. Complex I dysfunction and the ensuing oxidative 
damage to cells seems to promote protein aggregation (for 
reviews see Dawson and Dawson, 2003; Meredith et al., 
2004). This is because oxidative radicals can damage pro-
teins and promote formation of intermediate fibrillization 
stages. Thus, oxidative stress and dysfunction of complex I 
may be central to the spiral that leads to protein aggrega-
tion and cell death (Fig. 34.4).
instead to be degraded by autophagic pathways in lyso-
somes. Lysosomal inhibitors can increase the aggregation 
of alpha-synuclein (Webb et al., 2003; Lee et al., 2004) 
and mutated alpha-synuclein impairs the trafficking of this 
protein to lysosomes by chaperone-mediated autophagy 
(Cuervo, 2004). Autophagy plays a neuroprotective role 
by rapidly trafficking proteins and organelles to lysosomes 
for degradation. Such continuous turnover of molecules is 
important for it prevents the accretion of toxic residues and 
can even stave off apoptosis (Kiffin et al., 2004; Komatsu  
et al., 2007). However, this recycling is energetically expen-
sive and under conditions of prolonged stress, proteins can 
become misfolded and need assistance from chaperones for 
degradation (Cuervo, 2004). Recent work has shown that 
when wild-type alpha-synuclein interacts with oxidized 
dopamine, the end product is able to block chaperone- 
mediated autophagy, an interference that could lead to det-
rimental accumulations of alpha-synuclein in the cytoplasm 
of dopamine neurons (Martinez-Vicente et al., 2008).

Proteins and organelles can form lipofuscin granules 
inside lysosomes, by an iron-catalyzed oxidation of the 
protein and lipid residues (Meredith et al., 2004). These 
granules sensitize lysosomes to oxidative stress (Terman 
and Brunk, 2004) and oxidative radicals, such as hydro-
gen peroxide, diffuse easily into the granules where they 
reduce ferrous iron and form peroxidation byproducts, 
such as protein carbonyls (Dauer and Przedborski, 2003; 
Meredith et al., 2004). The low pH in the lysosomal com-
partments is an environment compatible with these activi-
ties. Lipofuscin granules accumulate with age, but grow 
rapidly in number and augment their load of indigestible 
residues in neurodegenerative diseases such as Alzheimer’s 
and Parkinson’s diseases (Mayer et al., 1992; Nixon et al., 
1992; Braak et al., 2001; Meredith et al., 2004; Terman 
and Brunk, 2004). Lipofuscins can interfere with autoph-
agy, which suggests that these granules represent lyso-
somal dysfunction and a decline in proteolysis (Terman 
and Brunk, 2004). It seems reasonable therefore to assume 
that over time in neurodegenerative disease, abnormal resi-
dues and their chaperones increase. Lysosomes overbur-
dened with lipofuscin granules and lipid lyse, releasing 
their toxic, low pH, contents into the cytosol, an action that 
could lead to the seeding of Lewy bodies (Fig. 34.3), or the 
protein load leads to cellular exhaustion and a second type 
of programmed cell death, i.e. autophagic death (Alirezaei 
et al., 2008). Protein aggregation may also be associated 
with the failure to scavenge oxidative radicals (Sherer  
et al., 2002; Testa et al., 2005).
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Figure 34.2  Ultrastructural micrographs of cytoplasmic inclusions in dopamine neurons of the substantia nigra of mice treated chronically with 
MPTP. (A) A tyrosine hydroxylase-immunoreactive neuron. Arrows and inset point to proteinaceous accumulations in the cytoplasm. Scale bar  5 m 
(B) Higher power EM micrograph illustrating membrane-bound lysosomal bodies filled with lipids and immunoreactive protein (arrowhead) in an 
alpha-synuclein-immunopositive (asterisks mark the immunoreaction product) neuron. Scale bar  1 m. (C) lipofuscin granules and protein accumu-
lation (arrowhead) alongside parallel filaments (asterisk). Scale bar  1 m. (D) Large lysosomes with protein accumulations and parallel membranes 
resembling debris from mitochondria and lipid (asterisk). Scale bar  1 m. Figure adapted from Meredith and colleagues (2002) and reprinted by per-
mission from Brain Research.

Figure  34.3  Schematic diagram that proposes a mechanism for proteolysis of alpha-synuclein in dopamine neurons compromised by toxins.  
(A) Insoluble alpha-synuclein in beta sheet formation, i.e. protofibrils (red), is tagged by ubiquitin for degradation. (B) Alpha-synuclein is transported 
via chaperone-mediated autophagy for degradation in lysosomes (Cuervo, 2004). (C) Lysosomes gather proteins and membranes for break down in the 
low pH compartment. Lipid droplets are illustrated in gray and represent byproducts of membrane recycling. (D) Lysosomes erupt when overloaded 
and energy supplies are insufficient to support their proteolytic activities. Cells undergo protein stress and enter death pathways (programmed either via 
apoptosis or autophagy) when cytochrome c from mitochondria leaks into the cytoplasm and ruptured lysosomes release acidic contents. If cell death 
pathways are not activated, (E) the molecules released from lysosomes could “seed” the Lewy body formation. Each Lewy body has a dense lipid core 
and radiating filaments of alpha-synuclein and ubiquitin (adapted from Meredith et al., 2004). To view a color version of this image please visit http://
www.elsevierdirect.com/companion/9780123747679
III.  Environmental Toxins and 
Inflammation

In normal adult brain, microglia display ramified morphol-
ogy and, together with astrocytes, play a key role in the 
immune response. Microglia are the resident lymphocytes 
of the central nervous system, comprising nearly a fifth of 
all brain cells. When an infection, a toxic insult or trauma 
occurs, these glia proliferate and move from the resting to 
the activated state. They morph from their small, spider-like  
state into an amoeboid form with enlarged cytoplasmic  
processes capable of phagocytosis (Giulian, 1987). 
Activated microglia upregulate cell surface molecules such 
as complement receptors and secrete a range of neuro-
trophic molecules (Nakajima et al., 2001). In vitro studies 
point to a role in neuronal survival, because microglia pro-
duce neurotrophins, including brain derived neurotrophic 
factor and neurotrophin 4/5 (Miwa et al., 1997). However, 
when the environment signals a need to clear damaged 
neurons or debris, microglia secrete pro-inflammatory 
molecules. The phagocytic activity is beneficial, as it effec-
tively removes dead and dying cells, and microglia may 
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be directed to the site of the lesion by nitric oxide, one of 
these factors (Duan et al., 2009). However, dysregulation or 
excessive activation increase cytokine signaling by micro-
glia, a process that causes further damage to struggling cells 
and has been reported in the substantia nigra of PD patients 
postmortem (Boka et al., 1994; Hunot et al., 1999; Liu  
et al., 2000).

Nigral dopamine neurons may be selectively at risk due 
to the high levels of microglia in this brain region (Lawson 
et al., 1990; Kim et al., 2000). The chronic inflammatory 
response seen in the chronic MPTP and rotenone rodent 
models of PD is consistent with that described for human 
PD (McGeer et al., 1988; Meredith et al., 2003; Sherer  
et al., 2003a). Moreover, the observation that microgliosis  
persists for years in humans and non-human primates fol-
lowing acute exposure to MPTP (Langston et al., 1999; 
McGeer et al., 2003), indicates that the inflammatory 
response continues in the absence of more exposures to the 
neurotoxicant. Recent studies by Benner and colleagues 
(2004) and Brochard et al. (2009) suggest an important role 
for the CD4 T cells in MPTP-treated mice. Infiltration of 
T cells leads to accelerated dopamine cell death in the sub-
stantia nigra in this model. Therefore, the current view that 
microglial activation and T cell production in PD are part 
of an ongoing, self-reinforcing cycle of inflammation is 
compelling, since such activities arise initially from toxin 
exposure or infectious agents (Liu and Hong, 2003), and 
could contribute to disease progression.

IV.  Environmental Toxins and 
Genetic Vulnerability

Most cases of PD are sporadic and a strong environmen-
tal influence is likely. Nevertheless, the argument for a 
genetic component is strong (see Box 34.2), even though 
recent epidemiological studies suggest that the risk for off-
spring of patients with PD is the same as that for nieces 
and nephews. There is significant familial clustering 
beyond the nuclear family (Sveinbjornsdottir et al., 2000). 
Certain genes that regulate mitochondrial function and pro-
teolysis are mutated in familial PD (Box 34.2), and several 
genes have been identified in these cases but these cases 
are rare (Dawson and Dawson, 2003). Animal models cre-
ated from these mutations share important defects with 
toxin-induced models giving rise to the expectation that 
a certain genetic profile could increase susceptibility for 
disease (see Meredith et al., 2008 for review). Moreover, 
oxidative radicals augmented by mitochondrial defects 
from environmental toxins can have devastating effects on 
genes and permanently alter gene products, changes that 
enhance oxidative stress, inflammation and lead to cell 
death (Potashkin and Meredith, 2006). The identification 
of susceptibility gene(s) in PD and determining how those 
genes are altered, could help identify the environmental 
“triggers” for gene expression.

The current thinking that environmental and genetic fac-
tors interact means that disease development could involve 
molecular changes that contribute to altered gene or pro-
tein expression. The importance of protein ubiquitination 
for degradation is well understood (see above) and muta-
tions in certain genes, such as Parkin, produce a “loss-of- 
function” in ubiquitination and lead to familial forms of 
PD (Marin and Ferrus, 2002). The fact that dysregulation 
of some of the same genes in sporadic PD highlights the 
importance of oxidative stress and protein misfolding and 
is fundamental to disease development and progression 
(Dauer, 2003). Furthermore, free radical-mediated cellular 
damage may be caused by endogenous processes, such as 
inflammation (see above) or physiological stressors from 
the environment (toxins). During mitochondria respira-
tion, most oxygen atoms are reduced to water but a small 
percentage escapes as reactive oxygen species. Energy 
released from heat or radiation increases the release of 
these radicals. Free radicals pair with other hydrogen 
atoms and thereby exert oxidant stress on cellular sub-
strates (Sacheck and Blumberg, 2001). Nuclear DNA can 
be affected by these radicals, through nicking, even though 
the nucleus is poorly oxygenated and the DNA is bound by 
histones that quench radicals (Wei, 1998). Mitochondrial 
DNA is more sensitive than nuclear DNA to oxidative 
damage because of its proximity to the respiratory chain, 
the absence of protective histones, and limited DNA repair 
capabilities (Richter et al., 1988; Wei, 1998). Nucleic 
acid damage by oxidation produces 8-hydroxyguanosine 
(8OHG) immunoreactivity, which can be used as a marker 
for evaluating the effect of oxidative stress on nucleic acids 
(Potashkin and Meredith, 2006). This molecule, which can 
be induced by environmental toxins, permanently damages 
cytoplasmic RNA and mitochondrial DNA, and there is 
evidence that 8OHG immunoreactivity increases in neu-
rons of the substantia nigra in PD (Zhang et al., 1999).

Free radicals induce apoptosis by increasing mito-
chondrial membrane permeability and the release of cyto-
chrome c into the cytosol (Lee and Wei, 2005). Offspring 
of maternal victims of PD show deficits in complex I that 
would increase production of these radicals (Swerdlow  
et al., 1998). Below critical levels, oxidative radicals pre-
sumably induce stress responses by altering the expression 
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Loci and mode of inheritance for known mutations involved in familial PD

. .

Locus Chromosome location Gene Mode of inheritance Possible role

PARK1 (also known as 
SNCA)

4q21 Alpha-synuclein Autosomal dominant Sustaining 
neurotransmission; “gain-
of-function” detrimental 
effect

PARK2 6q25-27 Parkin Autosomal recessive Protein degradation

PARK3 2p13 ?SPR (enzyme in 
tetrahydrobiopterin 
biosynthesis)

Autosomal dominant

PARK4 4p15-16 Unknown (now known  
to be a form of PARK1)

Autosomal dominant

PARK5 4p14 UCH-L1 Autosomal dominant Protein degradation

PARK6 1p35-37 PINK1 Autosomal recessive Mitochondrial protection

PARK7 1p36 DJ-1 Autosomal recessive Protect from oxidative 
stress

PARK8 12p11.2-q13.1 LRRK2 Autosomal dominant Protein-protein 
interactions

PARK9 1p36 ATP13A2 Autosomal recessive P5 subfamily of ATPases

PARK10 1p32 ?USP24 Late-onset susceptibility 
gene

Ubiquitin specific 
peptidase

1q21 GBA Active in lysosomes

SNCAIP 5q23.1-23.3 Synphilin 1 Synaptic function

Most PD cases arise without a family history of the disease. 
There are however several mutations linked to familial PD. 
These include mutations in PARK1, LRRK2, PARK2, PARK6, 
and PARK7 genes (Gasser, 2001a). The genes GBA, SNCAIP 
and UCH-L1 are associated with familial PD (Gasser, 2001a, 

b). Polymorphisms at the PARK1, PARK2 and PARK8 loci have 
been implicated in idiopathic PD (Farrer et al., 2001). In addi-
tion, genes that regulate dopamine transmission and xeno-
biotic metabolism have been associated with sporadic PD 
(Gasser, 2001a,b).

Box 34.2  Parkinson’s Disease Mutations
of nuclear genes in order to try to rescue the cell. However, 
persistent upregulation of oxidative stress damages DNA 
and its protein products ultimately leading to cell death. The 
interaction of the environment with genetic factors is poorly 
understood in PD, but the implications of cross-talk between 
them are strong. It appears therefore that disease develop-
ment in PD could lie in the toxin-induced oxidative damage 
to DNA and/or the toxic products of the mutated genes.

There are many levels at which the exposure to toxins 
in the environment might interact with genetic mutations 
to produce PD. Although some mutations are sufficient to 
produce the rare cases of familial PD presumably without  
toxin exposure, we consider that certain genetic mutations 
will increase the susceptibility to damage. A mutation 
that reduces the individual’s ability to degrade abnormally 
folded proteins is an obvious example, but it is also likely 
that differences in toxin metabolism might influence vulner-
ability. Mutations in one particular gene, LRRK2, were first 
identified in 2004 in familial cases of PD (Paisan-Ruiz et al., 
2004), and soon after, the G2019S mutation in the LRRK2 
gene was found in 1–2% of sporadic PD cases (Gilks et al., 
2005). Although there is a lack of a Mendelian pattern of 
inheritance for this mutation, there is digenic or polygenic 
inheritance. There is also a large variability in onset age and 
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other clinical features, even among members of the same 
G2019S family (Bonifati, 2006). As yet, we have no data 
on whether environmental factors play a role in the sporadic 
PD cases with the G2019S mutation, but it is not unreason-
able to assume that such factors could modify the expres-
sion and progression of the disease in these individuals.

V.  Summary and Conclusions

Environmental contributions to PD indicate that com-
mon features of damage caused by environmental tox-
ins include the disruption of mitochondrial respiration 
and ensuing energy deficits. This energy deficiency can 
lead either directly, or indirectly via the production of 
damaging free radicals, to abnormal regulation of pro-
tein production and destruction, which may underlie the 
characteristic cell death in PD (Fig. 34.4). Inflammation 
resulting directly from toxin exposure can contribute to 
the ultimate dopamine denervation and that such degenera-
tion might trigger further inflammation and damage DNA 
through the release of dangerous radicals, in agreement 
with the multiple hit hypothesis that is widely accepted by 
PD researchers (Carvey et al., 2006). We try to distinguish 
between changes in the brain that might be causative and 
those, which might underpin disease progression. What is 
interesting is that both protein degradation pathways and 
inflammation are usually regarded as neuroprotective and it 
is the abnormalities in these processes that are destructive.

Another attractive proposition for environmental-
genetic interactions in PD is that the toxic process itself 
can induce alterations in an individual’s DNA, particularly 
since mitochondrial DNA would seem to be particularly at 
risk to this form of damage. The question of whether there 
is a difference between age-related changes in neuropro-
tective processes and toxin-induced degeneration may be 
explained by these observations. It is likely that deteriora-
tion in mitochondrial DNA occurs with age, and changes 
will be cumulative. Perhaps exposure to toxins speeds 
up this normal process in idiopathic PD. Certain DNA 
sequences might be particularly at risk to this sort of oxi-
dative stress-induced damage, which would explain why 
some of the degenerative processes seen in PD resemble 
accelerated age-related alterations.

In summary, it seems likely that PD is multifactorial and 
does not reflect the same causes in all sufferers. In some, a 
single gene mutation results in onset of the (familial) con-
dition, in others accidental exposure to a toxin in the envi-
ronment is sufficient to trigger the (sporadic) illness. In 
both cases, the patients show a similar pathology, which 
includes abnormal metabolism and dysfunctional handling 
of proteins. Added to these, there is a large population of 
PD patients who have been exposed to toxins. In some of 
these, one or more mutations will predispose them to dam-
age by the toxin. In the remaining patients, the effects of 
toxin exposure probably interact with the mitochondrial or 
nuclear DNA damage to enhance toxic effects. Finally, simi-
larities exist between the pathology of normal aging and PD 
because both processes involve the more vulnerable parts of 
the mitochondrial genome and mitochondrial function.
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I.  Introduction

The striatum is centrally located to receive a variety of syn-
aptic inputs that are integrated and distributed to appropri-
ate output regions producing adaptive behaviors, through 
cortico-basal ganglia-thalamocortical loops (Alexander 
and Crutcher, 1990) (for an overview, see Chapter 1). 
These functions are precisely regulated by the coordinated 
pre- and postsynaptic actions of dopamine (DA) modulat-
ing voltage- and ligand-gated conductances in medium-
sized spiny neurons (MSNs), the principal cell type in 
striatum (see Chapter 5), as well as a variety of interneu-
rons. Huntington’s disease (HD) involves dysfunction and  
eventual degeneration of striatal and cortical neurons, 
whereas dysfunction and subsequent degeneration of DA 
neurons lead to Parkinson’s disease (PD). With the intro-
duction of animal models of HD and PD, it has become 
possible to study electrophysiological changes in basal 
ganglia neurons and, more specifically, alterations along 
the corticostriatal pathway in each of these disorders. The 
role of changes in this pathway that contribute to cognitive 
and motor disturbances in HD and PD models is the pri-
mary topic of this chapter. As the literature on neurotoxic 
models of these diseases is already very extensive, we will 
concentrate on alterations of the corticostriatal pathway in 
genetic mouse models.
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II.  Striatal organization

MSNs constitute about 95% of all striatal neurons and uti-
lize -aminobutyric acid (GABA) as their principal neu-
rotransmitter (Kita and Kitai, 1988). The dorsal striatum 
receives parallel sets of diffuse glutamatergic inputs from 
almost all cortical areas (Wilson, 1990) (see Chapters 18, 19 
and 20). These inputs synapse onto spines of MSNs (Kemp 
and Powell, 1970). The striatum also contains a number of 
modulatory components including DA projections from 
the substantia nigra pars compacta (Graybiel, 1990), and 
cholinergic (see Chapter 7) and GABAergic interneurons 
(see Chapter 8), including tonically active interneurons 
(Pisani et al., 2007) and fast-spiking interneurons (Tepper 
et al., 2008), respectively. These elements constitute a basic 
striatal microcircuit (Tepper et al., 2004).

Although some overlap exists (Shuen et al., 2008), the 
striatal output is largely segregated into two populations of 
GABAergic MSNs with distinct projections, DA receptor 
and neuropeptide expression (Kawaguchi et al., 1990) (see 
Chapter 1). The direct pathway consists of MSNs that pre-
dominantly express D1 DA receptors (Gerfen et al., 1990), 
substance P (Haber and Nauta, 1983) and dynorphin 
(Vincent et al., 1982), and project to the substantia nigra 
pars reticulata and the internal segment of the globus pal-
lidus (Albin et al., 1989; Gerfen et al., 1990). The indirect 
pathway is comprised of MSNs that express predominantly 
D2 receptors (Gerfen et al., 1990), met-enkephalin and 
neurotensin (Haber and Nauta, 1983; Steiner and Gerfen, 
1999), and project to the external segment of the globus 
pallidus (Albin et al., 1989; Kawaguchi et al., 1990).

Anatomical evidence has demonstrated differential 
excitatory inputs onto D1 and D2 receptor-containing 
MSNs (Reiner et al., 2003) (see Chapter 18). Two types of 
pyramidal corticostriatal projections have been identified; 
one is ipsilateral and arises from collaterals of the pyramidal 
tract (PT-type), and the other is bilateral and projects only 
intratelencephalically to the cortex and striatum (IT-type). 
Terminals making asymmetric axospinous contact with 
striatonigral (direct pathway) or D1 receptor-containing 
neurons are significantly smaller than those making contact 
with striatopallidal (indirect pathway) or D2 receptor-con-
taining MSNs (Lei et al., 2004). The direct pathway neurons 
preferentially receive inputs from IT-type cortical neurons, 
whereas indirect pathway neurons receive greater numbers 
of inputs from PT-type cortical neurons, suggesting that D2 
cells are subject to increased glutamate release from cor-
ticostriatal terminals (Reiner et al., 2003). Although this 
scheme has recently been challenged (Ballion et al., 2008), 
our electrophysiological data support differential excitatory 
inputs to MSNs of the direct and indirect pathways.

A.  Electrophysiological Properties of Striatal 
D1 and D2 Dopamine Receptor-Containing 
MSNs

It was generally believed that MSNs giving rise to the 
direct and indirect pathways were morphologically and 
electrophysiologically identical. This view has changed 
primarily due to the recent generation of mice expressing 
enhanced green fluorescent protein (EGFP) driven by pro-
moters of D1 or D2 receptors, permitting visualization of 
specific subpopulations of MSNs. Studies in vitro demon-
strate that cell input resistance, capacitance, time constant 
and resting membrane potentials are similar in D1 and D2 
receptor-containing MSNs (Kreitzer and Malenka, 2007; 
Cepeda et al., 2008), although one recent study found that 
D2 cells have higher input resistances, due to smaller den-
dritic surface areas, and are slightly but significantly more 
depolarized than D1 cells (Gertler et al., 2008). D2 cells 
are more excitable than D1 cells as, at similar current 
intensities, D2 cells fire more action potentials (Kreitzer 
and Malenka, 2007), have a lower threshold for action 
potential generation (Cepeda et al., 2008), and exhibit a 
lower rheobase (Gertler et al., 2008).

There are also differences in synaptic inputs between 
subpopulations of MSNs. The frequency of spontane-
ous excitatory postsynaptic currents (EPSCs) is higher 
in D2 compared to D1 cells and large-amplitude events 
(100 pA) only occur in D2 cells (Kreitzer and Malenka, 
2007; Cepeda et al., 2008). After addition of GABAA 
receptor blockers, which induce epileptiform activity in 
cortical pyramidal neurons, D2 cells display large mem-
brane depolarizations rarely seen in D1 cells (Cepeda  
et al., 2008), supporting data demonstrating that enkepha-
lin-positive neurons are selectively activated by cortical 
stimulation (Uhl et al., 1988; Berretta et al., 1997).

These results imply that D2 receptor-containing MSNs 
reflect on-going cortical activity, particularly the activ-
ity generated by PT-type neurons, more faithfully than D1 
cells, i.e., inputs from PT-type neurons may provide D2 
MSNs with a copy of the cortical motor signal (Reiner  
et al., 2003). This signal could be crucial for motor coordi-
nation. Another implication of increased intrinsic excitability 
and tighter corticostriatal synaptic coupling of D2 receptor-
expressing MSNs is that cells of the indirect pathway are 
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more readily available for activation than cells of the direct 
pathway. In contrast, the smaller size and diffuse nature of 
the projections of the IT-type terminals will produce less 
activation of D1 neurons.

MSNs also receive excitatory inputs from the thalamus 
(see Chapter 22). The nature of these inputs is beginning 
to be unraveled in slice preparations that preserve both 
cortico- and thalamostriatal inputs (Smeal et al., 2007; 
Ding et al., 2008). In rats, at similar stimulation intensi-
ties, responses evoked by thalamic stimulation are smaller 
and display significant paired-pulse facilitation relative to 
cortical stimulation (Smeal et al., 2007). They also have a 
greater NMDA/AMPA ratio than do the synapses mediat-
ing cortical input to the same MSN (Smeal et al., 2008). In 
contrast, in mice some of these findings are almost exactly 
opposite (Ding et al., 2008). The basis for these differ-
ences remains unclear, but it could be related to procedural 
or species differences, as well as the age of the animals 
(Smeal et al., 2008).

B.  Dopamine Functions in Striatum

DA modulation of responses mediated by activation of 
glutamate receptor is critical for striatal function (see 
Chapter 6). Our studies demonstrated that the outcome of 
DA modulation of glutamatergic inputs depends not only 
on the type of DA receptor preferentially activated but 
also on the glutamate receptor subtype activated. Thus, 
DA via D1 receptors enhances NMDA receptor-mediated 
responses, whereas via D2 receptors it reduces AMPA 
receptor-mediated responses (Cepeda et al., 1993; Levine 
et al., 1996; Hernandez-Echeagaray et al., 2004). Although 
the other two interactions are less predictable, activation 
of D1 receptors generally enhances AMPA responses (Yan  
et al., 1999) and activation of D2 receptors decreases NMDA 
responses (Levine et al., 1996). The mechanisms by which 
DA produces differential effects on glutamatergic transmis-
sion are complex and involve modulation of voltage-gated 
currents as well as a number of intracellular signaling path-
ways (Cepeda and Levine, 2006) (see also Chapter 6).

C.  Presynaptic Modulation of Striatal 
Glutamatergic Inputs by Dopamine

While most studies of DA function in striatum have 
focused on its postsynaptic effects on striatal output, DA 
also alters glutamate and/or GABAergic inputs onto MSNs 
by presynaptic mechanisms. DA receptors are localized 
on presynaptic terminals where they can modulate neuro-
transmitter release (Wang and Pickel, 2002). In the dorsal 
striatum, D2 receptors have been found on corticostriatal 
terminal endings and function to decrease glutamate release 
by presynaptic mechanisms (Flores-Hernandez et al., 1997; 
Cepeda et al., 2001). Studies in mice lacking D2 receptors 
provide evidence of increased glutamate release indicating 
that such receptors function as gatekeepers, i.e., primarily 
preventing excessive excitation in the striatum (Cepeda  
et al., 2001). Further, optical techniques visualizing neuro-
transmitter release via destaining of terminals after incor-
poration of FM1-43, a styryl dye, have provided definite 
confirmation that D2 receptor activation alters glutamate 
release at corticostriatal synapses (Bamford et al., 2004b). 
Inhibition of glutamate release is frequency-dependent and 
it can act as a low-pass filter selective for terminals with 
low probability of release (Dani and Zhou, 2004). In this 
way, DA released by salient stimuli can directly regulate 
striatal neurotransmission by selecting specific sets of cor-
ticostriatal projections (Bamford et al., 2004b).

D.  Other Receptors Regulating Glutamate 
Release in the Corticostriatal Pathway

As continuous exposure to glutamate inputs could make 
MSNs vulnerable to excitotoxic damage, a number of 
receptors strategically placed on corticostriatal terminals 
regulate glutamate release. Group II metabotropic gluta-
mate (mGluR2 and mGluR3) (Lovinger and McCool, 
1995), GABAB (Nisenbaum et al., 1992), cannabinoid 
(CB1) (Huang et al., 2001), and adenosine (A1) receptors 
(Lovinger and Choi, 1995) all have been involved. In dor-
sal striatum DA also modulates excitatory transmission 
by means of retrograde endocannabinoid signaling, which 
reduces glutamate release by activation of CB1 receptors 
on presynaptic terminals (Yin and Lovinger, 2006) (see 
Chapter 9).

Regardless of the mechanisms of presynaptic modula-
tion of glutamate release, the relevance is that functional 
alterations in cortical pyramidal neurons or in receptor 
expression on presynaptic endings of the corticostriatal 
pathway, the gatekeepers of striatal excitability, have an 
important role in HD and PD neuropathology. The major 
issue then becomes what are the potential consequences of 
dysregulation of glutamate release along the corticostriatal 
pathway in HD and PD?
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III.  The corticostriatal pathway in 
huntington’s disease

HD is a genetic, progressive neurological disorder that is 
inherited in an autosomal dominant fashion. The symp-
toms include abnormal dance-like movements (chorea), 
cognitive disturbances, and disorders of mood (Harper, 
1996). The HD gene (IT15) is located on the short arm 
of chromosome 4 and contains an expansion in the nor-
mal number of CAG (glutamine) repeats, generally 40 
(The Huntington’s Disease Collaborative Research Group, 
1993). HD is typically a late onset disease although juve-
nile variants occur, usually when more CAG repeats are 
present. In young children with HD, the symptoms almost 
invariably include epileptic seizures (Rasmussen et al., 
2000). Neuropathologically, HD is primarily character-
ized by neuronal loss in striatum and cortex (Vonsattel and 
DiFiglia, 1998). In the striatum, MSNs are most affected 
(Vonsattel et al., 1985). Although it has been generally 
believed that the progression of symptoms in the disor-
der is due to neurodegeneration of MSNs, it has become 
apparent that severe neuronal dysfunction precedes degen-
eration and is probably the major cause of many symptoms 
(Levine et al., 2004). Of equal importance, the understand-
ing of mechanisms causing neuronal dysfunction will pro-
vide new targets for therapeutics that can be useful before 
degeneration has occurred.

The protein coded by the HD gene (huntingtin) is 
a large protein that is highly conserved and expressed 
ubiquitously throughout the body (Strong et al., 1993). 
Huntingtin is a cytoplasmic protein closely associated with 
vesicle membranes and microtubules, suggesting it may 
have a role in vesicle trafficking, exocytosis and endocy-
tosis (DiFiglia et al., 1995). In addition, its distribution is 
very similar to that of synaptophysin (Wood et al., 1996) 
and it has been shown to associate with various proteins 
involved in synaptic function. Thus, there is considerable 
evidence that mutant huntingtin can cause abnormal syn-
aptic transmission in HD (Smith et al., 2005).

There are numerous in depth reviews of genetic mouse 
models of HD (Bates and Murphy, 2002; Menalled and 
Chesselet, 2002; Levine et al., 2004; Cepeda et al., 2007; 
Fan and Raymond, 2007; Gil and Rego, 2008). In the next 
section we will provide a succinct description of some of 
the mouse models used to examine electrophysiology of 
the corticostriatal pathway.

A.  Genetic Mouse Models of HD

Genetic models of HD permit examination of the pro-
gression of the disease and elucidation of cause–effect 
relationships. There are many models of HD currently in 
use, mostly in mice but at least one in rats (von Horsten  
et al., 2003) and one in primates (Yang et al., 2008). Mouse 
models include transgenic (with a fragment or full-length 
human mutant gene), knock-in, and conditional models. 
None of the rodent models recapitulates the human disorder 
in its entirety, nor displays the degree of neurodegeneration 
Figure 35.1  Proposed changes in corticostriatal synaptic transmission in Huntington’s disease. (A) The simplified striatal circuit is composed of 
medium-sized spiny neurons that receive excitatory glutamatergic (GLU) corticostriatal projections and modulatory dopaminergic (DA) nigrostriatal 
terminals (SN). Glutamate release is modulated by presynaptic D2 DA receptors. In this diagram only a D2 receptor-expressing neuron is illustrated as 
they are the more vulnerable. (B) The HD mutation produces age-dependent changes in corticostriatal activity. Glutamate release from cortical termi-
nals is increased in pre-symptomatic HD mice. In R6/2 mice there is also a slight decrease in DA release. (C) In late stages of the disease glutamate 
release is markedly reduced in symptomatic animals and, because there is a significant loss of spines and synaptic sites, glutamate release activates 
extrasynaptic NMDA receptors that mediate a pro-apoptotic pathway. At this stage DA release is greatly reduced in R6/2 transgenic mice and D2 filter-
ing is diminished (illustrated here by a thinner D2 receptor).
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seen in human HD, but each has relevance to some of the 
symptoms (Levine et al., 2004).

The R6 line of transgenic mice (Mangiarini et al., 
1996) is one of the most widely used models, not only 
because it was the first model generated but also because 
it offers many advantages. In particular, R6/2 mice (150 
CAG repeats) manifest a very aggressive, rapidly progress-
ing form of HD. Transgenic R6/2 animals display overt 
behavioral symptoms as early as 4–5 weeks of age and die 
of unknown causes at about 15 weeks. Alterations include 
the formation of neuronal intranuclear inclusions (Davies 
et al., 1997), changes in neurotransmitter receptor expres-
sion (Cha et al., 1998; Ariano et al., 2002), and altered sig-
naling mechanisms (Bibb et al., 2000; Luthi-Carter et al., 
2000; Menalled et al., 2000). Many of these alterations are 
correlated with motor (Carter et al., 1999) and learning 
deficits (Lione et al., 1999; Murphy et al., 2000). The early 
occurrence of phenotypic changes has allowed careful and 
systematic examination of the development of electrophys-
iological alterations using methods such as infrared video-
microscopy and whole-cell patch clamp recordings that are 
difficult to use in the more slowly progressing models.

Questions have been raised about the validity of the 
R6/2 model and whether or not it recapitulates adult-onset 
HD. It has been considered a better model of juvenile HD. 
However, there are numerous commonalities between 
juvenile and adult-onset HD that make the R6/2 a very 
reasonable model for both types. In a careful and system-
atic comparison of fragment versus full-length (knock-in) 
models of HD it was concluded that, when strain back-
ground and CAG repeat length are controlled for, fragment 
and knock-in models develop comparable phenotypes 
(Woodman et al., 2007). Furthermore, the R6/2 model is 
extremely useful for in vivo drug screening and has become 
the gold standard for drug testing (Gil and Rego, 2008).

R6/1 mice (110 CAG repeats) display a phenotype 
similar to that of the R6/2, but in a more protracted form 
(Mangiarini et al., 1996). Significant weight loss and clasp-
ing can be observed at 19–23 weeks of age and become 
more pronounced with age. In addition, aberrant hippo-
campal synaptic plasticity, which occurs prior to the for-
mation of nuclear aggregates, has been described in these 
mice (Milnerwood et al., 2006).

The most widely used full-length models use yeast arti-
ficial chromosomes (YAC) expressing normal (YAC18) and 
mutant (YAC46, YAC72 and YAC128) huntingtin (Hodgson 
et al., 1999; Slow et al., 2003). YAC72 mice display 
behavioral changes around 7 months, as well as selective  
degeneration of MSNs in the lateral striatum by 12 months. 
Neurodegeneration can be present in the absence of aggre-
gates in YAC mice, indicating that aggregates may not be 
essential to initiate neuronal death (Hodgson et al., 1999). 
YAC128 mice display similar but more severe alterations 
which occur earlier than in YAC72 mice (Slow et al., 
2003), exhibiting increased open field activity at about 
3 months, followed by rotarod abnormalities at 6 months. 
By 12 months, open field activity is diminished signifi-
cantly compared to controls. In addition, modest (10%) 
striatal atrophy and neuronal loss occur in the striatum and 
cortex of YAC128 mice (Van Raamsdonk et al., 2005).

Knock-in models also have emerged as major contribu-
tors to our understanding of HD. Several models that differ  
mainly in the number of CAG repeats (from 48 to 150) 
have been generated (White et al., 1997; Levine et al., 
1999; Shelbourne et al., 1999; Wheeler et al., 2000; Lin 
et al., 2001). Although in knock-in mice overt behavioral 
changes are subtle, more sensitive and careful testing dem-
onstrates behavioral abnormalities as early as 1–2 months of 
age (Menalled and Chesselet, 2002; Menalled et al., 2003). 
Further, a consistent feature in knock-in mice is the pres-
ence of nuclear staining and microaggregates at 2–6 months, 
which is relatively early in the course of the disease. By 
contrast, nuclear inclusions only are observed in older mice 
(10–18 months) (Menalled and Chesselet, 2002), and loss of 
striatal neurons occurs at about 2 years (Hickey et al., 2008).

Cre/LoxP conditional HD mice expressing mutant hun-
tingtin with 103 glutamine repeats, either in all neurons of 
the brain or restricted to the vulnerable cortical pyrami-
dal neurons, have been generated also (Gu et al., 2005). 
Interestingly, in these mice huntingtin aggregation was 
shown to be a cell-autonomous process, whereas motor def-
icits and cortical neuropathology were observed only when 
mutant huntingtin expression occurred in multiple neuronal 
types, including cortical interneurons, but not when it was 
restricted to cortical pyramidal neurons (Gu et al., 2005).

The most recently developed mouse model of HD 
uses a bacterial artificial chromosome (BAC) express-
ing full-length human mutant huntingtin (fl-mhtt) with 
97 glutamine repeats. BACHD mice exhibit progres-
sive motor deficits, neuronal synaptic dysfunction, and 
late-onset selective neuropathology. Importantly, in this 
model the progressive and selective pathogenic process 
in HD can occur without diffuse nuclear accumulation of 
mhtt. Instead, a relatively steady-state level of fl-mhtt and 
a small amount of N-terminal fragments are sufficient to 
elicit the disease process (Gray et al., 2008b).
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B.  Biphasic Alterations in Glutamatergic 
Neurotransmission

In R6/2 and YAC128 HD mice, alterations in glutamatergic 
function along the corticostriatal pathway are not uniform, 
but change dynamically in a biphasic manner. Although 
a progressive reduction in spontaneous and evoked gluta-
matergic synaptic activity, coinciding with the appear-
ance of overt behavioral alterations is the most noticeable 
change in R6/2 mice (Klapstein et al., 2001; Cepeda et al., 
2003), dysregulation of glutamatergic input occurs early 
and is manifested by the presence of large-amplitude and 
complex synaptic events that peak around 5–7 weeks of 
age (Cepeda et al., 2003). We attributed these events to 
increased cortical excitability and possibly a reduction in 
presynaptic receptor function, including D2, mGluR23 
and CB1 receptors (Cha et al., 1998; Luthi-Carter et al., 
2000; Ariano et al., 2002).

Predicted hyperexcitability in cortical networks has 
been confirmed in the R6/2 and other mouse models. 
Examination of somatosensory cortical pyramidal neurons 
in layers II/III in slices from R6/2 mice revealed that spon-
taneous EPSCs occurred at a higher frequency in behavior-
ally phenotypic mice while IPSCs were initially increased 
in frequency and subsequently decreased at 80–90 days. In 
addition, compared to controls, R6/2 mice demonstrated 
increased epileptiform activity in slices and seizure sus-
ceptibility in vivo after blockade of GABAA receptors 
(Cummings et al., 2009). Decreased inhibition in cortical 
pyramidal neurons, manifested by a reduction in spontane-
ous IPSCs, was also observed in the BACHD model at 6 
months, when motor dysfunction occurs (Spampanato et 
al., 2008).

As striatal neuronal action potential generation is highly 
dependent on cortical inputs, the presence of large-ampli-
tude synaptic events in the striatum of R6/2 mice at 5–7 
weeks predicts transiently increased activity along the corti-
costriatal pathway in a subset of MSNs. Consistent with this 
idea, in vivo recordings of striatal neurons demonstrated 
that cell firing is elevated in transgenic relative to WT mice 
at 6–9 weeks of age (Rebec et al., 2006). Furthermore, 
restoring extracellular ascorbate to the WT levels reversed 
this effect suggesting a role for ascorbate in normalizing 
neuronal function in HD (Rebec et al., 2006). Increased 
cell firing could be explained by depolarized resting mem-
brane potentials and increased input resistances (Levine et 
al., 1999; Klapstein et al., 2001), caused by reduced inward 
rectification of MSNs in this mouse model (Ariano et al., 
2005). Not only the frequency but also the burst activity and 
correlated firing patterns were altered in HD mice (Miller 
et al., 2008). Thus, correlated firing and coincident bursts 
between pairs of MSNs were prominent in cells from WTs 
but reduced in R6/2 and knock-in models suggesting that 
information processing at both the single-neuron and pop-
ulation level is compromised in the striatum and cortex of 
symptomatic HD mice (Miller et al., 2008).

Recently we examined alterations in glutamate release 
in the corticostriatal pathway of YAC128 mice at different  
stages of disease progression (1, 7 and 12 months), using 
combined optical and electrophysiological methods. 
Similar to results from R6/2 mice, the results in YAC128 
mice demonstrated biphasic age-dependent changes in 
corticostriatal function. At 1 month, before the behavioral 
phenotype develops, AMPA receptor-mediated synaptic 
currents and glutamate release evoked by cortical stimula-
tion were increased. At 7 and 12 months, after the devel-
opment of the behavioral phenotype, glutamate release 
and AMPA synaptic currents were significantly reduced 
(Joshi et al., 2009). These effects were due to combined 
pre- and postsynaptic alterations. The susceptibility to 
excitotoxic stress in YAC128 mice also changes in a 
biphasic manner (Graham et al., 2009). At 1 month, before 
phenotypic changes occur, mice display increased sensi-
tivity to NMDA and quinolinic acid. In contrast, at 7–10 
months symptomatic mice are resistant to quinolinic acid 
neurotoxicity. These changes are paralleled by increased 
NMDA receptor-mediated synaptic currents in slices and 
increased postsynaptic currents in dissociated MSNs from 
presymptomatic followed by reduced currents in symp-
tomatic YAC128 mice (Graham et al., 2009). Increased 
NMDA currents due to reduced Mg2 sensitivity are 
also observed in a subset of MSNs in young R6/2 mice  
(Starling et al., 2005).

Multiple alterations in corticostriatal synaptic func-
tion also occur depending on the pathogenicity of mutant 
huntingtin (Milnerwood and Raymond, 2007). Presynaptic 
dysfunction and a propensity towards synaptic depression 
in YAC72 and YAC128 compared to YAC18 mice occur 
at 1 month. In YAC128 mice (line 53), reduced AMPA 
responses evoked by intrastriatal stimulation also were 
observed. In contrast, when normalized to evoked AMPA 
currents, postsynaptic NMDA currents were enhanced in 
all three pathologic HD YAC variants (Milnerwood and 
Raymond, 2007).

This series of electrophysiological studies points to 
important alterations in corticostriatal synaptic function. 
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Whether gains or deficits in glutamate release and/or recep-
tor function occur, the HD mutation has deleterious conse-
quences on corticostriatal communication. Although the 
release of glutamate is under strict control by a multitude 
of presynaptic receptors, we will concentrate on DA recep-
tors since they have been most frequently studied.

C.  Dopamine Receptor Modulation of 
Corticostriatal Transmission in HD

In clinical HD and in animal models, changes in the DA 
system occur early in the disease and may contribute to 
cognitive and motor abnormalities. In humans, bradyki-
nesia is an underlying manifestation of HD and becomes 
more apparent in late stages of the disease when choreic 
movements begin to subside (Thompson et al., 1988). Most 
animal models also undergo changes in motor activity from 
hyper- to hypokinesia (Levine et al., 2004). In R6/2 mice, 
DA levels are decreased and the animals display reduced 
responses to cocaine (Hickey et al., 2002). DA release also 
is reduced at 6 weeks and this reduction becomes more 
pronounced with age (Johnson et al., 2006). Interestingly, 
in CAG 140 knock-in mice, regions with early pathol-
ogy receive dense DA inputs, supporting a role of DA in 
HD pathology (Menalled et al., 2003). Lesions of the DA 
nigrostriatal pathway are protective in HD models (Stack 
et al., 2007), again suggesting a deleterious role for DA.

In our optical measurements of glutamate release in the 
YAC128 model, we also detected alterations in DA modu-
lation of glutamate release at corticostriatal synapses. In 
WT mice the inhibitory effect of the D2 receptor agonist 
quinpirole on glutamate release remained stable over age, 
while in YAC128 mice quinpirole produced an increase in 
corticostriatal inhibition at 1 month but it became much 
less effective at 12 months (Joshi et al., 2009). Reductions 
in DA receptor function in R6/1 mice could also be respon-
sible for deficits in cortical LTD as these can be reversed 
by quinpirole (Cummings et al., 2006).

D.  Consequences of Corticostriatal Pathway 
Dysfunction in HD

In HD, D2 receptor-containing MSNs projecting to the 
external globus pallidus are lost before D1 receptor- 
containing neurons. This fact has aroused major interest 
and speculation about how and why this occurs. The major 
question concerns whether or not alterations in glutama-
tergic inputs from the cerebral cortex are responsible for 
MSN dysfunction and eventual loss in HD. In other words, 
is striatal neuronal degeneration a cell autonomous proc-
ess or does it depend on cell–cell interactions? Based on 
our own and other studies demonstrating a tight synaptic 
coupling between cortical inputs onto D2 receptor-contain-
ing MSNs, we speculated that early dysregulation of corti-
cal inputs induces adaptive changes in MSNs in an attempt 
to cope with glutamate surges. This unfortunately leads to 
a progressive disconnection between cortex and striatum 
that ultimately changes the topography of glutamate recep-
tor activation to an extrasynaptic location that promotes 
an apoptotic pathway (Papadia and Hardingham, 2007; 
Milnerwood et al., 2008) and deprives MSNs of important 
trophic factors released during corticostriatal activation 
such as BDNF (Zuccato and Cattaneo, 2007).

To address the role of pathological cell–cell inter-
actions in HD, in a recent study (in collaboration with  
Dr. William Yang, UCLA) a conditional mouse (RosaHD 
with 103 CAG repeats in exon 1) selectively expressing 
mutant huntingtin in striatal neurons and a subset of cortical 
interneurons, was generated and compared with mice express-
ing mutant huntingtin in the whole brain. In the striatal  
model of HD, a progressive and cell-autonomous nuclear 
accumulation of mutant huntingtin aggregates in MSNs 
occurred but, in contrast to the mouse model express-
ing mutant huntingtin in all the neurons, the striatal model 
lacked significant locomotor deficits and striatal neuropa-
thology. Electrophysiological analysis also revealed a cell-
autonomous deficit in NMDA receptor sensitivity to Mg2, 
suggesting that both cell-autonomous toxicity and patho-
logical cell–cell interactions are critical for HD pathogenesis 
(Gu et al., 2007).

To further examine the role of the cortex, BACHD 
mice were crossed with Emx1-Cre to selectively inactivate 
full-length mutant huntingtin expression in cortical pyra-
midal neurons while maintaining expression elsewhere 
in the brain. Compared to BACHD mice at 12 months of 
age, BACHD/Emx1-Cre double transgenic mice exhib-
ited significant rescue of synaptic deficits at corticostriatal 
synapses as well as significant reduction of striatal pathol-
ogy, suggesting that cell–cell interactions between cortical 
and striatal neurons are critical for HD pathology (Gray  
et al., 2008a). In a different HD model (N171-98Q), striatal 
expression of mutant huntingtin was sufficient to produce 
intranuclear inclusion bodies and motor impairment that 
the authors attributed to cell-autonomous transcriptional 
dysregulation (Brown et al., 2008). The reasons for differ-
ences between these models remain unknown.
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E.  Some Unresolved Questions

The cortico-basal ganglia-thalamocortical loop is above all 
an interconnected circuit and, as such, any alteration in a 
discrete part will alter transmission throughout the system. 
Two regions appear mainly involved in the onset of HD 
symptoms, the striatum and the cerebral cortex. However, 
we still do not know whether pathological and functional 
changes start earlier in one of these regions, or whether 
they occur simultaneously throughout the brain. Changes 
in striatal and cortical local circuits also occur in HD 
models. An increase in spontaneous GABAergic synaptic 
activity occurs in conjunction with the earliest alterations 
in glutamate transmission (Cepeda et al., 2004). Is this a 
compensatory mechanism to prevent excessive glutamate 
release? Regardless, increases in local GABA activity will 
reduce striatal output to other basal ganglia regions and in 
consequence will affect the circuit.

Another unresolved question concerns the contribution 
of glutamatergic thalamic inputs to striatal dysfunction and 
pathology. Are D1 MSNs less sensitive to the HD muta-
tion because they are selectively innervated by IT-type 
pyramidal and thalamic neurons thus overall receiving less 
glutamatergic inputs than D2 cells? In a related note, is it 
possible that the initial hyperkinesia results from altera-
tions in indirect pathway neurons whereas the late hypoki-
nesia reflects involvement of direct pathway neurons?

One may think that the levels of huntingtin expression 
could account for selective vulnerability. Thus, large cho-
linergic interneurons do not appear to express huntingtin 
and they do not degenerate, although these findings have 
been questioned (Fusco et al., 1999). Interestingly, hun-
tingtin is expressed in a greater proportion in substance  
P-positive neurons forming the direct striatonigral pathway 
than in the enkephalin-positive neurons forming the indi-
rect striatopallidal output (Fusco et al., 2003), indicating 
that huntingtin expression levels may not be a reliable pre-
dictor of cell vulnerability. In contrast, what is consistent 
is that corticostriatal neurons are enriched in huntingtin, 
suggesting that the HD mutation may render corticostriatal 
neurons dysfunctional first and potentially destructive upon 
some MSNs, rather than render all striatal neurons vulner-
able (Fusco et al., 1999).

Even though many questions still remain, the corticos-
triatal pathway is becoming a prime target for treatment of 
HD symptoms (Li et al., 2003). If cortical inputs are nec-
essary to observe significant pathology in HD (Gu et al., 
2007), reducing glutamatergic transmission and cortical 
hyperexcitability could be beneficial. In agreement, drugs 
that reduce cortical excitability like riluzole and benzo-
diazepines (alprazolam) ameliorate symptoms in animal 
models of HD (Cepeda et al., 2003; Pallier et al., 2007). 
Large, complex synaptic events are reduced by removing 
cortical inputs in slices (Cepeda et al., 2003) and decorti-
cation also ameliorates the phenotype in vivo (Stack et al.,  
2007). However, at later stages of disease progression, 
when the striatum becomes disconnected from the cortex, 
reducing cortical inputs may be deleterious and attempts 
should be made to restore normal synaptic activity.

IV. The corticostriatal pathway in 
parkinson’s disease

PD is a degenerative disorder of the central nervous sys-
tem, primarily affecting DA neurons in the substantia nigra, 
that produces impairments in motor function, skills, lan-
guage and cognition (Jankovic, 2008) (see Chapter 34). In 
humans, PD is characterized by muscle rigidity, tremor, 
a slowing of physical movement (bradykinesia) and, in 
extreme cases, a loss of physical movement (akinesia). The 
primary symptoms are the result of decreased activation of 
the motor cortex by the basal ganglia, normally caused by 
the insufficient formation and action of DA in the striatum.

PD, as well as other neurodegenerative disorders that 
affect motor function, also is associated with abnormal 
neurotransmission along the corticostriatal pathway. In this 
section we will examine how the reduction in DA avail-
ability in PD produces changes in striatal synaptic func-
tion. Striatal adaptations after DA dysfunction, by altering 
glutamatergic neurotransmission along this pathway, could 
be sufficient to produce some of the cardinal symptoms of 
PD (bradykinesia, in the DA-deficient state and motor dys-
kinesias following treatment).

A.  Mouse Models of Parkinsonism

A variety of mouse models have been used to study the 
effects of DA deficiency on corticostriatal activity. DA 
depletion has been achieved using different methods includ-
ing acute catecholamine-depleting agents such as reserpine 
(Fischer and Heller, 1967), neurotoxins that target catecho-
lamine-producing cells, e.g., 6-hydroxydopamine (6-OHDA) 
(Ungerstedt, 1968; Blandini et al., 2008), MPTP (Meredith 
et al., 2008), or environmental toxins (Greenamyre et al., 
2003) (see Chapter 34). Although these models have been 
invaluable in elucidating the consequences of the loss of DA 
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Figure  35.2  Proposed changes in corticostriatal synaptic transmission in Parkinson’s disease. (A) The simplified striatal circuit is composed of 
medium-sized spiny neurons that receive excitatory glutamatergic (GLU) corticostriatal projections and modulatory dopaminergic (DA) nigrostriatal 
terminals (SN). Glutamate release is modulated by presynaptic D2 DA receptors. (B) In DA-depleted states, DA receptors become sensitized (indicated 
here by a thicker D2 receptor). Glutamate release may increase as a consequence of reduced DA availability, and corticostriatal filtering is obliterated. 
Increased release can be excitotoxic, leading to the collapse of dendritic spines in D2 receptor-containing medium-sized spiny neurons. (C) In genetic 
models of PD (Parkin or DJ-1 KO, and -synuclein over-expressing mice), glutamate release is reduced possibly because of increased DA tone at the 
corticostriatal synapse, which leads to hyposensitive D2 receptors (illustrated here by a thinner D2 receptor).
neurons, their usefulness to study the development of patho-
physiological alterations in PD remains limited because 
they are mostly based on neurotoxic mechanisms and acute 
administration. PD is a slowly progressing disorder involv-
ing significantly more than simply DA depletion (Chesselet 
et al., 2008).

A genetic mouse model of DA-deficiency has been used 
to replicate the effects of chronic DA depletion. DA-defi-
cient mice were generated by a targeted deletion of the tyro-
sine hydroxylase (TH) gene in DA neurons while restoring 
TH function in noradrenergic and adrenergic cells (Zhou 
and Palmiter, 1995). DA-deficient mice manifest normal DA 
neurons, neuronal connections (Zhou and Palmiter, 1995) 
and D2 autoreceptors (Paladini et al., 2003). However, DA-
deficient mice require daily injections of L-3, 4-dihydroxy-
phenylalanine (l-DOPA) for survival (Zhou and Palmiter, 
1995). l-DOPA partially restores brain DA to 10% of 
normal in these mice when measured 1 h after treatment 
but declines to 1% of control levels after 24 h (Zhou and 
Palmiter, 1995; Bamford et al., 2004a). Without treatment, 
DA-deficient mice become severely hypophagic and die 
at 3 weeks of age. Systemic treatment with l-DOPA res-
cues the mouse but produces a transient hyperactive state 
and induces robust immediate early gene expression in the 
striatum (Kim et al., 2000; Chartoff et al., 2001), suggesting 
that DA-deficiency results in hypersensitive D1 (Kim et al., 
2000) and D2 receptors (Bamford et al., 2004a).

Genetic mouse models of PD based on the expression 
of mutations known to cause the disease in humans offer 
a way to study the full extent of the PD pathology and to 
perform mechanistic studies by allowing the examination 
of early pathogenic steps in neurodegeneration (Levine 
et al., 2004). Several rodent models of PD have been cre-
ated. A rare mutation in -synuclein was the first genetic 
anomaly shown to cause familial PD (Polymeropoulos  
et al., 1997). This discovery led to the identification of  
-synuclein, a vesicular protein that is a major component 
of Lewy bodies (Spillantini et al., 1997) (see Chapter 34).  
Mice overexpressing the normal or mutated forms of  
-synuclein (ASO) have been generated but their phenotype 
is highly variable, probably as a consequence of the differ-
ent promoters used for the transgene (Hashimoto et al.,  
2003). In one of these models mice overexpressing -synu-
clein under the Thy-1 promoter were examined (Masliah 
et al., 2000). This model confers widespread, high levels 
of WT human -synuclein overexpression in cortical and 
subcortical neurons, including the substantia nigra pars 
compacta (Rockenstein et al., 2002). ASO mice show pro-
gressive sensorimotor alterations that are similar to deficits 
observed in mouse models displaying nigrostriatal degen-
eration (Fleming et al., 2005), as well as early non-motor 
olfactory deficits and autonomic changes characteristic of 
preclinical PD (Fleming et al., 2008; Wang et al., 2008). 
ASO mice have a full complement of striatal DA terminals 
at the time when they show deficits in these tests, rais-
ing the question of which mechanisms lead to behavioral 
abnormalities (Chesselet et al., 2008). However, the same 
mice exhibit altered responses to amphetamine. In particu-
lar, they do not show amphetamine-induced stereotypies 
(Fleming et al., 2006).

The second type of mutation shown to cause familial 
Parkinsonism occurs in the gene encoding parkin, an E3 
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ligase (Shimura et al., 2000). Because parkin mutations are 
loss of function mutations, models have focused on parkin 
knock-outs (KO). In general, these mice show mild abnor-
malities (Goldberg et al., 2003; Itier et al., 2003). Mice 
defective in exon 3 display progressive motor anomalies 
as well as deficits in sensorimotor integration, starting as 
early as 2–4 months of age. Surprisingly, these mice have 
increased basal release of DA and reduced synaptic excit-
ability in the striatum (Goldberg et al., 2003). Overall, 
these defects are consistent with those observed in another 
line of mice with a similar mutation (Itier et al., 2003). 
Neither mouse line, however, displays clear loss of DA or 
noradrenergic neurons. Therefore, similar to ASO mice, 
parkin KO mice fall short of reproducing the full spectrum 
of anomalies observed in PD patients, in particular the loss 
of nigrostriatal DA neurons. However, parkin KO mice 
display reduced numbers of proteins involved in mito-
chondrial function or oxidative stress, providing evidence 
of mitochondrial dysfunction and oxidative damage in the 
absence of nigral degeneration in a genetic mouse model 
of PD (Palacino et al., 2004).

Mice with DJ-1 deletion have normal numbers of DA 
neurons in the substantia nigra, but they are less sensitive 
to the inhibitory effects of D2 autoreceptor stimulation and 
display hypoactivity in an open field test. Furthermore, 
while corticostriatal LTP is normal in MSNs of DJ-1 KO 
mice, LTD is absent but this deficit can be reversed by 
treatment with D2 but not D1 receptor agonists (Goldberg 
et al., 2005).

B.  Alterations in Glutamatergic 
Neurotransmission and Dopamine 
Modulation

With the introduction of genetic mouse models of PD 
and electrophysiological characterization of alterations 
in the corticostriatal pathway, it has become evident that 
the mechanisms of motor dysfunction are different in 
genetic compared to neurotoxic models. Initial data from 
DA-depleted rats and cats indicated that the firing rate 
of striatal neurons increased in the ipsilateral side of the 
lesion (Hull et al., 1974; Schultz and Ungerstedt, 1978). 
Furthermore, after DA depletion there was an increase in 
the frequency of spontaneous synaptic membrane depo-
larizations in MSNs (Galarraga et al., 1987; Cepeda et al., 
1989; Calabresi et al., 1993), along with increased gap 
junctional communication (Cepeda et al., 1989), suggesting 
that presynaptic filtering by D2 receptors on corticostriatal  
terminals was reduced in PD. DA depletion also increased 
cell firing in striatopallidal neurons (Mallet et al., 2006), 
decreased the threshold to evoke cortical responses 
(Florio et al., 1993) and facilitated the occurrence of  
cortically-generated membrane oscillations in a subpop-
ulation of striatal neurons (Tseng et al., 2001). It is thus 
likely that the facilitation in corticostriatal input is selec-
tive to MSNs of the indirect pathway. In fact, the cells of 
the direct pathway appear to have reduced firing frequency 
probably as a consequence of decreased cortical activity 
(Mallet et al., 2006).

DA-deficient states sensitize presynaptic D2 recep-
tor responses (Schultz, 1982; Calabresi et al., 1993; Kim  
et al., 2000) and likely influence cortical function by modi-
fying cortical-basal ganglia circuits. Optical recordings have  
determined the effect of DA deficiency and replenishment 
at single cortical synaptic terminals in mouse models of 
acute and chronic DA depletion (Bamford et al., 2004a). 
Using reserpine treated (Bamford et al., 2004a) and DA-
deficient (Zhou and Palmiter, 1995) mice, these investiga-
tions demonstrated that DA depletion produced sensitized 
presynaptic D2 receptor responses and altered DA-mediated  
responses from subsets of corticostriatal terminals 
(Bamford et al., 2004a). Thus, in control mice, DA was 
found to inhibit exocytosis from the majority (85%) of 
cortical terminals. This presynaptic inhibition is produced 
through D2 receptors that depress exocytosis from termi-
nals with a low probability of release, while fast-releas-
ing terminals remain unperturbed. In contrast, for both  
reserpine-treated and DA-deficient mice, D2 receptor stim-
ulation more broadly depressed exocytosis as the reduction 
was observed in both fast and slow-releasing terminals. 
Since steady-state expression of the total population of D2 
receptors remains unchanged in DA-deficient mice (Kim  
et al., 2000), it is likely that alterations in selected subpop-
ulations of corticostriatal terminals following DA deple-
tion reflect adaptations in D2 receptor sensitivity (Bamford 
et al., 2004a). Alterations in D2 receptor sensitivity due 
to DA deficiency in humans would impair presynaptic fil-
tering and likely lead to bradykinesia under DA-depleted 
conditions and dyskinesias following DA replenishment 
(Bamford et al., 2004a).

After a unilateral 6-OHDA injection into the medial 
forebrain bundle, MSNs ipsilateral to the injection site have 
a lower density of dendritic spines than those on the contra-
lateral side (Ingham et al., 1993). It was later demonstrated 
that loss of spines in models of PD selectively affects MSNs 
of the indirect pathway (Day et al., 2006) (see also Chapter 
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6). Although strong evidence was presented that this effect 
could be attributed to dysregulation of postsynaptic L-type 
Ca2 channels, a presynaptic contribution also is possible. 
As indicated above, DA-depleting lesions increase sponta-
neous glutamate-mediated synaptic events. As this increase 
selectively affects D2 receptor-containing MSNs, it is pos-
sible that excessive glutamate release can become neuro-
toxic and induce spine elimination, similar to effects that 
may occur in HD. Membrane loss can potentially induce 
increases in input resistance (Galarraga et al., 1987) making 
these cells even more electrotonically compact and excitable, 
thereby increasing susceptibility to glutamate. Supporting 
experimental evidence for this idea was obtained recently by 
the demonstration that dendritic remodeling of MSNs seen 
in models of PD occurs secondary only to increases in corti-
costriatal glutamatergic drive (Neely et al., 2007).

C.  Comparison Between Dopamine-
Depletion and Genetic Models of PD

Based on data from genetic models, it is becoming increas-
ingly clear that changes in the corticostriatal pathway are 
different and sometimes opposite to those found in acute 
or chronic toxic models of DA depletion. Thus, the initial 
perturbation in genetic models appears to be increased DA 
tissue concentration that leads to reduced D2 receptor func-
tion. For example, ASO mice exhibit a significantly lower 
frequency of spontaneous EPSCs in MSNs compared to 
age-matched WT littermates (Wu et al., 2005). In addition, 
whereas application of amphetamine reduces spontaneous 
EPSC frequency in control mice, it had little or no effect 
in ASO mice and DA D2 receptor agonists or antagonists 
produced contrasting effects in cells from ASO compared to 
WT mice. Together, these observations suggest that abnor-
mal accumulation of -synuclein alters corticostriatal syn-
aptic function and DA modulation and contribute to some of 
the behavioral abnormalities in ASO mice (Wu et al., 2005). 
In addition, the altered electrophysiology of the DA sys-
tem could explain why these mice do not show stereotypies 
when challenged with amphetamine (Fleming et al., 2006).

Some of these findings resemble those found in DA 
transporter (DAT) knock-down mice (Wu et al., 2007). 
These mice display increased DA in the extracellular space 
due to reduced clearance. Whereas in control mice amphet-
amine reduces the frequency of spontaneous EPSCs by  
activation of D2 receptors, in DAT knock-down mice either 
no changes or small increases in frequency occur suggest-
ing altered sensitivity of D2 receptors (Wu et al., 2007). 
Furthermore, in DAT knock-down mice, amphetamine also 
elicited abnormal responses (Zhuang et al., 2001).

Alterations in corticostriatal synaptic plasticity in 
the corticostriatal pathway of transgenic ASO mice also 
are observed (Watson et al., 2009). Whereas striatal 
LTD occurred in ASO striatum, it did not occur in WTs. 
Interestingly paired-pulse facilitation increased after induc-
tion of LTD, suggesting that -synuclein may impact long-
term forms of synaptic plasticity by preferentially reducing 
presynaptic glutamate release from corticostriatal terminals 
(Watson et al., 2009).

D.  Some Unresolved Questions

Similar to HD studies, adaptations in striatal microcircuits 
play an important role in motor and cognitive manifesta-
tions of PD. Changes in these microcircuits are beginning 
to be addressed and will be important in understanding 
mechanisms of alterations in striatal physiology. Studies in 
EGFP mice using dual patch recordings in D1 and D2 cells 
demonstrated that the strength of recurrent connections is 
dramatically reduced in PD models potentially contribut-
ing to pathological alterations in MSN activity patterns 
and psychomotor symptoms (Taverna et al., 2008). The 
role of cholinergic interneurons, particularly in PD, has 
aroused renewed interest thanks to the possibility of visu-
alizing these rare interneurons for electrophysiological 
recordings in slices. In PD diminished striatal DA signal-
ing leads to increased release of acetylcholine, distorting 
network function. In contrast, in HD there is a reduction 
in striatal cholinergic markers (Picconi et al., 2006). 
Electrophysiological studies in striatal TH-positive interneu-
rons that increase dramatically after DA depletion (Porritt 
et al., 2000) (see Chapter 8), as well as in fast-spiking  
GABAergic interneurons (Mallet et al., 2006), should be 
conducted to determine how they influence MSNs in PD 
models.

The observation that synaptic pruning in DA-depletion  
models is selective for indirect pathway neurons (Day  
et al., 2006) is particularly interesting as it is reminiscent 
of the selective vulnerability of the same cells in HD. 
Interestingly, in the reserpine model of acute DA depletion 
spontaneous miniature EPSCs were reduced in frequency 
(Day et al., 2006), a result at odds with chronic depletion 
models (6-OHDA) that show increased frequency of sponta-
neous and miniature EPSCs (Galarraga et al., 1987; Cepeda 
et al., 1989; Gubellini et al., 2002), suggesting the exis-
tence of presynaptic alterations. However, this difference 
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appeared related not to the model used but, surprisingly, to 
the recording solution in the patch electrode. Thus, using a 
K based solution which more closely replicates physiolog-
ical conditions, a significant increase in mEPSC frequency 
in DA-depleted compared to controls was observed, in line 
with previous investigations using the 6-OHDA model. This 
indicates either that spine loss does not necessarily corre-
late with reduced synapses, or that postsynaptic changes 
in excitability, e.g., increased input resistance, occur after 
DA-depletion. Evidence for the second alternative has been 
documented (Galarraga et al., 1987), although this is not a 
universal finding (Calabresi et al., 1993) probably because 
these latter studies could not differentiate D1 and D2 MSNs. 
Increased postsynaptic excitability can be compounded by 
the normally higher membrane input resistance and intrin-
sic excitability of D2 cells (Kreitzer and Malenka, 2007; 
Cepeda et al., 2008; Gertler et al., 2008). However, presyn-
aptic changes can not be ruled out (Neely et al., 2007). In 
fact, after 6-OHDA lesions cortical drive into striatopallidal 
neurons is facilitated while the opposite is true for striato-
nigral neurons (Mallet et al., 2006), which could explain 
increased firing of this type of neurons after DA-depleting 
lesions. In addition, increased sensitivity of D2 receptors at 
the presynaptic terminal could be a mechanism to cope with 
increased glutamate release at the corticostriatal terminal 
(Bamford et al., 2004a), as these inputs appear to target D2 
cells preferentially (Cepeda et al., 2008). Obviously, more 
studies are required to determine if spine loss in PD is due 
to purely pre- and/or postsynaptic mechanisms.

V.  Conclusions

In both HD and PD, adaptive functional and structural 
changes in MSNs occur and are manifested by alterations 
in synaptic activity along the corticostriatal pathway and by 
dendritic spine loss with preference for MSNs of the indi-
rect pathway. It is of paramount importance to remember 
that these changes are dynamic and can manifest in opposite 
directions throughout the progression of the disease, as in 
early versus late HD, or in genetic versus toxin models of PD.

Why are D2 cells more vulnerable to the deleterious 
effects of excess glutamate? Tight synaptic coupling with 
cortical inputs and increased intrinsic excitability are good 
possibilities. In HD, preferential loss of MSNs giving rise 
to the indirect pathway points to the potentially deleteri-
ous dysregulated glutamate release from cortical neurons. 
However, the mechanisms leading to glutamate dysregula-
tion are different in HD and PD. In the former, dysregulation  
seems to be caused by increased cortical excitability, 
reduced inhibition, and early loss of D2 and other presyn-
aptic receptors controlling glutamate release. In contrast, 
in PD lack of DA produces D2 receptor supersensitiv-
ity, at least in DA-depletion models, but also dysregulated 
glutamate release that appears more selective to MSNs of 
the indirect pathway. Increases in input resistance occur 
in MSNs in both HD and PD, but it is not known if this 
change is the cause or the consequence of spine loss.

Development of symptoms in human idiopathic PD is 
protracted, allowing for important adaptations before DA 
deficiency reaches a critical level (see also Chapter 37). 
These changes are clearly seen in genetic mouse models 
compared to acute or chronic DA depletion. Thus, before 
any DA cell loss, changes in corticostriatal activity and 
D2 receptor sensitivity are observed. Interestingly, elec-
trophysiological studies in these models are beginning to 
unravel an unexpected mechanism of striatal neuron dys-
function that involves early and paradoxical increases 
in DA content. Increased DA in striatum appears to be a 
common finding in several genetic animal models of PD, 
including parkin KO (Goldberg et al., 2003), ASO mice 
(Maidment et al., 2006), and DJ-1 null mice (Chen et al., 
2005), suggesting that increased DA may contribute to 
substantia nigra DA neuron stress and eventual degenera-
tion, either by increased local, dendritic release or, alter-
natively, by a possible retrograde mechanism. One may 
wonder if reduced DA input in both PD and HD is another 
adaptation, similar to reduced glutamatergic input in the 
late stages of HD, to cope with the potential neurotoxicity 
of DA (Cyr et al., 2003; Chen et al., 2008).
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I.  Introduction

The dopamine (DA) precursor, 3,4-dihydroxyphenyl-l-
alanine (l-DOPA), is a very cost-effective treatment for the 
signs and symptoms of Parkinson’s disease (PD) (Rascol 
et al., 2003). Unfortunately, however, the response to l-
DOPA changes during the progression of PD. As the disease 
becomes more severe, the need for symptomatic medications 
becomes larger, while the response to the treatment becomes 
complicated by motor fluctuations and abnormal involuntary 
movements (dyskinesia). Meta-analyses of published studies 
indicate that these motor complications affect approximately 
40% of PD patients after 4–6 years of l-DOPA therapy, and 
up to 90% of the patients by 10 years of treatment (Ahlskog 
and Muenter, 2001; Manson and Schrag, 2006). Using long-
acting DA receptor agonists instead of l-DOPA reduces the 
incidence of motor complications, but these agents achieve a 
poorer symptomatic control and have important side effects 
(Stowe et al., 2008). The vast majority of PD patients will 
therefore continue to require treatment with l-DOPA at 
some point during the course of the disease. The phenom-
enological features of dyskinesia and motor fluctuations in 
PD have been described in some excellent clinical reviews 
(see, e.g., Luquin et al., 1992; Quinn, 1998; Fabbrini et al., 
2007), and will not be discussed in this chapter. The risk 
factors for l-DOPA-induced dyskinesia (LID), as identi-
fied by clinical epidemiological studies, will be mentioned 
because they give us clues of neurobiological significance. 
The main factors predisposing to dyskinesia in PD are dis-
ease severity and duration, high initial and cumulative 
doses of l-DOPA, and young age at PD onset (reviewed in 
Manson and Schrag, 2006). The impact of PD severity and 
duration on the risk of LID suggests that a large degree of 
striatal DA denervation predisposes to this movement disor-
der (discussed in Cenci and Lundblad, 2006). The clear rela-
tionship between dyskinesia and l-DOPA dosage indicates, 
however, that the treatment has a prime causative role. The 
high risk for LID in young PD patients has been attributed 
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to the high propensity for neuroplasticity in the young brain 
(Linazasoro, 2005). This interpretation is in keeping with 
a commonly held tenet, equating dyskinesia to a disorder 
of brain plasticity (reviewed in Linazasoro, 2005). Indeed, 
dyskinesia develops gradually during the course of l-DOPA 
pharmacotherapy, and once developed, it can be evoked 
by stress or drugs other than l-DOPA (reviewed in Cenci 
and Lundblad, 2006; Jenner, 2008). While there is ample 
evidence of maladaptive neuroplasticity in LID, it remains 
to be proven that young age predisposes to LID through a 
general enhancement of brain plasticity mechanisms, and 
an involvement of etiopathological factors characteristic of 
young-onset PD cannot be ruled out. By contrast, the causal 
roles of striatal DA denervation, on one hand, and l-DOPA 
dosage, on the other hand, have now been demonstrated in 
basic experimental studies. In both non-human primate and 
rodent models of LID, the incidence and severity of LID are 
conditioned by the degree of nigrostriatal DA denervation 
and by the l-DOPA dose/treatment regimen (Winkler et al., 
2002; Jenner, 2003; Lindgren et al., 2007). While DA den-
ervation dramatically lowers the dyskinesia threshold dose, 
the movement disorder is caused by l-DOPA in a time-and 
dose-dependent manner (reviewed in Cenci and Lundblad, 
2006). In both non-human primate and rodent models of PD, 
l-DOPA-induced abnormal involuntary movements (AIMs) 
occur during two-three hours following drug administration, 
exhibiting the same time course as peak-of-dose dyskinesia 
in PD. Moreover, the AIMs show an increasing incidence 
and severity upon repeated administration of the same  
l-DOPA dose (reviewed in Cenci and Lundblad, 2006).

For the above reasons, this review on the molecular  
basis of LID will elaborate on two main questions:  
(i) through what mechanisms does DA denervation predis-
pose to dyskinesia? (ii) what are the molecular pathways 
through which l-DOPA triggers and aggravates this move-
ment disorder? Our understanding of these basic questions 
has been considerably advanced by recent studies in animal 
models of LID, although much more research is required 
to clarify essential issues, which will exemplified in the 
following. The bulk of most recent data were produced in 
rodents, which provide cost-effective models accessible 
to most laboratories. Rodent models of l-DOPA-induced 
AIMs utilize rats or mice with unilateral 6-hydroxydopa-
mine (6-OHDA) lesions of the nigrostriatal DA pathway. 
The animals are treated daily with l-DOPA for a couple 
of weeks in order to induce movements with hyperkinetic 
and dystonic features, affecting the forelimb contralat-
eral to the lesion, the trunk and the orofacial musculature  
(full descriptions are provided in (Cenci and Lundblad, 
2007). In most, but not all cases (see Winkler et al., 2002), 
the AIMs are accompanied by turning behavior in the 
direction contralateral to the lesion, which is regarded as 
a model of LID by some investigators (Henry et al., 1998; 
Carta et al., 2006, but see Cenci et al., 2002; Lundblad  
et al., 2002; Marin et al., 2006).

II.  Molecular and cellular changes 
following dopamine denervation

A.  Presynaptic Alterations

In an intact brain, nigrostriatal DA neurons convert  
l-DOPA to DA, store exogenously derived DA in syn-
aptic vesicles, and release it when and where needed. 
Moreover, DA neurons are endowed with presynaptic 
DA autoreceptors and high-affinity DA transporters at 
the plasma membrane, thus maintaining extracellular DA 
levels within a narrow physiological range. A lesion of 
the nigrostriatal DA projection disrupts the presynaptic 
control of DA release and clearance. This results in large 
increases in extracellular DA levels concomitant with 
the dosing of l-DOPA (reviewed in Cenci and Lundblad, 
2006; Cenci, 2007; Cenci and Lindgren, 2007). This con-
cept was developed already in the nineties by seminal 
microdialysis studies performed in 6-OHDA-lesioned 
rats. The lesioned animals exhibited a dramatic reduction 
in baseline extracellular DA concentrations in the stria-
tum, but an abnormally large increase following treatment 
with l-DOPA (Abercrombie et al., 1990). These findings 
have been widely replicated in recent literature (Meissner 
et al., 2006; Lee et al., 2008; Lindgren et al., 2009b). The 
observed large increases in extracellular DA levels reflect 
the uptake and conversion of exogenous l-DOPA by cells 
other than nigrostriatal DA neurons. Most cell types in the 
brain have indeed the ability to transport l-DOPA across 
the plasma membrane, and several cell types contain 
the enzyme converting l-DOPA to DA (aromatic amino 
acid decarboxylase) (reviewed in Cenci and Lundblad, 
2006). In addition, monoaminergic cells, such as sero-
tonin neurons (Peter et al., 1995), also contain a specific 
transport protein that packages DA into vesicles (vesicu-
lar monoamine transporter 2, VMAT2), thus protecting 
it from cytosolic degradation. However, the uptake and 
conversion of exogenous l-DOPA by non-dopaminergic  
cells results in non-regulated DA efflux and defective 
clearance of extracellular DA. In 6-OHDA-lesioned rats, 
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treatment with the serotonergic neurotoxin 5,7-dihydroxy 
tryptamine (5,7-DHT) attenuates the l-DOPA-induced 
increase in striatal extracellular DA levels by 80% (Tanaka 
et al., 1999). Interestingly, the same type of neurotoxic 
lesion completely abolishes l-DOPA-induced AIMs (Carta 
et al., 2007). Agonists of serotonin 5-HT1A and 5-HT1B 
receptors, which reduce transmitter release from serotoner-
gic neurons, exert pronounced antidyskinetic effects in ani-
mal models of LID (Bishop et al., 2006; Carta et al., 2007; 
Dekundy et al., 2007; Munoz et al., 2008). The same agents 
blunt the peak of brain extracellular DA concentrations fol-
lowing a peripheral injection of l-DOPA (Kannari et al., 
2001; Lindgren et al., 2009b).

Notwithstanding the considerable progress made in this 
area, it would be misleading to propose that presynaptic 
abnormalities in DA release and clearance are sufficient to 
explain LID. Indeed, dyskinesias indistinguishable from 
those induced by l-DOPA are evoked by some DA recep-
tor agonists in both animal models (Delfino et al., 2007; 
Lindgren et al., 2009a) and PD patients (Rascol et al., 
2001). These drugs obviate the need for uptake, conversion 
and release by specific cell categories in the brain. Even 
if induced by the DA agonists, dyskinesia does, however, 
occur only when the nigrostriatal DA pathway is severely 
damaged. This argues for a critical role of postsynaptic 
mechanisms in the predisposition to LID that is established 
by DA denervation.

B.  Postsynaptic Signal-Transduction 
Mechanisms

Physiological DA transmission maintains a certain level of 
sensitivity in postsynaptic neurons, and the absence of DA 
causes postsynaptic receptors to become supersensitive. 
Denervation-induced supersensitivity of striatal DA recep-
tors has long been regarded as an important determinant 
of LID (Klawans et al., 1977; Nutt, 1990; Marconi et al., 
1994) (see also Chapter 28). Such a supersensitivity does 
not appear to stem from an increased receptor number, 
because no consistent changes in ligand-binding activities at 
D1, D2, or D3 receptors have been found in dyskinetic PD 
patients, and findings from animal models have been con-
tradictory in this regard (Rinne et al., 1991; Hurley et al.,  
1996b; Hurley et al., 1996a; Turjanski et al., 1997; Quik  
et al., 2000; Bezard et al., 2003; Aubert et al., 2005). Recent 
studies have reported an increased surface expression of 
D1 receptors in striatal neurons in both DA-denervated  
animals and chronically l-DOPA treated, dyskinetic ones 
(Guigoni et al., 2007; Berthet et al., 2009). Other studies, 
however, have reported increased internalization of D1 
receptors following DA denervation and/or l-DOPA treat-
ment (Muriel et al., 2002; Fiorentini et al., 2006).

Overall, the available data indicate that the denerva-
tion-induced supersensitivity of DA receptors reflects post-
synaptic signal-transduction mechanisms, consisting in  
(or resulting from): (i) aberrant activation of signaling cas-
cades that would not be recruited by DA receptors under 
normal conditions; (ii) exuberant activation of the “physi-
ological” signaling pathways downstream of DA receptors; 
(iii) reduced expression of negative signaling modulators. 
A particularly relevant example of aberrant signaling-
pathway activation has been provided by Gerfen and col-
laborators, showing that severe DA denervation confers 
inducibility of extracellular signal-regulated kinases 1 and 2  
(ERK1/2) in the striatum upon treatment with D1 DA 
receptor agonists (Gerfen et al., 2002) (see Chapter 28). 
Because of its proven role in LID, this molecular response 
will be extensively commented upon in Section IIIA. As 
to the “exaggeration” of physiological signaling, a well- 
documented and important example consists in the pro-
nounced overactivity of the D1 receptor-adenylate cyclase 
signal transduction pathways following DA denervation 
(Mishra et al., 1974; Pifl et al., 1992) (see also Chapter 26). 
This exuberant response does not appear to be normalized 
by standard antiparkinsonian pharmacotherapies. Indeed, 
the ability of DA to stimulate adenylyl cyclase via acti-
vation of D1 receptors was found to be enhanced in post-
mortem striatal tissue from parkinsonian patients (Tong  
et al., 2004), all of whom received treatment with l-DOPA. 
Among the possible mechanisms underlying this hyperac-
tive response, an increased coupling of DA receptors to 
their G proteins seems to play a crucial role. The G-protein  
coupling efficiency of striatal DA receptors has been stud-
ied in both rats and monkey models of PD by measuring 
DA agonist-induced guanosine 5’-O-(gamma[35S]thio) 
triphosphate ([35S]GTP-gammaS) binding. These studies 
have shown that agonist-induced G protein-binding activ-
ity is increased at both D2- and D1-type receptors follow-
ing a DA denervating lesion (Geurts et al., 1999; Aubert  
et al., 2005), and that enhanced G protein-coupling activity 
of D1 receptors is particularly important to LID (Aubert 
et al., 2005). Indeed, a comprehensive study performed 
in MPTP-intoxicated and l-DOPA-treated monkeys has 
revealed a positive linear relationship between D1 agonist-
induced GTP binding activity in the striatum and dyskinesia  
severity scores (Aubert et al., 2005). The increased GTP 
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binding activity at D1 receptors is likely to depend, at least 
in part, on an upregulated expression of G-olf protein, to 
which this type of receptor is coupled (Herve et al., 1993; 
Corvol et al., 2004). Indeed, DA-denervating lesions up-
regulate G-olf levels in striatal neurons, and l-DOPA 
pharmacotherapy in PD does not seem to normalize this 
change (Corvol et al., 2004).

Finally, a diminished expression and/or efficiency of 
negative signaling modulators appears to contribute to the 
denervation-induced DA receptor supersensitivity. Two 
classes of negative signaling modulators that are altered by 
DA denervation have been reported in the literature. The 
Ras Homolog Enriched in Striatum (Rhes) encodes a GTP- 
binding protein that inhibits ligand-mediated signaling 
through G protein-complexes (Vargiu et al., 2004), and is 
believed to preferentially affect Galpha s/olf-dependent sig-
naling (Harrison and LaHoste, 2006). Removal of DA input 
to striatal neurons by either surgical denervation or reserpine 
treatment causes a long-lasting downregulation of Rhes, 
which may contribute to increased D1 receptor-dependent 
signaling (Harrison and LaHoste, 2006; Harrison et al., 
2008). In support of this hypothesis, Rhes knockout mice 
exhibit enhanced D1-dependent stimulation of motor activ-
ity and cAMP/PKA signaling, and a modest upregulation of 
Golf protein levels in the striatum (Errico et al., 2008)

Another important class of negative signaling modula-
tors are a family of proteins named, regulators of G protein 
signaling (RGS), which promote GTP hydrolysis by the 
alpha subunit of heterotrimeric G proteins, thereby inac-
tivating the G protein and rapidly switching off G protein-
coupled receptor signaling pathways (De Vries et al., 2000). 
A selective increase in the mRNA levels of RGS2, 5 and 8, 
and a decrease in RGS4 and 9 mRNA, have been described 
in the rat striatum following DA denervation (Geurts et al., 
2003). The downregulation of RGS9, in particular, may play 
a role in the supersensitivity of DA receptor-signaling asso-
ciated with LID. Indeed, viral vector-mediated overexpres-
sion of RGS9-2 in the striatum reduces the severity of LID 
in both rat and monkey models of PD (Gold et al., 2007).

C.  Structural and Synaptic Alterations in 
Striatal Microcircuits

In addition to receptor supersensitivity, the nigrostriatal DA 
lesion causes changes in dendritic and synaptic morphology  
in striatal neurons, which have been studied at both the 
light and the electron microscopic levels. These structural 
alterations are likely to contribute to the profound deficits 
in activity-dependent synaptic plasticity that have been 
detected in the DA-denervated striatum (see Chapters 6, 12  
and 35). Studies applying the Golgi silver-impregnation  
technique to 6-OHDA-lesioned rats have shown that the 
loss of DA input is rapidly followed by a decrease in the 
number of dendritic spines in striatal medium-sized spiny 
(MSN) neurons, and that this structural modification is 
virtually permanent (Ingham et al., 1989; Ingham et al., 
1993). Using mice engineered to express green fluorescent 
protein (GFP) under the control of the D1- or D2 receptor  
promoter, Day et al. (2006) showed that denervation- 
induced spine pruning (accompanied by a loss of corti-
costriatal synapses) selectively affects D2 receptor-rich,  
striatopallidal neurons. This study also revealed that the 
loss of spines is caused by the sustained activation of  
L-type calcium channels occurring in striatopallidal neu-
rons after DA depletion. Interestingly, post-mortem studies 
in human PD patients have revealed structural changes in 
striatal morphology similar to those observed in the animal 
models (Zaja-Milatovic et al., 2005). Because the patients 
had been treated with l-DOPA for many years, these results 
suggest that pharmacological dopaminergic therapies do 
not normalize the dendritic structure of striatal neurons. 
The treatment’s inability to restore essential structural fea-
tures of the nigrostriatal microcircuitry is attracting grow-
ing attention as a potential determinant of LID (Jenner, 
2008). It has been proposed that changes in dendritic mor-
phology and spine loss may cause abnormalities in corti-
costriatal transmission that are pivotal to both parkinsonian 
motor symptoms and LID (Day et al., 2006; Deutch, 2006; 
Jenner, 2008). A recent study would, however, suggest that 
denervation-induced, striatopallidal spine pruning does not 
play a critical role in the development of LID. In this study, 
6-OHDA-lesioned rats were chronically treated with the  
L-type calcium channel antagonist, isradipine, starting on 
the same day of the toxin injection, and through a period 
of chronic l-DOPA treatment (Schuster et al., 2008b). 
While totally preventing the loss of corticostriatal synapses 
in striatopallidal neurons, isradipine achieved just a partial 
attenuation of LID (Schuster et al., 2008b). These findings 
do not, however, rule out a major implication of neuronal 
and synaptic remodeling in the pathophysiology of LID. 
Conceivably, both DA denervation and the subsequent 
treatment with l-DOPA produce complex structural and 
synaptic changes in neurons of the basal ganglia, which 
are unlikely to be prevented by a single calcium-channel 
antagonist. Thus, the role of structural dendritic alterations 
in the pathophysiology of LID remains an open question 
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for future investigation. This sort of investigation will be 
aided by modern cell-imaging technologies combined with 
the use of transgenic mice in which specific populations of 
neurons are labeled with GFP (see Chapter 6).

III.  Molecular and cellular 
changes caused by l-dopa treatment

A.  Signaling-Pathway Activation in Striatal 
Neurons

In the advanced stages of PD, treatment with l-DOPA 
engages the perturbed signaling machinery of striatal neu-
rons (cf. Section IIB), bringing about molecular responses 
that favor the expression and consolidation of LID. Such 
responses are the subject of this paragraph.

Overall, the available data indicate that denervation-
induced supersensitivity of DA receptors is not normalized 
by standard dopaminergic pharmacotherapies. Thus, every 
dose of l-DOPA is bound to produce an exuberant stimu-
lation of both D1- and D2 receptors, resulting in a large 
activation and inhibition, respectively, of cAMP-dependent 
signaling pathways in D1-rich and D2-rich striatal neurons 
(see also Chapters 1 and 26). While the contribution of D2-
rich, “indirect pathway” neurons to LID has not yet been 
elucidated, the overactivity of D1-mediated signaling in 
“direct pathway” neurons plays a major pathophysiological 
role in LID, as established in mouse (Santini et al., 2007), 
rat (Westin et al., 2007) and macaque models (Aubert  
et al., 2005) of this movement disorder. Several independent  
studies have provided evidence of altered D1-dependent 
activation and/or expression of intracellular signaling pro-
teins in l-DOPA-treated dyskinetic rodents. In particu-
lar, chronically l-DOPA treated, dyskinetic rats and mice 
show increased striatal phosphorylation of dopamine- 
and-cAMP-regulated phosphoprotein of 32 KDa (DARPP-
32) at the threonine-34 residue (Picconi et al., 2003; Santini 
et al., 2007). Phosphorylation of DARPP-32 at threonine 
34 is induced by l-DOPA through the stimulation of D1 
receptors and protein kinase A (Svenningsson et al., 2004). 
Because phospho-Thr34-DARPP32 is a potent inhibitor of 
protein phosphatase-1 (PP-1) (Svenningsson et al., 2004), 
it is not surprising that the striatal levels of several phos-
phorylated substrates are elevated in the “dyskinetic” stria-
tum. An imbalanced activation of protein tyrosine kinases 
and phosphatases contributes to the accumulation of phos-
phorylated substrated in DA-denervated striatal neurons 
upon treatment with DA agonists (Zhen et al., 2002; Dunah 
et al., 2004). Particularly important substrates include sub-
units of NMDA (Chase and Oh, 2000; Dunah et al., 2000) 
and AMPA (Santini et al., 2007) receptors, and extracel-
lular signal-regulated kinases 1 and 2 (ERK1/2) (Pavon 
et al., 2006; Santini et al., 2007; Westin et al., 2007). The 
implications of altered glutamate receptor-phosphorylation 
are discussed in Section IIIB. The following paragraph will 
focus on evidence linking the ERK1/2 signaling cascade  
to LID.

Extracellular signal-regulated kinases 1 and 2 (ERK1/2) 
belong to the mitogen-activated protein kinases (MAPK) 
family of signaling cascades, which share the motif of three 
serially linked kinases regulating each other by sequential 
phosphorylation (Seger and Krebs, 1995) (see Chapter 26). 
The ERKs are abundantly expressed in neurons, and play 
a pivotal role in synaptic plasticity, learning and memory 
(reviewed in Sweatt, 2001). Pronounced striatal activa-
tion of ERK1/2 is attributed a particularly important role 
in the supersensitive molecular and behavioral responses 
induced by DA agonists in DA denervated rats (Cai et al., 
2000; Gerfen et al., 2002) (see Chapter 28). In rodents 
with 6-OHDA lesions, both acute and chronic treatments 
with l-DOPA induce high levels of active (Thr202/Tyr204- 
phosphorylated) ERK1/2 in striatal neurons. However, 
while acute l-DOPA treatment induces phospho-ERK1/2 
in all DA-denervated animals, the response to chronic  
l-DOPA treatment is significantly different in dyskinetic 
vs. non-dyskinetic animals. Rats that develop dyskinesia 
during the treatment continue to respond to l-DOPA with a 
sustained phosphorylation of ERK1/2 (which is even larger 
in magnitude than in the acutely treated cases), whereas 
rats that remain free from dyskinesia show a much attenu-
ated response, which does not differ significantly from that 
seen in saline-injected control animals (Westin et al., 2007). 
In both rat (Westin et al., 2007) and mouse models of PD 
(Santini et al., 2007), striatal levels of phosphorylated 
ERK1/2 are positively correlated with the l-DOPA-induced 
AIMs scores. These findings have prompted the suggestion 
that the core signaling alteration associated with dyskinesia 
consists in an inability to desensitize the phospho-ERK1/2 
response upon repeated exposure to l-DOPA (Westin  
et al., 2007). The importance of this molecular alteration 
to LID is highlighted by the marked antidyskinetic effect 
of treatments that block ERK1/2 phosphorylation, such 
as an inhibitor of the ERK1/2 upstream kinase, MEK1/2  
(Santini et al., 2007; Lindgren et al., 2009a) or the  
3-hydroxy-3-methylglutaryl-CoA reductase inhibitor, lov-
astatin (Schuster et al., 2008a). The striatal activation of 
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ERK1/2 by l-DOPA is dose-dependently suppressed by 
antagonists of D1-like receptors, which also produce a 
similar, dose-dependent suppression of l-DOPA-induced 
AIMs (Westin et al., 2007). Moreover, genetic inactivation 
of DARPP-32 achieves a parallel attenuation of l-DOPA-
induced AIMs and phospho-ERK1/2 levels in the striatum 
(Santini et al., 2007). These findings demonstrate the criti-
cal role of D1 receptors and cAMP-dependent signaling 
pathways in the striatal ERK1/2 response to l-DOPA, as 
well as the importance of this response to dyskinesia.

Through what mechanisms does a pronounced striatal 
activation of ERK1/2 lead to dyskinesia? We can envisage 
two types of mechanisms. The short-term consequences of 
ERK1/2 activation, which shape the response of striatal neu-
rons to each dose of l-DOPA, rely on the phosphorylation 
of membrane-bound receptors, ion channels, and synaptic 
proteins (Reszka et al., 1995; Sweatt, 2001). In addition, 
ERK1/2 bring about long-term cellular adaptations that 
involve some nuclear substrates of ERK1/2, such as histone 
kinases (Hauge and Frodin, 2006) and transcription fac-
tors (Sgambato et al., 1998) (Fig. 36.1). In rodent models 
of LID, the histone H3 kinase, mitogen-and-stress activated 
protein kinase-1 (MSK-1) is co-activated and co-regulated 
with ERK1/2 in striatal neurons (Santini et al., 2007; Westin  
et al., 2007), resulting in striatal histone modifications 
(Santini et al., 2007; Nicholas et al., 2008) that are known to 
play an important role in the induction of gene transcription  
(Nowak and Corces, 2000) (see also Chapter 30).

B.  Altered Glutamate Receptor Function and 
Corticostriatal Synaptic Plasticity

Subunit phosphorylation is a major regulatory mecha-
nism for NMDA and AMPA receptors, governing subunit 
trafficking and aggregation at the synapse, and the rate of 
receptor desensitization (Swope et al., 1992). Several lines 
of evidence point to an altered function of striatal iono-
tropic glutamate receptors in LID (reviewed in Cenci and 
Lundblad, 2006) (see also Chapter 35). There is a grow-
ing consensus that the most critical alteration consists in 
an abnormal intracellular trafficking and synaptic abun-
dance of particular receptor subunits. This phenomenon 
has been studied extensively in both monkey and rat mod-
els of LID with respect to the NMDA receptor. In parkin-
sonian macaques, NR1 and NR2B subunits were found to 
be significantly decreased in synaptosomal membranes, 
while the abundance of NR2A was unaltered (Hallett  
et al., 2005). Dyskinesiogenic l-DOPA treatment normalized  
NR1 and NR2B and increased NR2A subunits to 150% of 
unlesioned levels. These results led to the suggestion that a 
relative enhancement in the synaptic abundance of NR2A 
plays a particularly important role in LID (Hallett et al., 
2005). By contrast, two independent studies in 6-OHDA-
lesioned rats have emphasized that the receptor-trafficking  
alteration most critically associated with LID consists in 
a re-distribution of NR2B subunits between synaptic and 
extrasynaptic membranes. In these studies, the levels of 
NR2B proteins were reduced in a striatal postsynaptic den-
sity-fraction, but not in total striatal homogenates, from 
chronically l-DOPA-treated dyskinetic rats (Fiorentini  
et al., 2006; Gardoni et al., 2006). These animals showed, 
in addition, reduced synaptic levels of NMDA/D1 receptor 
complexes (Fiorentini et al., 2006). Intrastriatal delivery 
of a cell-permeable peptide, which disrupted the interac-
tion between NR2B and its anchoring proteins, reduced the 
synaptic abundance of NR2B and conferred susceptibility 
to l-DOPA-induced AIMs to rats previously classified as 
non-dyskinetic (Gardoni et al., 2006).

Further studies are required to clarify the extent and 
mechanisms by which an abnormal trafficking of iono-
tropic glutamate receptor subunits depends on their altered 
state of phosphorylation. Very few studies thus far have 
addressed this important issue, and the experimental proto-
col used in these studies did not include chronic treatment 
with l-DOPA to elicit dyskinesia (Dunah et al., 2004). 
Another crucial, open question is the impact of altered 
subunit distribution on synaptic integration and plasticity 
in striatal neurons.

Altered activity-dependent plasticity of corticostriatal 
synapses has been documented in the rat LID model (see 
also Chapter 12). In corticostriatal slices from dyskinetic 
rats, high-frequency stimulation (HFS) of cortical affer-
ents was found to induce a normal long-term potentiation 
(LTP) response, but LTP could not be reversed by subse-
quent low-frequency stimulation of the same afferent path-
way (Picconi et al., 2003; Picconi et al., 2008). This loss 
of bidirectional synaptic plasticity is of great potential sig-
nificance to LID, as it would disrupt the ability of striatal 
neurons to “erase” irrelevant information when process-
ing cortically driven motor commands. The mechanisms 
behind the loss of synaptic depotentiation in dyskinetic 
animals have not been completely resolved. The altera-
tion was originally attributed to an overactive signaling 
downstream of D1 receptors, leading to persistent block-
ade of intracellular phosphatases by DARPP-32 (Picconi 
et al., 2003). Further investigations are, however, required 
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to clarify which phosphorylated substrates, and upstream 
kinases, impede the reversal of LTP. Moreover, although 
D1 receptors are certainly implicated (Picconi et al., 2003), 
an altered function of glutamate receptors is likely to play a 
crucial role through pathways that remain to be established.

Despite our lack of mechanistic information at the 
molecular level, the robust evidence of altered glutamate-
receptor trafficking and abnormal corticostriatal synap-
tic plasticity in LID provide a rationale for evaluating the 
antidyskinetic potential of glutamate receptor antagonists 
(Chase and Oh, 2000; Brotchie, 2005; Schapira et al., 2006). 
The clinical efficacy of amantadine in reducing the sever-
ity of LID has been attributed to its action as a noncom-
petitive NMDA receptor antagonist (Blanchet et al., 2003). 
The feasibility of reducing LID by antagonizing glutamate 
transmission is further supported by the tight functional 
interactions that have been documented to exist between D1 
and ionotropic glutamate receptors (reviewed in Cenci and 
Lundblad, 2006). The prophylactic and/or acute antidyski-
netic efficacy of ionotropic glutamate-receptor antagonists 
seems to depend on the specific properties of the compounds 
and animal models used. Several drugs that antagonize 
NMDA or AMPA receptors have yielded promising anti-
dyskinetic effects in animal models (Konitsiotis et al., 2000; 
Hadj Tahar et al., 2004). Studies using selective NR2B-
selective NMDA antagonists have provided conflicting  
results (reviewed in Cenci, 2007), but a recent trial in PD 
patients has reported reductions of peak-dose LID upon 
treatment with a NR2B antagonist (Nutt et al., 2008).

Among the glutamate receptor ligands so far tested in 
rodent LID models, antagonists of metabotropic glutamate 
receptors type 5 (mGluR5) have proven particularly effective 
in reducing the severity of the AIMs, and in inhibiting their 
development (Mela et al., 2007). Moreover, mGluR5 antag-
onists are able to prevent maladaptive molecular changes in 
striatal neurons, such as the upregulation of phospho-ERK1/2 
(Rylander et al., 2009), ∆FosB (Levandis et al., 2007), and pro-
dynorphin mRNA (Mela et al., 2007) (these changes and their 
interrelationship are illustrated in Fig. 36.1). Metabotropic 
glutamate receptor type 5 are abundantly expressed in striatal 
neurons, where they modulate postsynaptic signaling by cou-
pling to intracellular signal transduction pathways (Voulalas et 
al., 2005). Interestingly, the striatal expression of mGluR5 is 
increased in parkinsonian rat and monkey affected by dyski-
nesia (Konradi et al., 2004; Samadi et al., 2008), further point-
ing to a potentially important role of this receptor in LID.

C.  Changes in Striatal Gene and Protein 
Expression: Hypothesis-Driven Studies

While ERK1/2 phosphorylation is a rapid response that 
subsides within 2 hours (Westin et al., 2007), the induction  
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Figure 36.1  The molecular response to l-DOPA in striatal medium spiny neurons is conditional on the presence or absence of dyskinesia. A. 
Photomicrographs of striatal sections were taken from rats with 6-OHDA lesions that exhibited (Dyskinetic, left column) or did not exhibit (Non-
dyskinetic, right column) abnormal involuntary movements in response to the treatment. Dyskinetic rats displayed a marked induction of phosphory-
lated (active) ERK1/2, FosB/FosB-like immunoreactivity, and prodynorphin mRNA. The time course of these upregulations is given in brackets. 
Prodynorphin mRNA was detected by radioactive in situ hybridization histochemistry, and photomicrographs were taken under dark-field optics using 
a 20x objective. B. Schematic drawing of a medium spiny neuron represents the hypothetical signaling pathway that links the above molecular events. 
References to relevant original articles are given in the text. Abbreviations in B: AP1, CRE, and SRE are enhancer elements in the promoter regions of 
affected genes; Elk-1 and MSK-1 are nuclear targets of ERK1/2 (a transcription factor and a histone kinase, respectively).
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of genes and proteins by l-DOPA has a more protracted 
time course, leading to long-lasting adaptations in dopami-
noceptive neurons. An abundance of studies have examined 
changes in striatal gene expression in 6-OHDA-lesioned  
animals treated with l-DOPA, and it would not be possible 
to review all these studies in the limited space here available.  
The following review will therefore focus on prominent 
examples of hypothesis-driven investigations in this area.

The most extensively studied genes in DA-denervated 
and l-DOPA-treated animals are those coding for the opi-
oid precursors preproenkephalin-A (PPE, commonly 
referred to as “enkephalin”) and prodynorphin (preproen-
kephalin-B, PPE-B), which are abundantly expressed in 
striatal neurons of the indirect and direct pathway, respec-
tively (Gerfen, 1992). Interestingly, these two genes are 
modulated in an opposite manner by DA denervation, 
which promptly elevates the expression of PPE mRNA, 
while causing a mild downregulation of prodynorphin 
mRNA (reviewed in Steiner and Gerfen, 1998). The rela-
tionship between LID and PPE gene expression in the 
striatum is far from straightforward. Several studies in 
both rat and non-human primate models have found a posi-
tive correlation between LID severity and striatal levels 
of PPE mRNA (Herrero et al., 1995; Cenci et al., 1998; 
Zeng et al., 2000; Tel et al., 2002), but other studies have 
not (Quik et al., 2002). It is difficult to understand how  
l-DOPA could enhance PPE gene expression in the stria-
tum, given that pharmacological stimulation of D2 receptors 
has been shown to reduce PPE mRNA levels (Chen et al., 
1993), while D2 receptor antagonists cause a pronounced 
upregulation of the same transcript (reviewed in Steiner 
and Gerfen, 1998; see Chapter 29). In most studies thus 
far, the expression of opioid precursor mRNAs was exam-
ined following at least one day of l-DOPA treatment wash-
out. Only one study has examined striatal gene expression 
shortly after the administration of l-DOPA (i.e., one hour 
post dosing) (Aubert et al., 2007). Interestingly, this study 
has reported a significant reduction in PPE mRNA levels in 
dyskinetic animals (Aubert et al., 2007). Overall, the avail-
able data thus indicate that PPE gene transcription would 
decrease shortly after the administration of l-DOPA, while 
increasing at longer post-dosing intervals (24 hours), the 
latter effect being greater in dyskinetic subjects. The patho-
physiological significance of these changes is presently 
unknown, and the specific contribution of D2/PPE-positive 
striatal neurons to LID remains an unresolved issue.

By contrast, evidence from different animal models 
points to a strong association between LID and prodynorphin  
gene expression in the striatum (see also Chapter 29, for a 
discussion of the role of dynorphin in basal ganglia func-
tion). In mouse, rat and macaque models of LID, the l-
DOPA-induced AIM scores are positively and tightly 
correlated with the levels of prodynorphin mRNA expres-
sion in the striatum (Cenci et al., 1998; Winkler et al., 
2002; Lundblad et al., 2004; Aubert et al., 2007). At least in 
rodents, l-DOPA-induced AIM scores show a similar, posi-
tive correlation with the striatal levels of FosB-like pro-
teins (Cenci et al., 1998; Andersson et al., 1999; Lundblad 
et al., 2004; Sgambato-Faure et al., 2005; Pavon et al., 2006; 
Levandis et al., 2007), which are colocalized with prodyn-
orphin mRNA at the regional and cellular level (Andersson  
et al., 1999; Sgambato-Faure et al., 2005). In the “dyskinetic 
striatum”, ∆FosB-like transcription factors bind with great 
affinity to both cyclic AMP-responsive elements (CRE) and 
activator protein 1 (AP-1) enhancers from the prodynorphin 
promoter (Andersson et al., 2001), driving the upregula-
tion of prodynorphin mRNA during chronic l-DOPA treat-
ment (Andersson et al., 1999). The striatal upregulation 
of FosB/FosB immunoreactivity (Westin et al., 2007) or 
prodynorphin mRNA by l-DOPA (St-Hilaire et al., 2005) 
is totally prevented by selective D1-like receptor antago-
nists. Antiparkinsonian medications that stimulate D2-class 
receptors, such as bromocriptine, ropinirole or lisuride, 
do not induce ∆FosB (Westin et al., 2007) nor prodynor-
phin mRNA in the striatum (Henry et al., 1999; Westin et 
al., 2001; Tel et al., 2002; Ravenscroft et al., 2004) (Fig. 
36.1). Not surprisingly, these drugs have low dyskinesio-
genic potential, and they do not induce AIMs in rodents 
(Lundblad et al., 2002; Lundblad et al., 2005).

While immediate-early genes (including fosB) show 
an attenuated induction following repeated exposure to  
l-DOPA (Asin et al., 1995; Valastro et al., 2007a), ∆FosB-like  
proteins and prodynorphin mRNA show a strikingly pro-
tracted upregulation. The expression of both markers rises 
gradually during a 2-week course of l-DOPA administra-
tion (Andersson et al., 2001; Valastro et al., 2007a), main-
taining stable, high levels of expression for up to one year, 
which is the longest period of l-DOPA administration so 
far examined in this type of studies (Westin et al., 2001). 
Following discontinuation of l-DOPA treatment, the stria-
tal expression of ∆FosB and prodynorphin mRNA remains 
significantly elevated for weeks (Andersson et al., 2003) 
(longer periods of treatment withdrawal were not exam-
ined). Conceivably, these sustained changes in gene expres-
sion are instrumental to the development and maintenance 
of a “dyskinesia-primed” state upon dopaminergic drug 
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treatment (discussed and reviewed in Cenci and Lundblad, 
2006; Cenci and Lindgren, 2007; Nadjar et al., 2008).

It is presently unknown how many additional genes 
and proteins show expression kinetics as sustained as those 
of prodynorphin and FosB in the “dyskinetic” striatum. 
Detailed time course analyses are rarely found in studies 
addressing gene expression changes following l-DOPA 
treatment. One gene showing a sustained striatal upregula-
tion at 2 to 24 hours following chronic l-DOPA treatment 
is arc (activity-regulated cytoskeletal-associated gene) 
(Sgambato-Faure et al., 2005), which may participate in 
cytoskeletal rearrangements during synaptic plasticity 
(Steward and Worley, 2001). In dyskinetic rats, Arc mRNA 
and protein levels are upregulated in prodynorphin-positive 
neurons within the same striatal regions that show induc-
tion of FosB-like proteins (Sgambato-Faure et al., 2005). 
These regions are somatotopically related to the specific 
profile of AIMs exhibited by the animals (Andersson et al., 
1999; Sgambato-Faure et al., 2005). Another gene showing 
gradual and sustained upregulation upon chronic treatment 
with l-DOPA is p11, coding for an adaptor protein that 
promotes surface expression of 5-HT1B receptors. The p11 
gene is induced by l-DOPA in striatonigral neurons, and 
its upregulation has been proposed to serve as a negative- 
feedback mechanism to counteract the hyperactivity in these 
neurons in LID (Zhang et al., 2008). Indeed, stimulation 
of 5-HT1B receptors inhibits cAMP formation (Bouhelal  
et al., 1988). In addition to identifying p11 as a gene 
induced by l-DOPA, the study by Zhang et al. (Zhang  
et al., 2008) highlights the role of striatal 5-HT receptors 
as modulators of l-DOPA-mediated actions. Several 5-
HT receptors are highly expressed in the striatum (Barnes 
and Sharp, 1999), and may provide targets for antidyski-
netic therapies (Brotchie, 2005; Schapira et al., 2006). 
Interestingly, 5-HT1A agonists can normalize l-DOPA-
induced prodynorphin gene expression and produce behav-
ioral improvements via a direct action in the striatum 
(Bishop et al., 2008; Dupre et al., 2008).

D.  Changes in Striatal Gene and Protein 
Expression: Discovery-Based Studies

The changes in gene and protein expression described 
above were identified using a hypothesis-driven approach. 
Discovery-based approaches, such as DNA microarrays 
or proteomics methods, also have been applied to ani-
mal models of LID in a search for unheralded molecular 
cues and new therapeutic targets. In a seminal gene-chip 
microarray study (Konradi et al., 2004), Konradi and col-
laborators compared the patterns of striatal mRNA expres-
sion between 6-OHDA-lesioned rats that were chronically 
treated with a therapeutic dose of l-DOPA or with saline. 
Some l-DOPA-treated rats developed AIMs, while others  
remained free from dyskinesia. Gene expression was stud-
ied at one single time point (18 hours) after the last injec-
tion. Data were visualized on maps representing either 
biological pathways or particular neurotransmitter sys-
tems. The most salient features of the mRNA expression 
profile associated with dyskinesia indicated increased 
transcriptional activity of GABAergic neurons, structural 
and synaptic plasticity, altered calcium homeostasis and 
calcium-dependent signaling, and an imbalance between 
metabolic demands and capacity for energy production 
in the striatum. Some of these microarray data prompted 
ideas for new antidyskinetic treatments, which were later 
successfully pursued in the rat model (see e.g., Mela et al.,  
2007; Valastro et al., 2009). A very recent microarray 
study in 6-OHDA-lesioned rats focused on the comparison 
between acutely and chronically l-DOPA-treated rats (Atifi-
Borel et al., 2009). Here, the l-DOPA dose was much above 
threshold for the induction of dyskinesia in all animals. 
Acute and chronic l-DOPA treatment were found to regu-
late a common set of genes involved in signal-transduction,  
transcription, translation, exocytosis and synaptic transmis-
sion. Genes involved in neurite outgrowth, synaptogenesis 
and cell proliferation were, however, more prominently 
affected in the chronically l-DOPA-treated rats, pointing 
to an association between repeated exposure to l-DOPA 
and structural and synaptic remodeling in the striatum (cf. 
Section IVB).

Striatal protein changes induced by l-DOPA have been 
investigated both in 6-OHDA-lesioned rats (Valastro et al., 
2007b) and MPTP-treated monkeys (Scholz et al., 2008) 
using two-dimensional difference in-gel electrophoresis 
(2D-DIGE) and mass spectrometry. In both animal mod-
els, the protein expression patterns suggested an associa-
tion between LID and altered activity of specific metabolic 
pathways. Some interesting and unexpected clues emerged 
from a comparison between de novo and long-term  
l-DOPA treatment in the monkey model (Scholz et al., 
2008). Noticeably, acute l-DOPA appeared to induce irre-
versible post-translational modifications of proteins, which 
were not further modified by chronic l-DOPA treatment. 
These findings have been interpreted as indicating that 
repeated exposure to l-DOPA is not essential to prime the 
brain for dyskinesia, and that denervation-induced changes 
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preexistent to the treatment are likely to play a much more 
important role, at least in the animal models (discussed in 
Nadjar et al., 2008).

IV.  System-level adaptations and 
structural plasticity in the basal 
ganglia

A.  Increased Activity in Striatofugal 
GABAergic Pathways

Several GABA-related genes are expressed at very high 
levels in striatal neurons in dyskinetic rats (Konradi et al.,  
2004). The gene coding for glutamic acid decarboxy-
lase isoform 67 (GAD67), the main GABA synthetizing 
enzyme, is upregulated in direct pathway neurons (Nielsen 
and Soghomonian, 2004), and this change is positively 
correlated with the severity of LID (Cenci et al., 1998). 
Moreover, 6-OHDA-lesioned and l-DOPA-treated rats 
show upregulations of GABA-A receptors at the level of 
mRNA expression and/or radioligand binding density in 
the basal ganglia output stations, i.e., the entopeduncular 
nucleus (rodent equivalent of the internal globus pallidus, 
GPi) and the substantia nigra pars reticulata (SNr) (Nielsen 
and Soghomonian, 2004; Katz et al., 2005). Also in human 
PD patients and non-human primate models, LID is asso-
ciated with upregulated radioligand binding densities at 
GABA-A receptors in the GPi (Calon et al., 1995; Calon  
et al., 2003). These molecular adaptations are likely to 
depend on, and contribute to, an increased GABA transmis-
sion in the basal ganglia output structures. Increased GABA 
transmission at this level has been documented in the rat 
LID model using the in vivo microdialysis technique. 
With this approach, a peripheral injection of l-DOPA was 
found to cause a large increase in the extracellular levels 
of GABA in the SNr, but not the GPe, during the expres-
sion of AIMs (Mela et al., 2007). Such an increase reflects 
GABA efflux from striatonigral (“direct pathway”) axons, 
as it is largely prevented by intrastriatal influsion of D1-like 
receptor antagonists (Mela et al., unpublished). Neurons in 
the SNr are very sensitive to phasic alterations in GABA 
afferent activity. For example, changes in GABA input are 
the primary factor in determining fluctuations in the activ-
ity states of SNr neurons (Windels and Kiyatkin, 2004). 
An increased GABA input to GPi/SNr may contribute to 
the altered firing patterns that accompany the expression of 
dyskinetic movements, consisting in a decreased average 
firing rate, associated with the occurrence of synchronized 
activities and slow (10 Hz) oscillations of the local field 
potential (reviewed in Cenci, 2007). These altered patterns 
of activity have been documented to occur in the SNr in 
rat models of LID (Meissner et al., 2006) as well as in the 
subthalamic nucleus in dyskinetic PD patients (Alonso- 
Frech et al., 2006).

B.  Structural Plasticity

The clinical experience has indicated that LID is extremely 
difficult to reduce or reverse after it has appeared. Once 
developed, LID is promptly elicited by l-DOPA even after 
long periods of treatment discontinuation, and it is also 
induced by non-dyskinesiogenic drugs (e.g., long-acting 
DA agonists), or by stress (reviewed in (Linazasoro, 2005; 
Cenci and Lundblad, 2006; Jenner, 2008). The persistence 
of the movement disorder suggests an association with vir-
tually permanent plastic reorganizations in the brain. This 
suggestion is supported by several studies performed in 
animals that received repeated (as opposed to acute) admin-
istration of l-DOPA.

Microarray studies of striatal mRNAs from chroni-
cally l-DOPA-treated rats have revealed upregulation of 
genes involved in extracellular matrix remodeling, myelin 
growth, neurite extension and endothelial and cellular pro-
liferation (Konradi et al., 2004; Atifi-Borel et al., 2009: 
Ferrario, 2004). These results point to extensive structural 
remodeling of the cellular microenvironment. Proteomics 
analyses of striatal samples from dyskinetic rats sup-
port this suggestion (Valastro et al., 2007b). Two different 
aspects of l-DOPA-induced structural plasticity have been 
described thus far. One is a hypertrophy of the neuropile 
in the entopeduncular nucleus and SNr (Tomiyama et al., 
2004). The other aspect consists in microvascular remod-
eling. Indeed, 6-OHDA-lesioned and l-DOPA-treated rats 
exhibit endothelial proliferation, upregulation of immature 
endothelial markers, and downregulation of blood–brain 
barrier proteins in the basal ganglia to an extent that is lin-
early related to the severity of LID (Westin et al., 2006). 
These microvascular changes are seen in the striatum and 
all its projection targets, but they are most pronounced in 
the entopeduncular nucleus and the SNr, where they are 
accompanied by a significant increase in total microves-
sel length (Westin et al., 2006; Lindgren et al., 2009a). 
Treatment of 6-OHDA-lesioned rats with bromocrip-
tine, an antiparkinsonian agent producing motor activa-
tion without AIMs, does not induce angiogenic activity 
in the basal ganglia (Lindgren et al., 2009a). Similar to 
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Figure 36.2  Summary of the pathophysiological cascade of LID and potential therapeutic approaches.
the activation of ERK1/2 signaling and the associated 
molecular changes (cf. Section IIIC), l-DOPA-induced 
angiogenesis depends on the stimulation of D1 receptors, 
being completely blocked by D1- but not D2-like recep-
tor antagonists, and reproduced by treatment with selective  
D1-like receptor agonists at doses that induce AIMs (Lindgren 
et al., 2009a). Interestingly, histological changes sugges-
tive of angiogenesis have been found upon post-mortem  
examination of basal ganglia tissue from PD patients 
(Faucheux et al., 1999; Wada et al., 2006). These findings 
were however regarded as a facet of the underlying disease 
pathology, not as consequence of l-DOPA pharmacotherapy. 
The recent observations from l-DOPA-treated dyskinetic 
rats call for a reappraisal of the mechanisms and signifi-
cance of brain angiogenesis in PD. Since the passage of  
l-DOPA from blood to brain is tightly regulated at the level 
of the brain endothelium (reviewed in Cenci and Lundblad, 
2006), angiogenic microvessels may create foci of high  
l-DOPA concentrations in the brain following periph-
eral drug treatment. If verified with suitable methods, this 
hypothesis can add an exacerbating mechanism to the patho-
physiological cascade of LID (summarized in Fig. 36.2).

V.  Concluding remarks

In the past few years, LID has attracted growing interest as 
a model of altered basal ganglia plasticity sustaining abnor-
mal patterns of movement. A body of recent studies have 
contributed to uncovering presynaptic abnormalities in DA 
release and clearance, molecular and synaptic adaptations 
of striatal neurons, and the involvement of serotonergic,  
glutamatergic and GABAergic mechanisms in LID. From 
all these studies, a multifaceted pathophysiological cas-
cade is emerging, which is partly summarized in Fig. 36.2. 
Several crucial questions remain unanswered, only a few of 
which have been highlighted in this chapter. The interplay 
between different neurotransmitter systems, and cellular 
and nuclear components of the basal ganglia in generat-
ing LID is only partially understood. Further work also is 
required to shed light on the interrelationship between 
presynaptic and postsynaptic abnormalities in LID, and on 
their relative contribution to different forms of dyskinesia 
and motor fluctuations. The knowledge gained from the 
study of LID will contribute to our basic understanding of 
DA-dependent movement control in the basal ganglia.
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I.  Introduction

Parkinson’s disease (PD) is a widespread neurodegen-
erative disorder, the major pathologic feature of which
is the profound loss of pigmented dopamine (DA) neu-
rons, mainly in the pars compacta of the substantia nigra
(SNc) (Hassler, 1938; Ehringer and Hornykiewicz, 1960)
(see also Chapter 34). The cardinal features of PD, that
is, tremor, rigidity and bradykinesia (Singh et al., 2007),
typically arise when DA neuronal death reaches a critical
threshold: 70–80% of striatal nerve terminals and 50–60%
of SNc perikarya (Bernheimer et al., 1973). This dissocia-
tion between the onset of parkinsonian motor features and
the presence of large DA depletions is understood as a con-
sequence of compensatory mechanisms (Zigmond et al.,
1990; Bezard and Gross, 1998; Bezard et al., 2003). Thus,
compensatory mechanisms can delay the clinical onset of
PD and could also play a role in the progression of motor
deficits. Indeed, it is quite possible that compensatory
mechanisms continue to take place after clinical features 
become noticeable; however the interaction between ongo-
ing compensatory mechanisms and the effect of standard 
symptomatic treatment, i.e., l-DOPA, has not been stud-
ied and is not necessarily synergistic. It is also likely that 
compensatory mechanisms are implicated in the onset of 
clinical manifestations associated with advanced PD such 
as cognitive impairment, autonomic disturbances or dise-
quilibrium. Currently, the available data is limited to motor 
symptoms and signs.

The model commonly accepted to explain the compen-
sation that follows nigral lesion was proposed by Zigmond 
and co-workers (Zigmond et al., 1990; Zigmond, 1997) 
and indicates that surviving DA neurons undergo func-
tional changes aimed at preserving DA release in the stria-
tum (Zigmond et al., 1990). However, the sole importance 
of such a mechanism has been questioned on the basis 
of findings in the MPTP monkey model (Bezard et al., 
1997c). In this model, repeated administration of low doses 
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of N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
to non-human primate initiates a process of neurodegener-
ation reminiscent of that seen in PD (Bezard et al., 2001c).
The novelty of the model accrues from the fact that the
protocol produces a reproducible, progressive DA cell loss
over a time course of approximately one month (Bezard
et al., 2001c). Findings in the MPTP monkey model have
revealed compensatory mechanisms beyond the nigrostriatal
DA system.

In this review, we describe these different compensa-
tory mechanisms, discuss the evidence sustaining their rel-
ative importance and examine the practical implications of
these findings for defining conceptually novel approaches
to the diagnosis and treatment of PD.

II.  Overview of compensation, 
classic concepts

The appearance of parkinsonian signs is supposed to
closely reflect the breakdown of striatal DA homeostasis.
In patients this process occurs over several years (mean
estimation 7 years) and post-mortem analysis of parkinso-
nian brains indicates that extensive loss of DA in the puta-
men and in the caudate nucleus can still be accompanied
by only minor clinical manifestations (Bernheimer et al.,
1973; Agid, 1991). In animal models of PD even higher
degrees of striatal DA depletion are tolerated (Zigmond and
Stricker, 1973; Bezard et al., 1997a; Bezard et al., 1997c).

At the beginning of DA cell loss, DA efficiency is such
that modest reduction of SNc neurones does not neces-
sitate any adaptive response (Abercrombie et al., 1990;
Garris et al., 1997). Discrete compensation of striatal DA
could occur because the profuse DA striatal innervations
has some degree of redundancy or, more likely, because
DA diffuse by volume transmission (Fuxe and Agnati,
1991) from lesser affected areas. However, once a criti-
cal threshold of neurodegeneration has been reached, it
becomes essential to regulate DA release. This regulation
of DA activity is homeostatically controlled and implies
adaptive changes in the synthesis and release of DA, and
in the response of the striatal neurones (Zigmond, 1993).
Increased neuronal firing and DA turnover, once believed
to be a major homeostatic mechanism, has recently been
shown to occur only to a modest degree and only when DA
depletion is substantial (Bezard et al., 2001c; Bezard et al.,
2003; Rodriguez et al., 2003). Indeed, in the early stages of
SNc degeneration, other compensatory mechanisms have
been identified, intrinsic and extrinsic to the basal ganglia,
 

 
 
 
 
 
  

 
 

 
 
 

 
 
 
 

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

that are not directly related to modifications in levels of 
extracellular DA and do not actively compensate for DA 
loss in the classically understood manner. In the following 
sections we review findings regarding striatal mechanisms, 
including evidence in favour and against changes in DA 
availability, and other basal ganglia and thalamo-cortical 
mechanisms also possibly involved in compensating DA 
reduction in PD.

III.  Striatal mechanisms

A.  Pre- and Postsynaptic Changes in 
Dopaminergic Activity

There are several putative mechanisms by which the 
nigrostriatal system may adapt to restore or maintain DA 
activity within limits compatible with an apparently nor-
mal motor performance (Fig. 37.1). These include the 
following: (i) increased SNc neuronal activity leading to 
increase DA release and turnover (Zigmond et al., 1990); 
(ii) reduced DA transporter (DAT) expression to aug-
ment DA synaptic availability; (iii) increased DA receptor 
sensitivity.

1.  Increased DA Activity

The preferential implication of the nigrostriatal DA path-
way in the compensatory preservation of DA function 
has been supported by studies showing an increase in DA 
release, DA turnover, DA uptake and tyrosine hydroxylase 
activity/protein after nigrostriatal damage in animal mod-
els and in the brain of patients with PD (Bernheimer et al., 
1973; Onn et al., 1986; Snyder et al., 1990; Zigmond et al., 
1990; Hornykiewicz, 1998; Pifl and Hornykiewicz, 2006; 
Perez et al., 2008) (Fig. 37.1). Indeed, it was the seminal 
work of Hornykiewicz in the brain of a few PD patients 
where it was first shown that the ratio of DA to its striatal 
metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) 
and homovanillic acid (HVA) was increased in patients 
with mild symptoms (Bernheimer et al., 1973; Zigmond 
et al., 1990). It was suggested that such up-regulation of 
DA transmission might be a possible mechanism opera-
tive in the preclinical stages of the disease attempting to 
compensate for DA loss in PD (Hornykiewicz, 1993; Pifl 
and Hornykiewicz, 2006) However, in the progressive 
MPTP-lesioned primate model of PD discussed above, the 
up-regulation of DA metabolism is unchanged in the pre-
symptomatic period and only occurs at the very end stage 
of the symptomatic part of the progression. The finding  
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Figure 37.1  Schematic summary of basal ganglia compensatory mechanisms in Parkinson’s disease. (A) Main basal ganglia connections in the 
“normal” state. Black arrows correspond to the dopaminergic nigrostriatal and nigro-subthalamic projections. Red and green arrows indicate inhibitory 
GABAergic and excitatory glutamatergic projections, respectively. The thickness of the arrows indicates relative functional activity. Black dots symbol-
ize released dopamine (DA). (B) Proposed compensatory mechanisms in the presymptomatic stage of Parkinson’s disease. (1) Nigrostriatal compensa-
tory mechanisms: increased DA release and turnover, increased receptor sensitivity, sprouting, and reduced DA re-uptake by DAT. (2) Increased PPE-A 
mRNA expression: increased enkephalin release in GPe may reduce GABA release through enhanced activation of delta opioid receptors and keep 
activity of GPe within normal limits. (3) Loss of dopaminergic projections may lead to hyperactivity of the STN, before DA depletion in the putamen 
reaches an extent that alters the putamen-GPe projection, leading to increased GPe activity which in turn inhibits GPi/SNr, thus maintaining normal 
output activity. (C) Further dopamine loss in the putamen reaches a level that cannot be compensated. This causes decreased inhibitory activity in the 
“direct” strio-GPi/SNr projection and excessive inhibitory activity in the “indirect” projection and GPe hypoactivity. The latter leads to further hyper-
activity of the STN and GPi, accounting for the onset of parkinsonian motor features. DAT, dopamine transporter; PPE, pre-proenkephalin A; SNc,  
substantia nigra pars compacta; STN, subthalamic nucleus; GPe, globus pallidus external segment; GPi, globus pallidus internal segment. To view a 
color version of this image please visit http://www.elsevierdirect.com/companion/9780123747679
that most of the remaining SNc neurons of PD patients 
exhibit lower rather than high tyrosine hydroxylase mRNA 
expression (Javoy-Agid et al., 1990) further challenges the 
effectiveness of this compensatory mechanism.

Zigmond et al. (1990) posited that surviving neurons 
and terminals compensate by releasing more DA follow-
ing denervation. Complementary views have been proposed 
(Bergstrom and Garris, 2003; Bezard et al., 2003) on the 
basis of both rodent and primate investigations. However, it 
is noteworthy that experimental findings on this area are vari-
able and may even be contradictory. Thus, on the one hand, 
the 6-hydroxydopamine (6-OHDA)-lesioned rat model of 
Parkinson’s disease demonstrates that dialysate DA levels col-
lected in the striatum are normal until the loss of DA terminals  
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is nearly complete (Zhang et al., 1988; Abercrombie  
et al., 1990; Robinson et al., 1994). Furthermore, the fact 
that endogenous DA release was not increased in severely 
lesioned mice suggests that augmented DA release does not 
constitute a pre-synaptic compensatory mechanism (Bezard 
et al., 2000). On the other hand, a 300% increment in endog-
enous striatal DA release was encountered in moderately 
lesioned MPTP monkeys (Perez et al., 2008) and nicotine-
evoked [3 H]DA release was maintained at or near control 
levels in the ventromedial striatum after MPTP treatment, 
despite 50% declines in DA. Moreover, although DA 
release was reduced to about 10% of control in the dorso-
lateral striatum with denervation, it was still greater than the 
DA levels (1% of control) in this region. These results con-
trast with other studies using real-time voltammetry to probe 
neurotransmitter dynamics which did not find changes in 
pre-synaptic DA release, but additionally suggested a down-
regulation of DA uptake (Garris et al., 1997; Rothblat and 
Schneider, 1999; Dentresangle et al., 2001).

2.  Reduced DAT Expression

The absence of up-regulated release is striking, but reduced 
DA uptake by the DA transporter (DAT) could as well be 
compensatory (Fig. 37.1). Earlier post-mortem studies in 
PD patients described down-regulation of DAT mRNA 
(Uhl et al., 1994; Joyce et al., 1997), after symptoms have 
appeared, but the relevance for functional compensation in 
the preclinical phase was not clear and in most instances 
patients have received dopaminergic drugs, which probably 
modifies DAT expression. In models of preclinical phase, 
DAT was not found down-regulated (Bezard et al., 2000; 
Bezard et al., 2001c; Dentresangle et al., 2001). However, 
a number of more recent findings using positron emission 
tomography (PET) do suggest a very important role for DAT 
regulation in early PD. A PET study with three radioligands 
to assess vesicular monoamine transport, plasma membrane 
DA transport and synthesis of DA in patients with early 
and advanced PD were consistent with increased activity of 
aromatic L-aminoacid decarboxylase and down-regulation  
of DAT (Lee et al., 2000; Adams et al., 2005). A similar 
approach has recently been applied by the same study group 
in the 6-OHDA rat’s model, where a very positive correla-
tion was found between reduced labeling for DAT (by PET) 
and denervation (Sossi et al., 2009). DAT down-regulation 
appears to be functionally capable of maintaining fairly 
constant and normal DA synaptic levels up to 75% of DA 
lost. In the same way, as low as 5% of normal striatal DA 
levels is sufficient for normal motor performance in non-
human primates (Elsworth et al., 2000). It is therefore, quite 
conceivable that reduction in uptake mechanism associated 
with moderate denervation could lead to longer-range diffu-
sion of DA away from its site of release, increasing tonic 
DA activity in a modest but sufficient amount to maintain 
striatal physiology within normal levels.

3.  DA Receptor Changes

The role of changes in DA receptors has also been explored 
as a possible compensatory mechanism (Fig. 37.1). Thus, 
increased affinity of D2 receptors for DA could mask an 
effect of neurotransmitter loss on binding. Primate studies 
suggest that increases in D2 receptors might act as adap-
tive mechanisms in the early stages of disease progression 
(Bezard et al., 2001c). The relationship between D2-like 
receptor binding and both DAT binding and DA content is 
not linear but instead is best represented by equations com-
bining the synergistic actions of two processes (Bezard  
et al., 2001c). D2-like receptors are located on both the pre-
synaptic DA terminals and the postsynaptic striatal neurons. 
Thus, the quadratic correlation can be explained by the ini-
tial decrease in D2 receptor binding reflecting only disap-
pearance of the DA terminals while the subsequent increase 
represents a compensatory response occurring postsynapti-
cally. The transition between these two phenomena occurs 
in the middle of the presymptomatic period, These findings 
suggest not only that presymptomatic increase in D2 recep-
tor binding might be a compensatory mechanism but also 
that the breakdown of striatal DA homeostasis occurs ear-
lier than expected. In addition, findings in the rat and mon-
key models indicate that DA depletion is associated with an 
increase in the fraction of D2-like receptors in a high-affin-
ity state (Seeman et al., 2005; Chefer et al., 2008). Another 
possible mechanism leading to an increase in D2 receptor 
affinity for DA could be a translocation of these receptors 
from the intracellular pool to the membrane surface (Chefer 
et al., 2008). Confirmation of early changes in D2 receptors 
number or affinity state in patients could lead to a presymp-
tomatic diagnosis of PD.

B.  Re-Innervation

Regeneration or sprouting of terminals from unaffected 
DA cell groups is a potential compensatory mechanism 
(Fig. 37.1). Certainly, in animal models sprouting has been 
shown to occur in animals with partial lesions, and several  
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neurotrophic agents act through this mechanism (Blanchard 
et al., 1996; Song and Haber, 2000). Extensive work has been 
carried out with beautiful morphological analyses of nigrostri-
atal DA axons in rats with different degrees of DA depletion 
by 6-OHDA; such studies reported significant axonal sprout-
ing in the DA terminal arbors (Finkelstein et al., 2000; Stanic 
et al., 2003), an effect that would normally be inhibited by 
a tonic stimulation of D2 autoreceptors (Parish et al., 2002). 
This homeostatic mechanism is overcome when 70% of 
nigral DA neurons are lost (Finkelstein et al., 2000; Stanic 
et al., 2003). Re-innervation is accompanied by behavioral 
recovery in MPTP monkeys, marked increases in DA levels 
and modest elevations of metabolic activity (HVA/DA ratio) 
(Elsworth et al., 2000). However, PD is a progressive degener-
ative process where the capacity for healthy neurons to sprout 
is probably diminished. In this regard, it is interesting that 
one study in human brains showed non-melanised neurons 
in the ventral tegmental area displaying a significantly higher 
expression of TH mRNA than melanised neurons in the same 
PD brains and control subjects (Tong et al., 2000), consistent 
with up-regulation of TH expression in these neurons.

C.  Serotonin Compensation

Monkeys intoxicated with MPTP systemically show a clear 
tendency to recover spontaneously unless treatment is con-
tinued until a large enough lesion is achieved. Using this 
model, it has been shown that recovered monkeys displayed 
more DA and serotoninergic fibres than those with stable 
motor symptoms in sensorimotor and associative territories 
of striatum and more DA fibres in the GPi (Mounayar et al.,  
2007). Such serotonergic sprouting (Gaspar et al., 1993) 
could be seen as related with competition due to reduced 
number of DA fibres or could be a real compensatory 
mechanism. Studies in 6-OHDA lesion rats have produced 
inconsistent results, reporting either increased or decreased 
serotonergic striatal innervations (Takeuchi et al., 1991; 
Zhou et al., 1991). Recently however, more direct data 
by microdialysis in MPTP-treated monkeys indicate that 
recovery of motor symptoms is associated with increased 
serotonin striatal levels (~370%) (Boulet et al., 2008).

D. Volume Transmission and Passive 
Stabilization

There are two principal mechanisms of striatal DA release 
(see also Chapter 17): (i) “phasic release”, which is associ-
ated with abrupt increases in SNc neuron firing leading to 
activation of D1 and D2 receptors located within the syn-
apse; such DA is subjected to intense uptake and metabolic 
degradation (Parent et al., 1995); and (ii) tonic release, 
which is independent of SNc firing, primarily excites 
extra-synaptically located D1 receptors on neurons of the 
“direct” pathway (see Chapter 1) by non-synaptic diffusion 
transmission (Onn et al., 2000). This “volume transmis-
sion” (Zoli et al., 1999) would appear to play a far more 
important role in pathological conditions. In animal mod-
els of PD, DA transmission is in part restored by volume 
transmission of the neurotransmitter from intact to dener-
vated regions (Bezard and Gross, 1998; Zoli et al., 1999).

These well established mechanisms have recently 
been challenged by analysis of steady-state levels of 
extracellular DA, which mimics the normal dynamics of  
DA-mediated tone (Garris et al., 1997; Bergstrom and 
Garris, 2003). In these studies, kinetic analysis demon-
strated that DA transmission was maintained without plas-
ticity of release or clearance mechanisms suggesting that 
the primary mechanisms controlling extracellular DA lev-
els were not actively altered. This so-called “passive sta-
bilization” is mediated by the simple physical principles of 
diffusion and steady state, and forms the basis for a new 
compensation model of preclinical parkinsonism. Would 
the regulation of uptake be not necessary, the observation 
that only 5% of normal DA levels are able to restore nor-
mal motor performance in non-human primates (Elsworth 
et al., 2000) would support the “passive stabilization” the-
ory and would not be in support of the down-regulation of 
DA uptake. This provocative theory would actually provide 
an elegant explanation to both the high redundancy in the 
system and the sharpness and brutality of the threshold for 
symptom appearance.

IV.  Basal ganglia-mediated 
compensation

According to the classic pathophysiological model of the 
basal ganglia (Alexander and Crutcher, 1990), DA defi-
ciency leads to reduced inhibition of gamma-aminobutyric 
acid (GABA)-ergic striatal neurons in the indirect path-
way and decreased facilitation of GABA-ergic neurons in 
the direct pathway (Albin et al., 1989; DeLong, 1990) (see 
Chapter 1). Reduced inhibition of neurons in the indirect 
pathway would lead sequentially to over-inhibition of the 
globus pallidus pars externalis (GPe), disinhibition of the 
subthalamic nucleus (STN), and thus, overactivity of basal 
ganglia outputs from the internal segment of the globus 
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pallidus (GPi) and the substantia nigra pars reticulata (SNr) 
(Mitchell et al., 1989; DeLong, 1990). Similarly, decreased 
activation of neurons in the direct pathway reduces its 
inhibitory influence on GPi/SNr and contributes to the 
excessive basal ganglia output activity.

The striato-GPe projection uses enkephalins, derived 
from the precursor pre-proenkephalin-A (PPE-A), as co-
transmitters with GABA (see also Chapter 29). A wealth of 
evidence suggests that the activity of both the GABAergic 
and enkephalinergic components of this pathway is increased 
in the parkinsonian MPTP-treated monkey (Asselin et al., 
1994; Herrero et al., 1995; Levy et al., 1995; Morissette et 
al., 1999). However, both the role of this co-transmission in 
the generation of parkinsonian symptoms and the nature of 
any functional interaction between GABA and enkephalin 
are not clear. It has recently been shown that PPE-A mRNA 
levels are elevated before the appearance of parkinsonian 
motor features in the progressive MPTP model of degen-
eration in the primate (Bezard et al., 2001b). Importantly, 
this up-regulation is restricted to motor regions of the basal 
ganglia circuitry. The increased PPE-A mRNA expression 
observed in asymptomatic, but DA-depleted animals pro-
vide further support for the hypothesis that the breakdown of 
striatal DA homeostasis is dissociated from the clinical signs 
appearance (Fig. 37.1).

The functional significance of this presymptomatic 
up-regulation of enkephalinergic transmission remains 
subject to debate. Increased PPE-A mRNA levels could 
represent an endogenous mechanism attempting to reduce 
an overactive inhibitory GABAergic input from the stria-
tum to the GPe (Maneuf et al., 1994) (see also Chapter 
29). Enhanced enkephalin release in GPe may thus reduce 
GABA release through enhanced activation of delta-opioid 
receptors by met-enkephalin and keep activity of GPe nor-
mal. This compensatory mechanism, intrinsic to the basal 
ganglia circuitry, but outside the nigrostriatal pathway, 
may be responsible of the absence of changes in GPe neu-
ronal activity at any stage of parkinsonism (Herrero et al., 
1996; Vila et al., 1997; Bezard et al., 1999). When looking 
at the relationship between DAT binding and the expres-
sion level of PPE-A mRNA, it appears that up-regulation 
of enkephalinergic transmission starts early in the degen-
erative process, at a stage comparable to the D2 recep-
tor up-regulation. Further support for the concept that an 
elevation of PPE-A expression might be a presymptomatic 
compensatory mechanism is provided by the finding that, 
once symptoms appear, the up-regulation of PPE-A does 
not remain indefinitely (Schneider et al., 1999).
While current imaging technologies might have diffi-
culty imaging an up-regulation of PPE-A expression, the 
idea of using enhanced enkephalin transmission as a bio-
marker for presymptomatic PD is not without possibili-
ties. For instance, a potential non-imaging approach might 
involve the administration of an opioid antagonist to elicit 
parkinsonian symptoms in presymptomatic PD. A short 
acting antagonist combined with sensitive electromyo-
graphic measurement of rigidity and tremor might permit 
the development of a test that would cause minimal dis-
comfort. Such a strategy would however never be accepted 
without a cure available (or at least a significantly neuro-
protective drug) for obvious ethical reasons.

Although the notion that levels of gene expression are 
tightly coupled to levels of physiological activity is sim-
plistic, the presymptomatic increase in PPE-A expression 
level is nonetheless suggestive of changes in the activity 
of striatal medium spiny neurons before symptoms appear. 
The question of presymptomatic changes in the electro-
physiological activity of basal ganglia nuclei has thus 
emerged.

Changes in activity in the STN and in GPi have been 
assessed, using multiunit electrophysiological record-
ings, in monkeys intoxicated with MPTP according to 
the progressive regimen (Bezard et al., 1999, 2002) (see 
also Chapters 25 and 38 for reviews of changes in basal 
ganglia circuit activities in MPTP models). In this model, 
both overactivity of STN and GPi actually occur before 
the appearance of symptoms and thus might be related to 
presymptomatic compensation (Bezard et al., 1999, 2002). 
Similar results were reported in the 6-OHDA-treated rat 
model of PD where early changes in the firing frequency 
of STN neurons occur before it is possible to induce rota-
tions in those animals (Vila et al., 2000).

The increase in the activity of GPi, in the latter stages 
of the presymptomatic period, has recently been con-
firmed using multi-channel single unit recordings in the 
same MPTP monkey model (Boraud et al., 2001; Leblois 
et al., 2006; Leblois et al., 2007). These results are sugges-
tive of dissociation between the changes in the basal gan-
glia activity and the appearance of the parkinsonian motor 
abnormalities. Thus, there appears to be very early striatal 
DA homeostasis breakdown highlighted by the early up-
regulation of both DA D2 receptor and enkephalin pre-
cursor expression and a comparatively later increase in 
the activity of the basal ganglia output structures. Indeed, 
the breakdown of the DA homeostasis occurs before the 
changes in the basal ganglia electrophysiological activity, 



647Chapter | 37  Compensatory Mechanisms in Experimental and Human Parkinsonism
further supporting the existence of non-DA compensatory 
mechanisms intrinsic to the basal ganglia.

Though STN and GPi are both overactive before the 
appearance of symptoms, both changes in neural activity 
are not necessarily presymptomatic compensatory mecha-
nisms. However, overactivity of the STN could be a com-
pensatory mechanism initially (Fig. 37.1). Blockade of 
the subthalamic excitation of surviving DA neurons in the 
presymptomatic period can provoke the emergence of par-
kinsonian symptoms (Bezard et al., 1997a, b; Obeso et al., 
2004). Thus, it appears that by increasing the firing rate of 
surviving DA neurons the overactive STN might be able to 
enhance remaining DA transmission and delay the appear-
ance of symptoms until relatively late in the progression. An 
alternative view regarding the functional modulation of the 
STN after DA depletion has been recently proposed (Obeso 
et al., 2004). The hyperactivity of the STN and related glu-
tamatergic nuclei arises early in the course of PD, before 
striatal DA depletion has become significant (Vila et al., 
2000; Bezard et al., 2003). At this time (in the presymptom-
atic state), DA loss in the caudal putamen is still not large 
enough (50%) to increase activity in the striatal inhibitory 
projection to the GPe. As a result, increased STN activity 
exerts a powerful excitatory effect on the GPe that leads to 
increased inhibition of the GPi and maintains the output of 
the motor circuit within normal limits. In that fashion, the 
“internal” STN-GPe–GPi circuit compensates itself (Obeso 
et al., 2000). Increased STN activity could increase GPi fir-
ing by its direct excitatory projection (Whone et al., 2003), 
but this can be compensated by the still-normal inhibitory 
projection to the GPi (i.e., “direct” pathway). In PD, where 
the changes occur slowly, excessive STN drive onto the GPi 
might also be compensated by way of the nigro-pallidal DA 
projection, which has been shown to increase during the 
presymptomatic phase, by fluorodopa positron emission 
tomography (PET) (Shink et al., 1996).

In humans it has been suggested that GPi in particular 
could be implicated in compensatory mechanisms (Whone 
et al., 2003). The 18F-dopa uptake increases in early phase 
of PD in the GPi and additionally a modification of tyrosine 
hydroxylase (TH) labeling has been noticed in GPi of MPTP-
intoxicated monkeys (Jan et al., 2000; Mounayar et al., 
2007). Although this change in TH labeling is less marked in 
the pallidal complex than in the striatum, suggesting that the 
pallidal omplex could contribute to compensation, there is 
no evidence, or theoretical basis, for a mechanism by which 
overactive GPi (driven by overactive STN) could represent a 
presymptomatic compensatory mechanism.
V. Thalamo-cortical-mediated 
compensation

Overactivation of lateral premotor areas has also been 
reported in PD patients, generally interpreted as a com-
pensation for deficiencies in the midline motor system 
during internally generated tasks (Cunnington et al., 1999; 
Berardelli et al., 2001). Recent studies in MPTP-treated 
monkey have revealed the involvement of non-basal gan-
glia structures, throwing light upon putative cortical 
compensatory mechanisms (Bezard et al., 2001a; Escola 
et al., 2003; Huang et al., 2007; Mounayar et al., 2007). 
Although it is likely that many cortical or subcortical 
regions are involved in the pathophysiology of motor signs 
(Hirsch et al., 2000; Pahapill and Lozano, 2000; Berardelli 
et al., 2001), the pivotal position of the supplementary 
motor area (SMA) between the prefrontal and motor cor-
tical areas makes it probable that these structures play an 
essential role, particularly in the origin of bradykinesia, in 
the pathophysiology of PD.

The 2-deoxyglucose (2-DG) metabolic mapping tech-
nique has been applied to identify changes in neuronal met-
abolic activity that occur before and after the appearance of 
parkinsonian motor abnormalities, in the MPTP model that 
recapitulates the progression of the disease (Mitchell et al., 
1989; Bezard et al., 2001a). 2-DG levels were assessed in 
the whole basal ganglia, the motor thalamic nuclei, and the 
SMA (Alexander and Crutcher, 1990; DeLong, 1990). It 
was shown that decreased metabolic rate in the SMA only 
appears when MPTP-treated monkeys become fully parkin-
sonian (Bezard et al., 2001a). These changes occur after the 
early changes in the electrophysiological activity described 
above. Therefore, neural activity in SMA is normal in 
presymptomatic animals but decreased in parkinsonian 
monkeys (Escola et al., 2003). The decrease in metabolic 
activity in SMA accompanying motor symptoms of fully 
parkinsonian animals was similar to that reported in previ-
ous in vivo and ex vivo functional imaging studies in PD 
patients (Palombo et al., 1990; Jenkins et al., 1992; Rascol 
et al., 1992; Playford et al., 1993; Eidelberg et al., 1995; 
Rascol et al., 1998). Altogether these observations suggest 
that PD symptoms are closely linked to changes in SMA 
activity. In itself, overactivity of basal ganglia outputs does 
not necessarily lead to the generation of symptoms while 
impairment of SMA metabolic activity does. It thus appears 
that compensatory mechanisms outside the basal ganglia 
exist to prevent the appearance of symptoms even though 
the basal ganglia are in a parkinsonian-like state.
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Other territories could be implicated in the phenom-
enon of recovery and, furthermore, in the compensatory 
mechanisms in early phases of PD, as well. The parafas-
cicular–centromedian complex of the thalamus (Orieux 
et al., 2000) and the pedunculopontine nucleus (PPN) in 
the brainstem (Pahapill and Lozano, 2000) are known to 
be hyperactive in the 6-OHDA rat model, (Orieux et al., 
2000), while the motor cortex projection is hypoactive 
(Orieux et al., 2002). However, how hyperactivity ensues 
in these motor-related glutamatergic nuclei associated with 
STN is not understood (Hirsch et al., 2000; Obeso et al., 
2000; Vila et al., 2000). If the PD process begins with the 
loss of DA cells in the SNc, as is the case in the animal 
models induced by neurotoxins, it appears likely that the 
glutamatergic hyperactivity would arise as a direct conse-
quence of reduced DA input. In this regard, there is now 
considerable evidence indicating that DA exerts a modu-
latory effect upon STN activity, and therefore it can be 
assumed that the effect of DA drugs is not limited to the 
striatum. One should not forget that degeneration in PD is 
multisystemic and affects among many other nuclei, the 
thalamus (Henderson, 2000; Jellinger, 1999). Therefore, 
we could not rule out this widespread lesioning as one of 
the many important factors that may counteract the defects 
associated with the DA denervation.

Finally, regarding the thalamo-cortical compensation 
mechanism, it has been suggested that the major dysfunc-
tion after DA depletion at the early stages of PD could 
be the loss of functional segregation within cortico-basal 
ganglia circuits. This dysfunction appears to affect only 
the pallidal-nigral thalamus in the asymptomatic state, and 
to extend to the cerebellar thalamus coinciding with the 
appearance of PD motor features (Pessiglione et al., 2005). 
As the DA depletion becomes more severe, motor deficits 
characteristic of parkinsonism may be superimposed upon 
pre-existing executive deficits (Schneider and Kovelowski, 
1990; Schneider and Pope-Coleman, 1995). In this context, 
the loss of functional segregation may first induce inter-
ferences within the motor or associative circuit and then 
between motor and cognitive areas.

VI.  Dopamine compensation 
reappraised

Until recently, compensatory mechanisms associated with 
recovery from PD motor symptoms were thought to result 
principally from the adaptive properties of DA neurons 
(Zigmond, 1997). Studies on MPTP monkeys with motor 
features of varying degrees of severity have shown that a 
limited DA loss can, in fact, be counterbalanced by an 
increase in DA release from the remaining fibers. “Passive 
stabilization” of the DA system may thus represents an 
active mechanism that maintains DA homeostasis with den-
ervation (Garris et al., 1997; Bezard et al., 2000; Bergstrom 
and Garris, 2003) and contribute to presynaptic DA com-
pensation. Also, a large body of evidence suggests that 
presynaptic DA-mediated compensation delays the appear-
ance of parkinsonian symptoms with moderate nigrostriatal 
damage. This increased DA release from spared DA ter-
minals could help to maintain DA homeostasis at the early 
stages of neuronal degeneration. With further degenerative 
changes, the continued loss of DA nerve terminal integrity 
may no longer support increased DA function (Pifl and 
Hornykiewicz, 2006; Perez et al., 2008).

The question thus remains: what compensates for DA 
degeneration? Our lack of understanding of the compensa-
tion process itself may have been hampered because of a 
widely held belief in concepts for which solid support was 
not available, that is:

l	 the late appearance of parkinsonian motor features is 
due to failure of compensatory mechanisms thought to 
reside solely within the nigrostriatal pathway; and

l	 the appearance of parkinsonian signs closely reflects 
the breakdown of the striatal DA homeostasis,  
i.e., the failure of the above-mentioned DA compensa-
tory mechanisms.

These views imply an intimate and causative relation-
ship between the breakdown of the striatal DA homeo-
stasis, changes in striatal activity (as well as in the other 
components of the basal ganglia) and the appearance of 
motor abnormalities.

Until now, it has proved difficult to ascertain the true 
nature of these relationships on the basis of changes in 
neurotransmission, DA or otherwise, observed in PD. DA 
depletion alters expression of multiple neurotransmitters, 
particularly the serotonergic system as recently suggested 
(Mounayar et al., 2007), neuropeptides and receptors pres-
ent in the different compartments of the striato-pallidal and 
striato-nigral output pathways (see also Chapters 28 and 
36). A combination of pre- and postsynaptic compensatory 
mechanisms most likely accounts for the delayed develop-
ment of the motor symptoms characteristic of PD.

Consequently, it is reasonable to assume that the dis-
ease process and aging in DA and non-DA structures 
involve a biologic interaction. Thus, studies about the 
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pathogenic abnormalities implicated in PD should further 
account not only for the relative selectivity of the disease 
process to the SN, but also for the widespread involvement 
of the whole brain in late clinical stages of the disease.

VII.  Conclusions – compensation vs. 
sensing dopamine depletion

Consensus arises for stating that compensation is multi-
factorial, involving several neuromodulators and neuro-
transmitter systems as well as occurring at several levels of 
the cortio-basal ganglia-thalamo-cortical loop. Considering 
compensation only under the angle of the nigrostriatal 
pathway is clearly not sufficient, although its paramount 
importance is recognized. As a last example, we would like 
to emphasize the marked plasticity of the SNc itself. Taking 
advantage of the progressive non-human primate model, 
we monitored transcriptional fluctuations in the SN using 
affymetrix microarrays in control (normal), saline-treated 
(normal), 6 day-treated (asymptomatic with 20% cell loss), 
12 day-treated (asymptomatic with 40% cell loss) and 25 
day-treated animals (fully parkinsonian with 85% cell loss) 
(Bassilana et al., 2005). Surprisingly, different profiles of 
gene regulation were defined using a hierarchical cluster-
ing algorithm. Such profiles are likely to represent activa-
tion/deactivation of mechanisms of different nature. The 
main conclusion of this work was the demonstration of (i) 
the existence of yet unknown compensatory mechanisms 
within the SN itself in the course of the degeneration; (ii) 
the putative triggering of a developmental program in the 
mature brain in reaction to progressing degeneration and 
finally; (iii) the activation of mechanisms leading eventu-
ally to death in final stage (Bassilana et al., 2005). Thus, 
the SN itself is undergoing plastic, likely compensatory 
changes in the course of the degenerative process.

We would, however, like to conclude on a more con-
ceptual note. Most, if not all previous studies on compen-
sation have related changes in given markers, whatever 
the marker is, and a given level of nigrostriatal degenera-
tion. The compensatory nature of these changes is merely 
hypothetical as almost none of them have been causally 
demonstrated as being compensatory. To do so, one should 
block or enhance the hypothesized mechanism resulting 
into worsening/appearance of motor symptoms or reduc-
tion/masking of those symptoms, respectively. While the 
true compensatory nature of the glutamatergic inputs of 
the SNc was shown by blocking glutamatergic activity and 
revealing parkinsonian features earlier in the intoxication 
process (Bezard et al., 1997b), similar approaches have not 
been formally undertaken for other markers/parameters. It 
is even possible that most of these “compensatory mecha-
nisms” are not compensatory but simply represent the con-
sequences of DA depletion or the network dysfunction. 
Manipulating these would thus bring new knowledge on 
the compensatory mechanisms at work. What is critically 
needed now is to reappraise the compensatory nature of the 
number of hypothesized mechanisms by formally testing 
the impact of their modulation upon symptom appearance 
or severity. Such a step constitutes the missing link before 
embarking on developing new strategies aiming at promot-
ing compensatory mechanisms in a therapeutically relevant 
manner for PD patients.
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I.  Introduction: Parkinson’s Disease 
– Prevalence, Symptoms and Therapy

Parkinson’s disease (PD) affects tens of millions of people 
worldwide, and the prevalence and associated socioeco-
nomic burden of PD are set to rise as the elderly population 
continues to grow (Van Den Eeden et al., 2003). The motor 
symptoms of the disease include poverty and slowness of 
movement (akinesia and bradykinesia, respectively), mus-
cle rigidity, tremor at rest and postural instability (see also 
Chapter 34). The core, but not exclusive, pathology of PD 
is degeneration of the dopamine neurons in the midbrain 
and the resulting depletion of striatal dopamine. The stria-
tum is the major input stage of the basal ganglia, receiving 
input from the cerebral cortex and thalamus, and projecting 
directly and indirectly to the output stages of the basal gan-
glia – the internal segment of the globus pallidus (GPi) and 
the substantia nigra pars reticulata (SNr) (see Chapter 1).
The dopamine precursor l-DOPA remains the gold 
standard for the treatment of PD. However, long-term use 
of l-DOPA (over 5 to 10 years in most patients) is asso-
ciated with the development of motor complications (e.g., 
dyskinesia) (see also Chapters 36 and 37). As a result, the 
last decade has seen a resurgence of interest in functional 
neurosurgery – in particular, high-frequency stimulation 
of the subthalamic nucleus (STN) or the GPi (Benabid  
et al., 2006) (see Chapter 39). These procedures are grou
ped herein as deep brain stimulation, DBS procedures. The 
multi-stage therapy of PD, from dopamine replacement 
methods to modulation of the activity of the basal ganglia 
structures using DBS, reinstates interest in identifying the 
critical features of abnormal basal ganglia activity that fol-
low striatal dopamine depletion and lead to the symptoms 
of PD (Rivlin-Etzion et al., 2006; Hammond et al., 2007). 
In this chapter we will summarize the main physiologi-
cal findings in the MPTP primate model of PD (see also 
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Chapter 34), and compare them to the recent physiological 
findings in human patients.

II.  Anatomical and Physiological 
Organization of the Basal Ganglia

The operation of the basal ganglia-cortical network in 
health and disease is heavily determined by its network 
(connectivity) and cellular properties. The striatum is the 
main input nucleus of the basal ganglia (see Chapter 1). It 
receives glutamatergic input from all functional subdivi-
sions of the cortex and from several thalamic nuclei. This 
information is processed by a striatal network composed of 
about 5% interneurons (GABAergic and cholinergic) (see 
Chapters 7 and 8) and about 95% GABAergic projection 
neurons, the medium spiny neurons (MSNs) (see Chapter 
5). The MSNs provide the sole striatal output, thus the stri-
atal network can be modelled as a one-layer network. The 
efficacy of cortico-striatal transmission (e.g., the gain of 
information transfer from the cortex to the projection neu-
rons of the striatum) is modulated mainly by the dopamin-
ergic and cholinergic systems (Wickens, 2008) (see also 
Chapter 6). Nevertheless, other neurotransmitters and 
modulators [e.g., 5-HT, adenosine (see Chapter 11) and 
endocannabinoids (see Chapter 9)] affect cortico-striatal 
efficacy as well. The high level of striatal plasticity ena-
bles the basal ganglia network to play a major role in rein-
forcement, procedural or implicit learning (Schultz et al., 
1997; Sutton and Barto, 1998). The striatal network is fur-
ther characterized by feed-forward, feed-back and lateral 
GABAergic inhibitions generated by fast spiking GABA 
interneurons (see Chapter 8) and the MSN axon collaterals 
(Wilson, 2007; Tepper et al., 2007) (see Chapter 5). The 
consequence of this organization and of the cellular prop-
erties of striatal neurons is that MSNs seldom fire during 
period of rest. Action potential discharge of MSNs occurs 
probably only in response to synchronized activity in many 
converging cortico-striatal and/or thalamo-striatal afferents 
(Bennett and Wilson, 2000) (see Chapter 19). This has led 
to the suggestion that MSNs shape their input-output rela-
tionship by triple Hebbian learning rules, according to the 
precise synchronization of the discharge of the cortical and 
thalamic inputs, the striatal postsynaptic neurons and the 
striatal neuromodulators (Arbuthnott and Wickens, 2007).

The subthalamic nucleus (STN) is the second input 
nuclei of the basal ganglia (see Chapter 15) STN neurons 
are the only glutamatergic neurons in the basal ganglia 
network. They receive direct projections from the cortex 
(termed as the hyper-direct pathway (Nambu et al., 2002). 
However, their cortical input is more limited than that of 
the striatum and comes mainly from somato-motor cortical 
areas. The number of neurons in the STN is much smaller 
than in the striatum. However, in contrast to the very low 
spontaneous discharge rate of the striatum, STN neurons 
exhibit a tonic discharge rate of 20–30 spikes/s in the nor-
mal condition (Wichmann et al., 1994). The STN and the 
striatum thus provide a balanced excitation and inhibition 
of the subsequent stations of the basal ganglia – the exter-
nal segment of the globus pallidus (GPe) (see Chapter 13) 
and the output nuclei of the basal ganglia – GPi and SNr.

The anatomy and physiology of striatal and STN neu-
rons stands in contrast to that of neurons in GPe, GPi and 
SNr. All striatal and STN neurons project to the GPe. In 
addition, a significant fraction of striatal neurons (those 
with D1 dopamine receptors and substance P as co-
transmitter; see Chapter 1) as well as all STN and GPe 
neurons project to GPi and SNr. Each of these three struc-
tures (GPe, GPi and SNr) is composed of a homogenous 
population of GABA output neurons. The long dendrites 
of these neurons are densely covered with synaptic bou-
tons. The majority of these boutons represent striato- 
pallidal GABAergic terminals and the rest are mainly 
STN glutamatergic terminals. Most of the GPe, GPi and 
SNr neurons are characterized by their spontaneous high- 
frequency (50–80 spikes/s) discharge (HFD) rate. The 
high-frequency discharge of many of the GPe neurons, but 
not the GPi and SNr neurons, is also interrupted by spon-
taneous and uncorrelated long intervals of total silence or 
pauses (Elias et al., 2007).

III.  The MPTP Primate Model of 
Parkinson’s Disease

Early animal models of PD were based on lesions of mid-
brain areas in monkeys. These anatomical lesions mainly 
produced rigidity, but only rarely resulted in a spontane-
ous sustained tremor. More modern animal models of PD 
have shifted from anatomical to chemical lesions. Early 
chemical (e.g., the 6-hydroxydopamine rodent) models 
of PD were limited to dopaminergic damage. These mod-
els mainly reproduced PD akinesia; however, rigidity and 
tremor were seldom observed in these rodent models. 
The primate 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrid-
ine (MPTP) model of PD (see Chapter 34) better mimics 
the broad clinical and the pathological picture of human 
PD. Most monkeys treated with MPTP exhibit mainly the 
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akinetic-rigid symptoms of PD; low-frequency (4–7 Hz) 
resting tremor is not readily replicated in MPTP-treated 
macaque monkeys. Nevertheless, some species, notably the 
vervet (African green) monkey, often develop a prominent 
low-frequency tremor following MPTP injections, whereas 
Macaques usually develop short intermittent episodes of 
high (10–12 Hz) tremor. Unlike human PD patients, the 
tremor of both species seem to be more action/postural and 
of axial rather than distal distribution. Dopamine replace-
ment therapy (DRT) is very effective for both vervet and 
macaque monkeys following MPTP treatment, and as in 
human PD, DRT often leads to dyskinesia. Finally, post-
mortem examination of the brains of MPTP-treated pri-
mates reveals that the primary damage is indeed to the 
dopaminergic system. However, as in human PD, other 
neuromodulators are also affected.

IV.  Excessive Synchrony and 
Oscillations in Parkinson’s Disease

A.  Results from Animal Models

Monkeys treated with the neurotoxin MPTP show an 
increase in the fraction of basal ganglia neurons that dis-
charge in bursts (Bergman et al., 1998) (see also Chapter 
25). These bursts are either irregular or oscillatory and 
have been found in the striatum (cholinergic tonically 
active interneurons, TANs), STN, GPe, GPi and SNr. In 
most cases the bursts tend to follow higher harmonics of 
the tremor frequency. The average frequency of tremor in 
the MPTP treated vervet monkey is 5 Hz (Heimer et al., 
2002), and the majority of GPi neurons oscillate at 10 Hz, 
while oscillations of STN neurons are at 15 Hz (Bergman 
et al., 1994). Both STN inactivation and dopamine replace-
ment therapy significantly ameliorate the MPTP tremor 
and other motor PD symptoms and reduce 8–20 Hz oscil-
lations in GPi, suggesting a critical role for oscillations in 
this frequency band in the patho-physiology of PD symp-
toms. Finally, basal ganglia oscillations are also seen in 
non-tremulous animals. Thus, the correlation between the 
neural oscillations and the tremor does not imply sim-
ple causal relations. Basal ganglia oscillation can reflect 
peripheral feedback to central nervous system, and the 
high-frequency oscillations seems to be correlated more 
with the PD akinetic rigid symptoms rather than with the 
tremor phenomena.

Physiological studies of simultaneously recorded neu-
rons in the pallidum demonstrate that their oscillatory 
bursts are also often synchronized after MPTP treatment 
(Raz et al., 2000). This is also the case among striatal cho-
linergic tonically active interneurons (TANs) and between 
TANs and pallidal neurons in MPTP-treated monkeys. In 
most cases, the maximal power of the synchronous oscil-
lations was found to be at 10 Hz (i.e., at double the tremor 
frequency). As in the studies of oscillations in single 
neurons, the abnormal pallidal oscillatory synchroniza-
tion between neurons decreases in response to dopamine 
replacement therapy.

Synchronicity in the nervous system is commonly seen 
among oscillating units, and therefore might be assumed 
to share the same pathophysiological mechanisms. Indeed, 
many experimental and theoretical studies have revealed 
that increased neuronal coupling can lead to synchronous 
oscillations. However, mechanisms like subthreshold 
cellular resonance phenomena and increased inhibitory 
coupling may differentially contribute to synchroniza-
tion and oscillation, and it is of note that non-oscillatory 
synchronization has been found to coexist with oscilla-
tory synchronization in the basal ganglia of MPTP treated 
monkeys. Thus synchronization and oscillation may occur  
together or separately within the dopamine depleted basal 
ganglia, likely reflecting biases in a variety of pathophysi-
ological mechanisms in the dopamine-depleted parkinso-
nian state.

The studies of pair-wise correlations between neurons 
discussed above might actually tend to underestimate the 
extent of synchrony present in the neuronal population as a 
whole. Even weak pair-wise correlation can imply a highly 
synchronized network state (Schneidman et al., 2006). 
Indeed, studies of local field potential (LFP) activity in 
the basal ganglia are in agreement with this conclusion. 
Studies of LFP and spiking activity in the cortex and the 
basal ganglia concluded that, in the parkinsonian condition, 
cortex–basal ganglia networks are more tightly related to 
global modes of brain dynamics that are echoed by the cor-
tex and basal ganglia LFP. Chronic and acute dopaminer-
gic denervation in the rodent leads to excessive oscillatory 
activity in basal ganglia LFPs that can be suppressed by 
DRT. Interestingly, the frequency of synchronization tends 
to be slightly higher in the parkinsonian rodent (Mallet et 
al., 2008) than in the MPTP-treated primate and similar to 
that seen in LFP studies of patients with PD. Whether this 
relates to real biological (e.g., species) or methodological 
differences (e.g., a bias introduced by different measures 
of synchrony, or high pass filtering of the LFP) remains to 
be established.
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B.  Observations in Human Patients

Surgical treatment for advanced PD in human patients 
includes DBS of the STN or GPi, which has proven to 
be safe and beneficial over time (see Chapter 39). During 
surgery for implanting a DBS macro-electrode, microelec-
trode recording is often utilized to verify localization of the 
implanted electrode in the target nucleus. These recordings 
can be used for physiological studies of the neural proper-
ties in the human disease condition.

Several groups looking at data from human PD patients 
have reported a broad range of abnormal oscillations, such 
as the low-frequency (4–8 Hz) tremor-related ones, the 
alpha (8–13 Hz), beta (15–30 Hz), gamma (30–100 Hz) and 
even at higher frequency bands (Hammond et al., 2007; 
Chen et al., 2007; Foffani et al., 2003; Weinberger et al., 
2009). Further support for a relationship between these 
oscillations and the pathological state comes from stud-
ies showing a reduction in the amplitude of these oscilla-
tions in conjunction with reduced tremor scores following 
pharmacological intervention and active movement of the 
limbs (Amirnovin et al., 2004). Our recent study of STN 
activity in human patients revealed two groups of oscillat-
ing units. The first group oscillated at the tremor frequency 
(5 Hz) and the second group oscillated at 15 Hz. Only the 
higher frequency group was synchronized with the STN 
background activity (Moran et al., 2008).

In some treatment centers, LFPs are more readily 
recorded from the basal ganglia of PD patients than the 
activity of single neurons because the former recordings 
can also be made in the interval between surgical implanta-
tion of the STN or GPi and connection of the DBS macro-
electrodes to a subcutaneous stimulator a few days later 
(Brown and Eusebio, 2008). LFP recordings in patients 
withdrawn from their anti-parkinsonian medication have 
consistently revealed prominent beta oscillations of 8 to 
30 Hz. Like the pathological synchronization in animal 
models of PD, the oscillatory LFP activity in the beta band 
in PD patients is suppressed by treatment with dopaminer-
gic drugs and this suppression is correlated with clinical 
improvement (Hammond et al., 2007).

V.  How Might Excessive Synchrony 
Impair Basal Ganglia Processing?

Information theory studies reveal that the information 
encoded by the simultaneous activity of neurons can be 
independent, redundant or synergistic (Schneidman et al., 
2003). These activity modes are related to the level of 
pair-wise correlations between the neuronal elements of 
the network. Usually, we can assume that a correlated net-
work is redundant. In that case, the information encoded 
by the neuronal population will be smaller than the sum 
of information encoded by its single elements.

Neuronal networks consist of millions of weakly cou-
pled elements (neurons), with a rich plethora of recipro-
cal, feed-forward and feedback connections. Any physical 
system with such an architecture faces a huge tendency to 
synchronize. It is therefore not surprising that synchrony 
of neural networks characterizes many disease states (e.g., 
epilepsy). Indeed, our previous theoretical models have 
suggested that the computational goal of the basal ganglia 
networks is to maximize the representation of the cortical 
information by using decorrelation mechanisms controlled 
by dopamine reinforcement signals (Bar-Gad et al., 2003). 
We therefore suggest that the consequence of striatal dopa-
mine depletion is the loss of basal ganglia-independent 
activity and the development of synchronization between 
neurons as well as synchronous oscillations. As in many 
physical systems the neuronal synchronization phenome-
non can be the result of phase transition. Accordingly, the 
amount of synchronization in the network might not be a 
linear function of the striatal dopamine level, and at some 
critical point, the number of synchronous neurons in the 
basal ganglia network can increase exponentially.

A growing amount of evidence suggests that there is 
no direct coupling between the basal ganglia synchronous 
oscillations and PD tremor, or other symptoms (see also 
Chapter 25). Several studies have reported that basal gan-
glia oscillations appear after the development of the PD 
symptoms (Leblois et al., 2007). Similarly, synchronous 
oscillations are not always detected in the basal ganglia of 
MPTP-treated monkeys. Finally, basal ganglia oscillations 
might be evoked by the peripheral tremor and the affer-
ent information from the muscles to the central nervous 
system (Rivlin-Etzion et al., 2006). Another confound-
ing property is the difference in oscillation frequencies 
encountered at different parts of the system (5 Hz in the 
peripheral tremor, 5 and 10 Hz in the cortex and the GPi, 
and 5 and 15 Hz in the STN). We therefore suggest that 
the PD symptoms and the basal ganglia oscillations reflect 
a complex, non-linear feed-forward, lateral and feed-back 
system. Such a system could produce the 5 Hz peripheral 
tremor out of the GPi 10 Hz and the STN 15 Hz oscillatory 
activity. As shown in Figure 38.1, 5 Hz oscillations could 
be the result of merging of 10 and 15 Hz oscillations.  
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This merging of the 10 and the 15 Hz oscillations may drive 
down-stream neural activity at their common mode – 5 Hz 
rhythm (Fig. 38.1).

VI.  Conclusions and Future 
Directions

There is an accumulation of data linking excessive syn-
chrony at low frequencies in basal ganglia-thalamo-cortical 
loops to impaired motor processing in PD. Whether synch
ronization is an epiphenomenon or truly pathogenic in PD 
(Eusebio and Brown, 2009), it provides a clear biological 
marker for the disease process. Recent studies indicate 
the differential roles or correlates of the distinctive bands 
of oscillatory activity in the pathogenesis of PD (Eusebio 
and Brown, 2009; Kuhn et al., 2009). We therefore suggest 
that that amelioration of specific domains of basal ganglia- 
cortical synchronized oscillatory activity could form the 
basis for future closed-loop stimulation regimes (Tass, 
2003; Feng et al., 2007a; Feng et al., 2007b) for human PD 
patients.
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I.  Introduction

Ablative procedures, such as thalamotomy and pallidot-
omy for the treatment of Parkinson’s disease, were com-
monplace in the 1950s and 1960s. However, treatment 
for patients with Parkinson’s disease radically changed 
with the introduction of l-DOPA therapy in the 1960s.  
l-DOPA therapy was rapidly adopted by patients and 
physicians, and the use of stereotactic surgery decreased 
greatly. Subsequently, it became clear, however that  
l-DOPA and related drugs frequently induce long-term 
side effects, such as drug-induced involuntary movements, 
motor fluctuations, and non-motor complications, which 
limit the usefulness of these drug therapies, especially in 
patients with advanced Parkinson’s disease. The need for 
novel treatments led to renewed interest in neurosurgical 
approaches. Initially, neurosurgeons revisited the use of 
ablative functional surgeries (such as pallidotomy), but, 
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over the past decade deep-brain stimulation (DBS) has 
emerged as the treatment of choice, because of its revers-
ibility, adjustability, and less invasive nature.

DBS was introduced as treatment for patients with 
tremor and Parkinson’s disease in the 1990s. Since then, 
DBS has been successively extended to other movement 
disorders, such as dystonia. Based on the success of DBS 
for movement disorders, the use of this therapy has now 
been extended to neuropsychiatric conditions, including 
Tourette’s syndrome (TS), obsessive compulsive disorder 
(OCD), and treatment-refractory depression (TRD). All of 
these conditions are associated with disturbances in basal 
ganglia function. In this chapter we will briefly review 
the functional organization and general pathophysiology 
of basal ganglia disorders, discuss the concept of “circuit 
disorders” involving the basal ganglia, and then review the 
use and rationale of DBS for these conditions. This review 
will not discuss the numerous other disorders for which 
659



Handbook of Basal Ganglia Structure and Function660
DBS is currently being investigated (e.g., epilepsy, pain, 
cluster headaches, obesity, brain injury and minimally con-
scious states), which involve structures outside of the basal 
ganglia circuitry.

II.  Basal Ganglia-Thalamocortical 
Circuits

A.  Circuit Anatomy

Anatomically, the basal ganglia are components of a fam-
ily of parallel re-entrant largely closed cortical-subcortical  
circuits, in which information is sent from individual 
cortical areas to the basal ganglia, processed, and then 
returned to the respective frontal lobe target via the tha-
lamus (Alexander et al., 1986; Alexander and Crutcher, 
1990; Alexander et al., 1990; Parent and Hazrati, 1995; 
Middleton and Strick, 2000) (see Chapter 1). The different 
circuits share anatomical features, supporting the view that 
they may work as processing modules whose specific func-
tions are determined by the cortical regions they are cen-
tered upon. Based on the presumed function of the cortical 
region involved (Fig. 39.1), the circuits are commonly des-
ignated as “motor,” “oculomotor,” “prefrontal,” (or “asso-
ciative”) and “limbic” (Alexander et al., 1986; Alexander 
and Crutcher, 1990; Alexander et al., 1990; Parent, 1990; 
Haber et al., 1995). Each of these broad divisions is com-
prised of numerous subcircuits, centered on identified cor-
tical sub-regions of the larger circuits. Abnormal neuronal 
activities within specific circuits may lead to signs and 
symptoms that differ, depending on the circuit involved 
and the nature of the change within the given circuit.

In addition to participating in the cortex-basal ganglia-
thalamocortical loops, the basal ganglia also send direct 
projections to brainstem areas, such as the superior collicu-
lus and the pedunculopontine nucleus (PPN). These projec-
tions are discussed below.

The anatomical segregation of the basal ganglia circuits 
is exploited in focal neurosurgical interventions, such as 
DBS, which is aimed at modulating brain activity patterns 
in a highly circumscribed manner within a specific circuit 
or portions thereof, while leaving the activity in the other 
circuits or sub-circuits unchanged.

Parkinson’s disease and most other hypo- and hyperki-
netic movement disorders, result from disturbances in the 
“motor” circuit, which takes origin in pre- and post-cen-
tral sensorimotor areas, including the primary motor cortex 
(M1), the supplementary motor area (SMA), the premotor  
cortex (PMC), the cingulate motor area (CMA), and related 
post-central sensory cortical areas. Output from these cor-
tical areas is conveyed through the circuit by virtue of top-
ographic connections between specific “motor” portions 
in each of the basal ganglia structures and thalamus. By 
contrast with movement disorders, the majority of neuro-
psychiatric disorders amenable to DBS result from distur-
bances within the limbic circuit, which takes origin from 
limbic cortices, including the anterior cingulate and medial 
orbitofrontal cortices and project to the ventral striatum 
(VS), which includes the nucleus accumbens.

B.  Basal Ganglia Anatomy and Circuitry

In the following we summarize the major features of the 
cortico-basal ganglia- thalamocortical circuits, as cov-
ered in detail in Chapter 1. The striatum and subthalamic 
nucleus (STN) are the main entry points for cortical and 
thalamic inputs to the basal ganglia, while the internal 
segment of the globus pallidus (GPi) and the substantia 
nigra pars reticulata (SNr) provide basal ganglia output 
to the thalamus and brainstem. The striatum is linked to 
the output structures via two distinct pathways, the so-
called “direct” and “indirect” striato-pallidal pathways 

FIGURE 39.1  “Motor” and “limbic” cortex-basal ganglia-thalamo-
cortical circuits. The targets of current DBS treatments are labeled with 
asterisks (*). Abbreviations: ACA, anterior cingulate area; M1, primary 
motor cortex; MD, mediodorsal nucleus of thalamus; MOFC, medial 
orbitofrontal cortex; VApc, ventral anterior nucleus of thalamus, pars 
parvocellularis; VAmc, ventral anterior nucleus of thalamus, pars mag-
nocellularis; VLm, ventrolateral nucleus of thalamus, pars medialis; 
VLo, ventrolateral nucleus of thalamus, pars oralis. See text for other 
abbreviations.
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(Fig. 39.1). The direct pathway arises from sets of striatal 
medium spiny neurons (MSNs) that project monosyn-
aptically to neurons in GPi and SNr. These neurons also 
contain the neuropeptides substance P and dynorphin, and 
preferentially express D1 dopamine receptors. The indirect 
pathway arises from a separate set of striatal MSNs, which 
project to the external segment of the globus pallidus 
(GPe) (Shink et al., 1996; Smith et al., 1998). The striatal 
neurons that give rise to the indirect pathway preferentially 
express enkephalin and D2 dopamine receptors (Gerfen  
et al., 1990). The level of separation between the two path-
ways remains a matter of debate, as single-cell labeling 
studies of striatal MSNs have shown that some MSNs send 
collaterals to both segments of the globus pallidus (Parent 
et al., 2000).

The STN (see also Chapter 15) is viewed as a key 
component of the indirect pathway, receiving major out-
put from the GPe and projecting to the GPi/SNr as well 
as back to the GPe (Fig. 39.1). As does the striatum, the 
STN receives segregated projections from motor, oculomo-
tor, associative and limbic cortical areas and from corre-
sponding functional divisions of the thalamic intralaminar 
nuclei (the centromedian [CM] and parafascicular nuclei 
[Pf]). The cortical projection to the STN, which arises 
from collaterals of corticobulbar and corticospinal fibers 
and the subsequent STN projections to the GPi/SNr, has 
been referred to as the “hyperdirect” pathway, in order to 
emphasize its potential importance as a faster route for 
cortical input to modulate the activity in the output nuclei 
of the basal ganglia.

The organization of cortical projections to the striatum 
and STN is maintained by highly topographic connec-
tions in the direct and indirect pathways. For instance, GPe 
neurons which receive functionally specific input from 
the striatum (thus giving rise to sensorimotor, associative 
or limbic territories within the nucleus), and populations 
of GPe neurons within these territories, are reciprocally 
connected with functionally similar neurons in the STN. 
Together with the segregated cortical inputs to the STN, 
these anatomical relationships define a dorsolateral motor 
region, a ventromedial associative region, and a rostrome-
dial limbic region in the STN. Neurons in each of these 
regions, in turn, innervate the corresponding functionally 
specific territories in GPi/SNr (Shink et al., 1996; Smith  
et al., 1998). Likewise, the direct pathway projections from 
the striatum to GPi/SNr are topographically arranged, in 
registry with the terminations of the indirect pathway in 
these territories.
C.  Basal Ganglia Output

The “motor” territories of GPi and SNr receive move-
ment-related inputs via the direct and indirect path-
ways and projects to the anterior part of the ventrolateral 
nucleus (VL) which then sends projections towards M1 
and the premotor areas (Schell and Strick, 1984; Hoover 
and Strick, 1993; Inase and Tanji, 1995). The more rostro-
medial associative areas of GPi project preferentially to 
the parvocellular part of the ventral anterior (VA) nucleus 
and the dorsal VL (DeVito and Anderson, 1982; Sidibe 
et al., 1997). These thalamic areas are preferentially con-
nected to prefrontal cortex (Goldman-Rakic and Porrino, 
1985; Middleton and Strick, 1994). Collaterals from the 
pallido- and nigrofugal projections also reach the CM/Pf. 
The latter projections are part of a system of segregated 
basal ganglia-thalamostriatal feedback projections (Sidibe 
et al., 1997; Smith et al., 2004) (see Chapter 22). In pri-
mates, CM receives input from motor areas in GPi and SNr 
and projects to the motor portions of putamen and STN, 
whereas Pf inputs and output are related to associative and 
limbic territories of the basal ganglia (Smith and Parent, 
1986; Sadikot et al., 1992).

Basal ganglia output also reaches the PPN (see Harnois 
and Filion, 1982; Rye et al., 1988) which, in turn, gives 
rise to ascending projections to basal ganglia, thalamus 
and basal forebrain and to descending projections to pons, 
medulla and spinal cord (Inglis and Winn, 1995; Mena-
Segovia et al., 2004) (see Chapter 23). In addition, the 
SNr projects to the superior colliculus and may influence 
saccadic and head/neck orienting movements (Hikosaka, 
2007; Kaneda et al., 2008; Liu and Basso, 2008; May  
et al., 2009).

D.  Normal Functions of the Motor Circuit

The view that the anatomically and physiologically defined 
basal ganglia “motor” areas are involved in movement 
is strongly supported by electrophysiologic and meta-
bolic mapping studies in animals and functional imag-
ing data in humans (Grafton and DeLong, 1997; Turner 
et al., 1998; Eidelberg and Edwards, 2000; Ghilardi  
et al., 2000). According to the classic model of basal gan-
glia motor functions, activation of MSNs that give rise to 
the direct pathway reduces inhibitory basal ganglia out-
put from targeted neurons with subsequent disinhibition 
of related thalamocortical projection neurons. This may 
lead to increased activity in appropriate cortical neurons 
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and facilitation of the movement. By contrast, activation 
of MSNs that give rise to the indirect pathway would lead 
to increased (inhibitory) basal ganglia output onto tha-
lamocortical neurons, and to suppression of movement. 
The opposing actions of the direct and indirect pathways 
on GPi/SNr neurons have been interpreted in different 
ways. For instance, according to the “scaling” hypothesis, 
the balance between direct and indirect pathway activity 
would regulate the overall amount of movement, while 
according to the “focusing/action selection” hypothesis 
specific activation patterns (for instance, a center-surround 
type of activation involving direct and indirect pathways) 
would limit the extent or duration of ongoing movements. 
Activation of the indirect pathway has been proposed, by 
some, as inhibiting “unwanted” or competing movements 
(Albin et al., 1989; Mink and Thach, 1993; Gurney et al., 
2001; Nambu et al., 2004). However, although single cell 
recordings in behaving primates have revealed highly spe-
cific relations to movements of individual body parts and 
to specific parameters of movement, such as direction and 
amplitude/velocity of movement, there is little experimen-
tal support for a primary or critical role of the basal gan-
glia in the online-control of movement. The fact that the 
timing of changes in neuronal activity in the basal ganglia 
in relation to movement onset lags that in the cerebel-
lum and cortex in reaction time tasks (e.g., Mitchell et al., 
1987; Wichmann et al., 1994) and that lesions of the basal 
ganglia motor output (the sensorimotor territory of GPi) 
have little or no immediate or long-term effects on pos-
ture or movement initiation or execution in normal animals 
and improves movement in patients with Parkinson’s dis-
ease, argues against a prominent role of the motor circuit 
in on-line motor control. The available evidence would 
suggest that the motor circuit has more general functions 
in the control of movement, such as motor learning (Bar-
Gad and Bergman, 2001; Pisani et al., 2005; Doyon, 2008; 
Graybiel, 2008; Moustafa et al., 2008).

It may seem paradoxical to suggest that the basal gan-
glia do not normally participate in the initiation or execu-
tion of movement or in the control of posture, since 
disturbances in movement and posture are fundamental fea-
tures of Parkinson’s disease and other movement disorders 
involving the basal ganglia. It is, however, clear that neither 
lesions nor electrical stimulation of the sensorimotor por-
tion of GPi, the output nucleus of the motor circuit, have 
obvious effects on movement or posture or produces invol-
untary movements. The fact that disturbances of neuronal 
activity solely within the basal ganglia, such as focal lesions 
or inactivation of the STN (Hamada and DeLong, 1992), 
injection of the GABA-A receptor antagonist bicuculline 
into GPe (Grabli et al., 2004) and electrical stimulation of 
the primate putamen (Alexander and DeLong, 1985a,b) can 
produce involuntary movements, makes it clear that abnor-
mal activity in the basal ganglia can, however, generate 
movements in abnormal states, most often of a stereotyped 
or repetitive nature. These findings suggest that neuronal 
representations of learned or fixed behavioral patterns may 
be stored in the basal ganglia and released by cortical inputs 
or abnormal activation within the receiving areas of the 
basal ganglia. It is conceivable that disruption of the motor 
circuit’s involvement in normal motor learning contributes 
to the alterations of voluntary movement in these disorders 
(particularly dystonia), or that disordered basal ganglia 
output simply disrupts otherwise normal activity in thala-
mus and cortex (see below). The fact that pallidotomy and 
chronic GPi stimulation (DBS) restore normal movement 
and posture in these disorders (see below), while interrupt-
ing or overriding abnormal output is testimony to the fact 
that the basal ganglia are not necessary for online motor 
control.

In all models of basal ganglia function, the modulatory 
effects of dopamine on striatal transmission play a central 
role. Dopamine is released in the striatum from terminals 
of projections from the substantia nigra pars compacta 
(SNc) and regulates the activity of the basal ganglia output 
neurons in GPi and SNr by facilitating corticostriatal trans-
mission upon the direct pathway and inhibiting corticos-
triatal transmission upon medium spiny neurons that give 
rise to the indirect pathway (see Chapter 6). These oppos-
ing actions are likely mediated via D1 and D2 receptors 
(Gerfen, 1995; Wilson and Kawaguchi, 1996; Tseng et al., 
2001; Murer et al., 2002). The net effect of striatal dopa-
mine release appears to be to reduce basal ganglia output 
to the thalamus and other targets, and, according to the 
classic circuit model, thereby, to result in increased over-
all movement. Dopamine may also strongly influence dis-
charge patterns and rates throughout the basal ganglia, and 
may have a role in motor learning. Activation of dopamine 
receptors on MSNs has been shown to be involved in the 
induction of long-term potentiation and depression at glu-
tamatergic (presumably corticostriatal) synapses (Reynolds 
et al., 2001; Gerdeman et al., 2002; Calabresi et al., 2007; 
Kreitzer and Malenka, 2007; Singla et al., 2007; Tozzi  
et al., 2007; Shen et al., 2008) (see Chapter 12).
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III.  “Circuit Disorders” Involving 
the Basal Ganglia

It is clear that dysfunction within the “motor”, “oculo-
motor”, “limbic” and “associative” circuits may lead to a 
wide spectrum of motor and non-motor behavioral abnor-
malities. Although details of the circuit dysfunction have 
been characterized in considerable detail for movement 
disorders, such as Parkinson’s disease and dystonia, such 
details are largely lacking for neuropsychiatric conditions. 
We will focus in this section on two movement disorders, 
Parkinson’s disease and dystonia. Two other movement 
disorders, Huntington’s disease and hemiballismus, will be 
briefly discussed in the section on the use of DBS in move-
ment disorders.

A.  Parkinsonism

The cardinal motor features of Parkinson’s disease, i.e., the 
triad of akinesia/bradykinesia, tremor at rest and muscular 
rigidity, result from decreased dopaminergic transmission 
in the motor portions of the basal ganglia, in particular 
the putamen, due to progressive loss of innervation from 
dopaminergic neurons in the SNc. Other features of the 
disease such as depression, autonomic dysfunction, sleep 
disorders, cognitive impairment, and gait/balance problems 
appear to result from widespread progressive pathologic 
changes outside of the dopaminergic system, starting in the 
lower brainstem and ascending to the midbrain, amygdala, 
thalamus and cerebral cortex (Braak et al., 2003). We will 
focus here on those aspects of the disease that result from 
dopamine deficiency, since very little is known about the 
pathophysiology of the non-dopaminergic symptoms and 
signs. The study of parkinsonism-related changes in basal 
ganglia-thalamocortical circuits has been greatly facilitated 
by the availability of animal models of dopamine depletion, 
in which dopaminergic toxins such as 6-hydroxy-dopamine 
(6-OHDA) or 1-methyl-4 phenyl-1,2,3,6-tetrahydropyridine  
(MPTP) are used to produce permanent and selective loss 
of dopamine neurons (see also Chapter 34).

Early studies of MPTP-treated primates emphasized 
the importance of activity alterations in the striato-palli-
dal pathways. Such changes were suggested by studies of 
metabolic activity in the basal ganglia of MPTP treated 
primates (Crossman et al., 1985; Schwartzman and 
Alexander, 1985) which indicated increased synaptic activ-
ity in GPe and GPi. Subsequent microelectrode recording 
studies in MPTP-treated primates showed a reduction of 
neuronal discharge in GPe, and increased firing in STN, 
GPi and SNr (Miller and DeLong, 1987; Filion et al., 
1988; Bergman et al., 1994; Wichmann et al., 1999), and 
high neuronal discharge rates in GPi in most parkinso-
nian patients undergoing functional neurosurgical proce-
dures (Vitek et al., 1993; Dogali et al., 1994; Lozano et al., 
1996) (see Chapter 38). It is postulated that striatal dopa-
mine depletion leads to increased activity in striatal neu-
rons of the indirect pathway, resulting in inhibition of GPe, 
and subsequent disinhibition of STN and GPi/SNr. Local 
dopamine loss in the extrastriatal structures (specifically in 
STN, GPi and SNr) may play a role as well, specifically 
with regard to the emergence of abnormal firing patterns in 
these nuclei. It is likely that other structures and feedback 
loops, such as those involving the PPN and the CM con-
tribute to the abnormalities of discharge that are found in 
the basal ganglia output nuclei. For instance, it is believed 
that reduced or abnormal PPN activity contributes to aki-
nesia (Kojima et al., 1997; Munro-Davies et al., 1999; 
Kringelbach et al., 2007). In contrast to the parkinsonian 
state, dyskinesias are associated with decreased neuronal 
activity in the GPi in both the MPTP primate model and in 
patients undergoing microelectrode mapping during DBS 
surgery. This has led to the notion that dyskinesias result 
from the lowering of inhibition in the motor thalamus.

It is now widely believed that changes in discharge pat-
terns are of equal or greater importance than the aforemen-
tioned rate changes in GPi output (see Chapter 25), since 
lesions of the thalamus do not result in bradykinesia and 
since lesions of GPi do not result in dyskinesias. One of 
the most discussed changes in the basal ganglia of parkin-
sonian subjects is the development of neuronal oscillations 
(Gatev et al., 2006; Hammond et al., 2007). Abnormal 
oscillations have been identified in the activity of single 
neurons in GPi, SNr and STN in animals and patients, 
and, more recently, in recordings of local field potentials 
(LFPs) in patients which may reflect activities of more 
extensive networks of connections. The latter LFP record-
ings were made by using implanted DBS macro-electrodes 
as recording probes during the time immediately following 
the implantation surgery. Recordings in the STN and other 
basal ganglia areas with this method have demonstrated the 
presence of LFP oscillations in the 10–25 Hz (beta) range in 
STN, GPi and cortex in unmedicated PD patients. The stud-
ies have also shown that beta range oscillations give way 
to a more normal pattern of oscillations in the 60–80 Hz 
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(gamma) range when the patients are treated with l-DOPA 
or when the STN is stimulated at high frequencies (see 
below, and Brown and Williams, 2005; Hammond et al.,  
2007). The prominence of beta-band activity is apparent 
throughout the basal ganglia-thalamocortical circuitry. For 
example, the desynchronization of EEG oscillations that 
normally precedes movement was shown to be abnormally 
small in parkinsonian patients, perhaps interfering with the 
initiation of movement (Wang et al., 1999; Williams et al., 
2002; Klostermann et al., 2007).

Another parkinsonism-related abnormality in sponta-
neous discharge is the emergence of abnormal synchrony 
between neurons. Under physiologic conditions, basal 
ganglia activity is highly specific in its relation to move-
ment parameters and body part, and appears to be segre-
gated even at the cellular level, where neighboring neurons 
are rarely found to fire in synchrony (Wichmann et al., 
1994). In parkinsonism, this level of segregation is lost and 
the discharge of neighboring neurons is often found to be 
correlated and abnormally synchronized (Bergman et al., 
1994; Hammond et al., 2007).

Finally, the proportion of cells in STN, GPi and SNr 
which discharge in bursts (oscillatory or non-oscillatory) 
is greatly increased in parkinsonism (Miller and DeLong, 
1987; Filion and Tremblay, 1991; Bergman et al., 1994; 
Wichmann and DeLong, 2006; Hammond et al., 2007). 
Oscillatory burst discharge patterns are also seen in con-
junction with tremor, which may reflect tremor-related 
proprioceptive input or a more active participation of basal 
ganglia in the generation of tremor.

The relative importance of the different changes in basal 
ganglia activity for the development of the behavioral signs 
of parkinsonism is unclear. While bursty, synchronized 
oscillatory activity in the basal ganglia-thalamocortical cir-
cuits is associated with parkinsonism (Brown, 2003), direct 
links between oscillatory activity and specific parkinsonian 
deficits have not been established. In fact, recent stud-
ies in monkeys that underwent a gradual MPTP-treatment  
protocol that slowly induced parkinsonism have cast doubt 
on the notion that synchronous oscillatory firing contrib-
utes strongly to (early) parkinsonism (Leblois et al., 2007). 
In these single-neuron recording studies, synchrony and 
oscillations in neuronal spiking activity were detected 
only after the development of bradykinesia and akinesia. 
Similarly, recent rodent experiments have suggested that 
abnormal oscillations in the basal ganglia do not result 
simply from (acute) lack of dopaminergic stimulation, 
but may rather be due to the chronic absence of dopa-
mine (Degos et al., 2008; Mallet et al., 2008). Such ‘late’ 
changes could be related to anatomic alterations secondary 
to dopamine depletion, such as the loss of dendritic spines 
of MSNs (Chan et al., 2007; Peterson and Surmeier, 2007; 
Villalba et al., 2009) (see also Chapter 38).

B.  Dystonia

In patients with dystonia, normal movements are disrupted 
by co-contraction of agonist and antagonist muscles, and 
by excessive activation of inappropriate muscle groups 
(overflow), leading to abnormal movements and postures. 
Dystonias are classified as either primary, in which there are 
no other findings (other than tremor in some cases) or sec-
ondary, in which dystonia is a sequel to focal damage to the 
putamen, thalamus, cortex or cerebellum, exposure to neu-
roleptics (in the form of acute dystonic reactions or tardive 
dystonia), or other factors. Dystonia, as a neurologic sign, is 
often seen in the setting of other disorders such as Parkinson’s 
disease, Huntington’s disease, mitochondrial disorders, or 
metabolic disturbances. Dystonia can also be characterized as 
generalized, segmental, focal, or hemi-dystonia.

In adults, dystonia most commonly occurs in a focal 
manner, involving the neck (cervical dystonia), eyes (bleph-
arospasm), or vocal apparatus (spasmodic dysphonia). In 
children, generalized forms of dystonia are more common. 
The earliest manifestation of limb dystonia in the child-
hood primary (genetic) forms is often an “action dystonia”, 
occurring only with attempted voluntary movement such as 
in-turning of the foot with walking. At present, 18 dystonia-
related genes have been identified. One of the main forms of 
generalized dystonia in children and young adults, idiopathic 
torsion dystonia (DYT1), is caused by a genetic defect of the 
TOR1A gene on chromosome 9 (Ozelius et al., 1997).

While a number of animal models for DYT1 and other 
types of dystonia have been described, these models for the 
most part do not replicate the phenotype of the disease in a 
convincing manner (Raike et al., 2005). Consequently, lit-
tle is known about the brain abnormalities that underlie the 
dystonic phenotype. It seems clear, however, that dystonia 
is not a neurodegenerative disorder (such as Parkinson’s 
disease), but that the activity changes seen in dystonia are 
due to dysfunction secondary to abnormal biology, and are, 
thus, potentially correctable through pharmacological or 
neurosurgical treatments.

Dystonia is often associated with disturbances in dopa-
minergic transmission (Wichmann, 2008). For instance, 
dystonia may develop acutely in normal individuals treated 
with dopamine-receptor blocking agents, or appear after 
long-term treatment with these drugs (tardive dystonia).  
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In Parkinson’s disease patients, dystonia develops usually as 
the result of exposure to dopaminergic drugs, but, especially 
in young-onset cases, may appear early, independent of 
medications. Dystonia is also present in patients with famil-
ial dystonia and parkinsonian features who respond to treat-
ment with low-dose l-DOPA (DOPA-responsive dystonia, or 
DRD). Many of these patients suffer from genetic defects of 
tyrosine hydroxylase function that results in abnormal dopa-
mine synthesis (Ichinose et al., 1994; Ichinose and Nagatsu, 
1997; Nagatsu and Ichinose, 1997; Sato et al., 2008).

Evidence for altered dopamine metabolism was also 
found in human autopsy material from DYT1 patients 
(Augood et al., 2002), and recent studies in genetic mouse 
models of DYT1 dystonia have indicated that striatal dopa-
mine release (but not dopamine levels) may be altered 
(Balcioglu et al., 2007; Zhao et al., 2008). Electrophysiologic 
studies in mice overexpressing mutant torsinA (a model of 
DYT1), have indicated that the dopaminergic control of cho-
linergic and GABAergic transmission in the striatum may be 
affected in the disease, leading to a renewed interest in the 
cholinergic system in dystonia (Pisani et al., 2006; Pisani  
et al., 2007; Sciamanna et al., 2009).

Details of brain activity changes (including changes in 
the basal ganglia) in dystonia remain sketchy. Metabolic 
studies in primate models have suggested that dystonia 
may be associated with a reduction of activity along the 
putamen-GPe connection, and increased inhibition of STN 
and GPi by GPe efferents (Hantraye et al., 1990; Mitchell 
et al., 1990). An involvement of the direct and indirect 
pathways is also supported by pharmacologic studies, sug-
gesting that a relative increase in the activity of striatal 
neurons of the direct pathway over those that give rise to 
the indirect pathway contributes to dystonia (Casey, 1992; 
Gerlach and Hansen, 1997).

Positron emission tomography (PET) and single-cell 
recording studies in human patients with dystonia have also 
found changes in the direct/indirect pathway systems of 
the basal ganglia. Single-cell recording studies in patients 
undergoing functional neurosurgical treatments have found 
that discharge rates in GPe and GPi are low (Lenz et al., 
1998; Vitek et al., 1999; Vitek, 2002; Zhuang et al., 2004; 
Starr et al., 2005; Tang et al., 2007). At least with regard 
to the proposed overactivity of the (inhibitory) direct path-
way, these data are in line with the aforementioned animal 
studies. Oscillatory activity in the basal ganglia may also 
be involved in the pathophysiology of dystonia. Studies 
have shown the emergence of low-frequency oscillations 
in single-cell activities of neurons in the basal ganglia or 
thalamus (Lenz et al., 1999; Zhuang et al., 2004; Starr  
et al., 2005), and have found prominent 4–10 Hz activity 
in local field potential recordings from DBS electrodes in 
GPi (Silberstein et al., 2003; Chen et al., 2006).

Consistent with the concept that dystonia is a circuit 
disorder similar to Parkinson’s disease, there is substantial 
evidence for altered cortical functioning in dystonia, spe-
cifically from imaging and electrophysiologic studies that 
have used transcranial magnetic stimulation and other meth-
ods. For instance, PET studies in dystonic patients (Carbon 
et al., 2004; Asanuma et al., 2005) have demonstrated 
widespread changes in the activity of prefrontal areas 
(Karbe et al., 1992; Eidelberg et al., 1995; Galardi et al.,  
1996; Playford et al., 1998), specifically involving the 
SMA, anterior cingulate and dorsolateral prefrontal motor 
areas (Eidelberg et al., 1995; Galardi et al., 1996; Playford 
et al., 1998). In focal limb dystonia, abnormal somatotopic 
maps were demonstrated in M1 (Byrnes et al., 1998; Rona 
et al., 1998). In addition, intracortical excitability in motor 
areas may be increased (Deuschl et al., 1995; Kaji et al., 
1995; Ikeda et al., 1996; Hamano et al., 1999; Sommer  
et al., 2002). Patients with writer’s cramp were also shown 
to have an abnormally small degree of beta-band EEG 
desynchronization (Toro et al., 2000). Considerable evi-
dence now indicates a disturbance in motor learning and 
abnormal plasticity (Ghilardi et al., 2003; Sharma et al., 
2005; Byl, 2007; Breakefield et al., 2008; Doyon, 2008).

Sensory abnormalities may also play a role in dystonia. 
There is convincing evidence for reduced cortico-cortical  
inhibition in the sensory system (Ridding et al., 1995; 
Chen et al., 1997; Filipovic et al., 1997; Butefisch et al., 
2005), and increased and improperly modulated precen-
tral sensory evoked potentials (N30) (Reilly et al., 1992; 
Kanovsky et al., 1997; Berardelli et al., 1998; Hallett, 
1998; Kanovsky et al., 1999; Tinazzi et al., 1999; Murase 
et al., 2000). In addition, single cell recording and imaging 
studies have suggested altered somatotopic representation 
at the cortical (Byl et al., 1996; Bara-Jimenez et al., 1998; 
Elbert et al., 1998), putamen (Delmaire et al., 2005) and 
thalamic levels (Lenz and Byl, 1999; Lenz et al., 1999), 
although such changes were not seen in recent GPi record-
ing studies (Chang et al., 2007; Tang et al., 2007).

IV.  Deep-Brain Stimulation

A.  Historical Aspects

The use of DBS for movement disorders was pioneered in 
the 1980s by Benabid and others, who adapted the tech-
nology from the fields of pain and epilepsy and applied 
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it first to the thalamus for treatment of treatment-resistant  
essential and parkinsonian tremor. The STN was sub-
sequently targeted for Parkinson’s disease (Patel et al., 
2003; Alvarez et al., 2005), following the finding that STN 
lesions dramatically reversed the cardinal motor signs of 
Parkinsonism in the MPTP primate model (Bergman et al., 
1990; Aziz et al., 1991). Following decades of experience 
with pallidal lesioning as treatment for movement disor-
ders, GPi-DBS was also used for treatment of parkinsonism 
and, subsequently, dystonia. At the present time, the US 
Food and Drug Administration (FDA) has approved DBS 
only for use in patients with tremor or Parkinson’s dis-
ease. However, the application of DBS has been extended 
to dystonia through a Humanitarian Device Exemption, a 
limited form of approval for the use of devices in the treat-
ment of rare diseases that lack adequate conventional treat-
ments. DBS has now largely replaced ablation for nearly 
all neurologic and neuropsychiatric disorders.

B. Technical Aspects

DBS therapy delivers chronic focal stimulation to discrete 
targets within the brain in order to modulate neuronal cir-
cuits. The DBS system consists of an implantable electrode 
(i.e., four insulated wires which terminate in ring electrodes 
that are spaced 0.5–1.5 mm apart along the tip of the elec-
trode), and a small constant-voltage (or constant current) 
pulse generator which is also implanted subcutaneously, 
typically in the clavicular region, and can be telemetrically 
controlled. During the DBS lead implantation procedures, 
the electrode is stereotactically placed into the brain, under 
neuroimaging and varying degrees of electrophysiologic 
guidance. The extra-cranial portion of the electrode is con-
nected to the pulse generator by an extension wire that is 
subcutaneously tunneled and attached to the pulse gen-
erator. Subsequently, electrical stimulation is administered 
continuously, except for some patients with tremor who 
may turn off the stimulator at night in order to extend the 
life of the battery in the implanted pulse generator. Many 
patients require bilateral DBS leads; in these cases, inde-
pendent single-channel or a dual-channel stimulator may be 
implanted. Multi-site DBS lead implantations can be done 
during single surgical sessions or as staged procedures.

The stimulation system can be remotely (telemetri-
cally) programmed to provide a wide range of stimulation 
parameters, so that DBS can be optimized. Both mono- 
and bipolar stimulation may be delivered. For monopolar 
stimulation, i.e., the application of negative voltage steps 
to a single ring electrode, with reference to the pulse gen-
erator (ground) a relatively large area around the electrode 
is stimulated. Much smaller stimulation volumes can be 
accomplished by using bipolar stimulation, where the volt-
age step pulses are applied to one or more (–) electrode(s) 
and referenced to another () electrode. The electrodes 
chosen for either of these modes of stimulation can be 
freely chosen from among the four available electrodes. 
The electrical characteristics of the stimulation, such as 
the frequency, amplitude and duration of the voltage steps 
can be adjusted to optimize clinical benefit. Parameters of 
stimulation vary in various targets for different disorders, 
but typically pulses are delivered at 60–185 Hz, with less 
than 4 V, and pulse widths from 60 to 200 µs.

DBS treatment requires a dedicated DBS team with a 
strong commitment to team-work and to sharing of infor-
mation. One of the key functions of the team is to select 
appropriate patients to rule out comorbidities that would 
reduce the success rate of the procedure. Patients should be 
screened by a neurologist experienced in treating patients 
with movement disorders, a neuropsychologist, and a psy-
chiatrist, and undergo magnetic resonance imaging (MRI) 
of the brain before referral to the neurosurgeon. It is also 
critical for the success of a DBS program that the neurosur-
geon has sufficient training and experience with functional 
and stereotactic surgical procedures. Trained programmers, 
speech and physical/occupational therapists are essential for 
postoperative management and programming of patients.

C.  Mechanism of Action

When DBS was first introduced, the clinical similarities 
between the effects of DBS and lesioning of the same tar-
get prompted the belief that DBS works similar to lesion-
ing procedures, i.e., by inactivating the stimulated tissue, 
through mechanisms such as depolarization block, or the 
local release of inhibitory transmitters. However, electro-
physiologic recording studies in primates and patients dem-
onstrated that DBS therapy has, in fact, multiple actions on 
cell bodies and fibers, both afferent and efferent, and that 
such actions may differ with distance from the stimula-
tion lead (Kringelbach et al., 2007). Modeling studies have 
shown that STN-DBS may inhibit cell bodies of STN neu-
rons through activation of local GABA release from GPe 
afferents, while directly activating axons of nearby neu-
rons (McIntyre et al., 2004). Stimulation in the STN has 
been demonstrated to evoke complex excitatory effects in 
the GPi, one of the primary recipients of STN efferents, 
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and may alter oscillatory resonance characteristics of the 
STN-GPi network. In addition, STN stimulation may have 
prominent effects on nearby pallidothalamic fibers, thereby 
directly affecting thalamic activities. Finally, recent elec-
trophysiological and optogenetic studies in rodents sug-
gest that STN stimulation may influence cortical activity 
via antidromic activation of the hyperdirect cortico- 
subthalamic pathway (Li et al., 2007; Gradinaru et al., 
2009). Stimulation of GPi may directly activate the axons 
of GPi cells and incoming striatal afferents.

DBS in STN or GPi has been shown to alter firing pat-
terns in the associated thalamocortical circuitry (Anderson 
et al., 2003; Guo et al., 2008). In further support of this idea, 
STN-DBS has been shown to normalize intracortical inhibi-
tory mechanisms in transcranial magnetic stimulation stud-
ies (Cunic et al., 2002; Tisch et al., 2007), and functional 
imaging studies have shown that STN-DBS induces wide-
spread normalization of activity in frontal motor areas both 
at rest and with movement tasks (e.g., Grafton et al., 2006).

Although the effects of DBS are incompletely under-
stood, it appears that a major mechanism whereby high 
frequency stimulation works is to override and replace the 
abnormal basal ganglia output patterns with a more toler-
able output on the targets of basal ganglia output. The fact 
that patients with disorders as varied clinically and patho-
physiologically as Parkinson’s disease, dystonia, ballismus 
and dyskinesias respond to stimulation of the same DBS 
target suggests that the effect of this treatment on cortical 
activity patterns is not disease- or symptom-specific, but 
circuit-specific. Of course, disturbances within individual 
sub-circuits of the larger motor circuit may play specific 
roles in different disorders. Because of the close prox-
imity of the subcircuits, DBS generally affects multiple 
subcircuits.

Both ablation or stimulation therapies may lead to the 
removal of noisy basal ganglia activity, acting as an “infor-
mational lesion” (Grill et al., 2004), and replacing or overrid-
ing whatever abnormal pattern is present in the network. A 
recent study of changes in neuronal activity recorded in the 
thalamus of monkeys undergoing DBS in the STN indicated 
that the entropy was decreased in thalamic neurons, reflect-
ing an increased signal to noise ratio (Guo et al., 2008).

D.  Ablation vs. DBS

It is worthwhile to compare DBS treatment with ablative 
therapies, since in general, they have comparable clinical 
efficacy and perioperative risk. Perhaps the most important 
difference is that, compared to ablation, DBS is less inva-
sive and, should a better form of treatment become avail-
able, the device can be either turned off or can be removed 
without permanent effect. Another advantage of DBS ther-
apy over lesioning strategies is that the stimulation sites 
and parameters are adjustable. Furthermore, DBS therapy 
can be applied bilaterally, while bilateral lesioning carries 
a higher risk of permanent side effects. Finally, inaccu-
rate lesion placement may result in permanent neurologic 
damage.

On the other hand, with ablative therapies the postopera-
tive risk for infections is low, lead or device failure is nonex-
istent, and patient compliance is not an issue. Also, lesions 
do not carry a risk for stimulation-induced side effects, such 
as paresthesias or cognitive/emotional changes. One of the 
most significant advantages of ablation over DBS is that 
only routine post-operative care is needed, while patients 
undergoing DBS require repeated time-consuming stimula-
tor adjustment sessions. One advantage of DBS over abla-
tion is that the effects of DBS can also be rigorously tested 
in double-blinded clinical trials, something that is nearly 
impossible to accomplish with lesioning procedures. Finally, 
the cost of the DBS surgery and follow-up patient visits for 
adjusting DBS settings is much higher than the overall cost 
for lesion therapy. The high up-front cost and the lack of 
availability of trained personnel for post-operative program-
ming limit the usablility of DBS in some (rural) areas in 
developed countries, and especially in developing areas of 
the world. Pallidotomy and other ablative procedures remain 
a viable alternative in these situations (Gross, 2008).

V.  DBS Treatment of Movement 
Disorders

A.  Parkinson’s Disease

The most common indications for surgery in patients with 
Parkinson’s disease are  the presence of intractable tremor, 
or severe and disabling drug-induced motor fluctuations 
and dyskinesias. A favorable outcome is generally seen 
in patients who show a good response to l-DOPA and in 
whom signs or symptoms of atypical Parkinson’s disease, 
dementia or other psychiatric diseases are absent. Based 
on empiric evidence, DBS targets in the motor portions of 
either GPi or STN are currently preferred for the treatment 
of Parkinson’s disease (Volkmann, 2004; Deuschl et al., 
2006; Ostergaard and Sunde, 2006; Rodrigues et al., 2007; 
Wider et al., 2008). In advanced patients, DBS is commonly  
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performed bilaterally, although unilateral DBS can be 
highly effective for asymmetric cases. Although there 
are no published blinded comparisons of the effects of 
GPi- and STN-DBS, the STN target is currently preferred 
by most neurosurgeons because of its perceived greater 
antiparkinsonian effect. A number of smaller comparative 
trials comparing STN and GPi, however, have not found 
significant differences, and two large controlled double-
blinded trials are now completed and data will be available 
shortly on the relative benefits of the two targets. DBS in 
the STN or GPi alleviates parkinsonian motor signs, par-
ticularly during “off” periods, and reduces drug-induced 
side effects such as dyskinesia, dystonia or motor fluc-
tuations. In patients with advanced Parkinson’s disease, 
DBS strongly improves the patient’s quality of life and is 
more effective in this regard than medical management 
(e.g., Ostergaard and Sunde, 2006; Weaver et al., 2009). In 
contrast to patients with GPi-DBS, those with STN-DBS 
are often able to substantially reduce their medications, 
which may, in part, account for its anti-dyskinetic effects 
(Rodriguez-Oroz et al., 2004).

For both surgical targets, the basal ganglia motor cir-
cuit is targeted in each nucleus. In GPi, the sensorimotor 
territory is contained within the postero-lateral part of the 
nucleus, while for STN, the dorsolateral portion of the 
nucleus has been identified as the optimal DBS target. 
DBS at this location is likely to reach a larger proportion 
of the motor circuit within the much smaller STN, than 
DBS within the larger GPi sensorimotor area. Stimulation 
at the “ideal” STN-DBS target may, nonetheless, spread to 
involve portions of the dorsally adjacent fields of Forel and 
the Zona incerta (Yelnik et al., 2003).

The surgical risk of significant surgical complica-
tions with DBS such as intracerebral hemorrhage is small  
(1–2%). However, stimulation, particularly of the STN, 
may have side effects, including the induction of paresthe-
sias, involuntary movements, worsening of gait or speech, 
gaze deviation or paralysis, as well as cognitive and mood 
side effects. Many of these side effects can be eliminated 
by adjusting the stimulation parameters. Cognitive side 
effects, specifically reduced verbal fluency and declines 
in executive functions (Troster et al., 1997; Parsons et al., 
2006), and postoperative depression, mania, anxiety, and 
apathy (Temel et al., 2006) are reported more with STN-
DBS than with GPi-DBS (Anderson et al., 2005). These 
side effects may be caused by inadvertent stimulation 
of limbic circuit elements in portions of the nearby zona 
incerta, the ventral STN or the SNr (e.g., Bejjani et al., 
1999; Stefurak et al., 2003). The true incidence of mood 
changes or anxiety with STN-DBS remains debated, how-
ever. A recent study found no significant differences for 
mood or anxiety scores between the DBS group and a con-
trol group, and suggested that obsessive-compulsive traits 
scores may be lower in DBS patients (Castelli et al., 2008). 
In contrast, a recent multicenter retrospective study of 
5,000 surgically treated patients with Parkinson’s disease, 
STN-DBS was found to increase the risk of suicide (Voon 
et al., 2008). The only factor that predicted completed 
suicide was postoperative depression. Factors associated 
with attempted suicides included a history of impulse con-
trol disorders, compulsive medication use, postoperative 
depression or apathy, and single marital status. This study 
points out the importance of careful pre- and postoperative 
screening for psychiatric risk factors and aggressive treat-
ment of both pre- and postoperative depression.

Besides the STN and GPi, there are other DBS targets 
which may be useful in specific patient populations. For 
instance, parkinsonian tremor (but not other parkinso-
nian signs) can be effectively treated with thalamic DBS 
at the border between the thalamic nucleus ventralis oralis 
(Vop) and the nucleus ventralis intermedius (Vim, see, e.g., 
Obeso et al., 1997; Ondo et al., 1998; Kumar et al., 2003). 
Stimulation of the PPN has also been explored in patients 
with Parkinson’s disease who experience worsening of 
gait and balance, despite treatment with l-DOPA (and in 
some cases with STN- or GPi-DBS). The PPN is a major 
target of GPi output and projects back to the STN as well 
as downstream (Mena-Segovia et al., 2004). The PPN-DBS 
target overlaps or is part of what has been described as the 
“locomotion center” in the pons (Jahn et al., 2008). Positive 
effects of low-frequency stimulation of the PPN have been 
described in MPTP-treated monkeys (Nandi et al., 2002), 
and, recently, in preliminary studies, also in parkinsonian 
patients (Plaha and Gill, 2005; Stefani et al., 2007; Lozano 
and Snyder, 2008), where beneficial effects on gait were 
described. The PPN differs from the other DBS targets, 
in that inactivation of this area worsens the symptoms in 
experimental animals, whereas for all other targets both 
lesions and DBS have similar effects. Also different is 
the fact that low frequency DBS (30 Hz) is most effective 
(rather than conventional high-frequency DBS at 130 Hz in 
the other targets). Questions remain as to the exact position 
of the electrodes and the degree of improvement and last-
ing benefit. Finally, stimulation of the region of the caudal 
Zona incerta, just posterior and medial to the STN, has sig-
nificant effects on parkinsonian tremor, as well as rigidity  
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and akinesia, reportedly rivaling those of STN-DBS 
(Kitagawa et al., 2005; Plaha et al., 2006). At this location, 
DBS may exert its antiparkinsonian activity through effects 
on pallidofugal as well as cerebellar afferents to the thala-
mus which pass through the stimulated area.

In summary, DBS can have a major effect on a range of 
symptoms, in patients with advanced Parkinson’s disease. 
Unfortunately, however, patients with dementia, psycho-
sis, and l-DOPA-refractory freezing and balance problems 
are not suitable candidates for conventional targets. DBS 
has only a symptomatic effect on the dopamine deficiency 
signs and symptoms and does not appear to alter progres-
sion of the disease. Gait, balance, speech and cognition 
and behavior may deteriorate significantly over time in 
many patients. New targets, such as the PPN, or different 
approaches are needed to address these and those of the 
majority of patients who do not meet the basic require-
ments for DBS.

B.  Dystonia

The insight that dystonia may arise from abnormalities in 
circuit elements that are similar to those affected by parkin-
sonism, and the past experience with ablative procedures 
in dystonia, have lead to a number of trials of GPi-DBS in 
cases of advanced intractable dystonia. GPi-DBS gener-
ally works well in cases of primary generalized dystonia 
(Coubes et al., 2004; Eltahawy et al., 2004; Vidailhet et 
al., 2005), but is less effective for the secondary dystonias 
(e.g., Cif et al., 2003; Kupsch et al., 2006). Other indica-
tions for GPi-DBS are treatment (botulinum toxin) resistant 
severe cervical and other focal dystonias, and tardive dys-
tonia (Loher et al., 2000; Eltahawy et al., 2004; Houser and 
Waltz, 2005; Trottenberg et al., 2005; Pretto et al., 2008; 
Sako et al., 2008). DBS at other locations, particularly in the 
STN has also recently been explored (Pastor-Gomez et al., 
2003; Sun et al., 2007). STN-DBS may offer an advantage 
of immediate improvement for dystonia as well as longer 
battery life, due to lower voltage requirement. Although 
thalamotomy was a favored target in the past for dystonia, 
the results of thalamic DBS have been disappointing thus 
far, although the targets and patient types have been limited. 
One exception is writer’s cramp, a focal occupational form 
of dystonia that appears to be uniquely sensitive to both tha-
lamotomy and thalamic DBS (Taira and Hori, 2003; Fukaya 
et al., 2007). There is growing evidence that not all dysto-
nia results from basal ganglia disturbances and that cerebel-
lar output may play a role in some forms (Jinnah and Hess, 
2006; Neychev et al., 2008). Such differences may account 
for the failure of GPi stimulation in some types of dystonia.

For unclear reasons, the beneficial effects of GPi-DBS 
are often delayed in dystonia patients, often by weeks or 
months (Krauss et al., 2002). While it can be speculated 
that these delays involve anatomic or functional remodel-
ing of neuronal interactions, i.e., a change in neuronal plas-
ticity within the basal ganglia-thalamocortical circuitry, no 
specific information regarding this point is available. GPi-
DBS for dystonia has few (if any) cognitive side effects 
(Pillon et al., 2006). The ability of GPi-DBS, adminis-
tered to the motor portions of GPi to modulate the activ-
ity in the basal ganglia-thalamocortical motor circuit has 
been shown in PET activation studies, which normalize 
motor cortical activity in dystonia (Detante et al., 2004). 
Electrophysiologic studies have demonstrated that GPi-
DBS may enhance motor cortex excitability through mod-
ulation of thalamocortical projections (Kuhn et al., 2003).

Postoperative programming for dystonia has proven 
to be more challenging than for patients with Parkinson’s 
disease or tremor, because, as mentioned, benefits may 
take weeks to become evident and 6–12 months to reach 
peak, although early improvement (days to weeks) after 
programming is sometimes seen with pain and mobile (as 
opposed to fixed) dystonia (Kiss et al., 2007; Ostrem et al.,  
2007; Vidailhet et al., 2007) Also, in the past, higher volt-
ages and wider pulse widths were used for GPi-DBS in 
dystonia than used for the treatment of Parkinson’s disease, 
resulting in a shortening of battery life. It now appears that 
this may have been the result of too frequent adjustments 
in stimulation parameters because of the unappreciated 
delayed response to stimulation. Currently, stimulation 
parameters are chosen that are more similar to those used 
for patients with Parkinson’s disease (Hung et al., 2007). 
A recent study failed to show any difference in outcome 
when using short, medium, and long pulse-width durations 
were compared (Vercueil et al., 2007). Recently, lower fre-
quency stimulation (60 Hz), has been shown to be effective 
in primary generalized dystonia (Alterman et al., 2007b; 
Alterman et al., 2007a).

As for Parkinson’s disease, GPi-DBS provides signifi-
cant benefit for patients with treatment resistant primary 
generalized and tardive dystonia as well as some forms of 
focal dystonia, but does not appear to offer consistent ben-
efit for the large number of patients with secondary dysto-
nias. Further exploration of alternative targets, such as the 
STN and the thalamus, in particular the pallidal receiving 
portion, is needed.



Handbook of Basal Ganglia Structure and Function670
VI.  DBS Treatment of Other 
Hyperkinetic Disorders

A.  Hemiballism

Hemiballism, a syndrome of involuntary movements, 
sometimes violent, of the arm and leg on one side of the 
body, is perhaps the most dramatic of the hyperkinetic dis-
orders. This remarkable disorder results most often from 
a small vascular lesion confined to the STN. Hemiballism 
most often resolves spontaneously or responds to neu-
roleptics. Pallidotomy has been performed successfully for 
intractable cases.

In animal models, hemiballism has been observed after 
destructive or reversible neurotoxin lesions of the STN 
(Whittier and Mettler, 1949; Hamada and DeLong, 1992). 
Neuronal recordings in GPi in primates and in patients suf-
fering from intractable hemiballism (Suarez et al., 1997; 
Vitek et al., 1999; Slavin et al., 2004) have revealed a 
marked decrease in the discharge frequency of GPi neu-
rons, likely because of the loss of glutamatergic drive of 
GPi from the STN. Reduced discharge in GPi would act 
to lower the (inhibitory) output to the thalamus and brain-
stem, suggesting that disinhibition of the thalamus might 
be the explanation for the involuntary movements. The 
finding, however, that pallidotomy abolishes the involun-
tary movements of ballism, is clear evidence that reduced 
GPi output is not the explanation for involuntary move-
ments. Although pallidal DBS has not been reported for 
the treatment of hemiballism, thalamic DBS has been per-
formed successfully (Tsubokawa et al., 1995).

B.  Huntington’s Chorea

Huntington’s chorea, a progressive neurologic disorder, is 
characterized by a combination of chorea, dementia and 
behavioral disturbances. The underlying genetic defect is 
the expansion of a trinucleotide repeat sequence within a 
gene on chromosome 4 coding for the protein huntingtin. 
The expression of abnormal huntingtin is responsible for 
widespread neurodegeneration involving most of the brain, 
with heavy involvement of the basal ganglia. Only a small 
number of patients have undergone pallidotomy or GPi 
DBS for intractable chorea in Huntington’s disease (Hebb 
et al., 2006; Fasano et al., 2008). A reduction of both chorea 
and dystonia has been a consistent finding in these studies.

These findings in two of the hyperkinetic disorders are 
illustrative of the potential use of DBS for a broad range of 
hyperkinetic disorders. The fact that pallidotomy or DBS 
of the motor pallidum, the same target used for Parkinson’s 
disease and dystonia, is also effective for these hyper- 
kinetic disorders, lends strong support to the notion that 
DBS is not a specific form of therapy for a particular disor-
der, but rather acts nonspecifically to override and remove 
abnormal activity in the motor circuit, whatever its nature. 
This same observation will be seen in the following discus-
sion of DBS for neuropsychiatric disorders.

VII.  DBS Treatment of 
Neuropsychiatric Disorders

The previous era of “psychosurgery,” as performed in the 
1950s and 1960s, ended in the 1970s in disgrace amidst 
mounting evidence and outcry that the available procedures 
were inadequately studied, indiscriminately applied and 
largely ineffective. However, given the success of DBS in 
movement disorders, physicians and their patients are now 
exploring the use DBS to treat severe psychiatric disorders, 
such as the TS, OCD and depression. This change in pub-
lic and physician attitude arises from a number of factors 
including increased awareness of the enormous burden of 
these disorders on patients and caregivers, the significant 
shortcomings of existing therapies and the less invasive and 
reversible nature of DBS. Different from the past era is the 
greater scrutiny and protection of patient rights, the better 
clinical characterization of the individual disorders and the 
development of validated clinical rating scales. However, it 
needs to be emphasized that DBS procedures for neuropsy-
chiatric conditions remain strictly experimental at this point. 
However, the FDA has recently granted a Human Device 
Exemption for the treatment of intractable OCD.

As a starting point for discussing DBS for psychiatric 
disorders, it is important to keep in perspective the long 
history of empirical and serendipitous findings of neuro-
surgical lesioning approaches to these disorders and the 
record of success with various targets. This is, comparable 
to the early history of DBS for movement disorders, where 
the thalamic and pallidal targets used for ablation were 
similarly used and found effective for thalamic and palli-
dal stimulation. The optimal targets for DBS in psychiatric 
disorders in this still early phase of exploration, however, 
remain unclear.

The use of DBS in neuropsychiatric diseases and the 
selection of DBS targets for these disorders can be under-
stood within the frame work of the circuit disorders con-
cept, i.e., that certain behavioral and neuropsychiatric 
disorders result from disturbances of neural activity within 
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the non-motor (associative and/or limbic) basal ganglia cir-
cuits, in a manner analogous to the mechanisms whereby 
movement disorders arise from disturbances in the motor 
circuit. The primary targets of basal ganglia DBS for these 
conditions are the nodes of the “limbic” circuit which orig-
inates from the anterior cingulate and medial orbitofrontal 
cortices, the VS, the ventral and rostromedial GPi and ros-
trodorsal SNr, and continues to the paramedian portion of 
the mediodorsal nucleus of the thalamus, which projects 
back to the same limbic cortices. The Pf contains the lim-
bic portions of the intrinsic GPi/SNr-thalamic loop. The 
“limbic” circuit is believed to play a role in the regulation 
of motivation, reward and mood, and may provide reinforc-
ing stimuli to dopaminergic cells in the ventral tegmental 
area and the SNc.

Although DBS is less invasive, more versatile and 
“forgiving” than lesioning procedures, and although the 
preliminary results for the treatment of psychiatric disor-
ders are encouraging, it should be emphasized that patients 
with long-standing psychiatric disorders present additional 
and more complex problems in management than patients 
with movement disorders. Psychiatric disorders differ fun-
damentally from movement disorders in that the patient’s 
social and family interactions have often been disturbed 
over a long period and any reversal of mood or behavior 
may take a long period of time to show clear improve-
ments in symptom severity, functioning and quality of life. 
On the other hand, as for patients with movement disor-
ders, patients who, after a long period of disability, sud-
denly become more functional and independent, often 
face a disruption to the relationships between patient and 
spouse and other caregivers. Furthermore, the adverse 
effects of undetected stimulation failure in psychiatric 
patients are potentially far more severe than for movement 
disorders, because of the risk of severe mood changes and 
potential suicide attempts. As for movement disorders, an 
experienced and dedicated psychiatrist, psychologist or 
social worker, neuropsychologist, trained functional neuro-
surgeon and surgical team is critical. An ethicist may also 
be needed because of difficulties with informed consent in 
adults with psychiatric diseases, and in minors.

The exploration of DBS for these disorders should be 
undertaken only by experienced teams with a methodical 
approach, and a rush to conclusions about treatment effects, 
optimal targets and stimulation parameters should be 
avoided. As for dystonia, and unlike Parkinson’s, the clini-
cal benefits of DBS are generally delayed and develop pro-
gressively over weeks and months. Finally, the premature  
focus on single “best” targets would be a mistake since it 
appears that TS, OCD and TRD can all be modulated by 
DBS at several of the cortical, basal ganglia and thalamic 
nodes of the limbic circuit. In the following paragraphs 
we will briefly summarize the experience of treating these 
conditions with DBS.

A. Tourette’s Syndrome

TS is a familial, neurologic disorder characterized by child-
hood onset of motor and vocal tics. Tics are typically rapid, 
stereotyped movements with eye blinking, head and facial 
movements, as well as vocalizations such as throat clearing, 
coughing, grunting, or more complex behavioral acts and 
utterances. In addition, a high percentage of patients suffer 
from OCD, attention-deficit hyperactivity disorder, depres-
sion and psychosocial difficulties which are often as or even 
more disabling than the tics. The symptoms of TS typi-
cally peak in preadolescence and decline in the later teens. 
Treatment of the tics with neuroleptics and the newer antip-
sychotic medications are often only modestly effective, and 
their use runs the risk of inducing tardive dyskinesia. The 
other components of the disease may require antidepressant 
and other therapies. Based on neuroimaging and other stud-
ies (Kopell and Greenberg, 2008), TS may involve abnor-
malities in the limbic and motor circuitry, accounting for the 
complex constellation of non-motor and motor signs.

In a small proportion of TS patients, severe symptoms 
persist into adulthood in spite of all therapeutic efforts. 
Recently, reports of single cases or small case series have 
explored the use of DBS in such patients. Several targets 
have been used, including the region of the midline caudal 
intralaminar nuclei of the thalamus, i.e., the CM/PF (Visser-
Vandewalle et al., 2003; Temel and Visser-Vandewalle, 
2004; Visser-Vandewalle et al., 2004; Houeto et al., 2005; 
Ackermans et al., 2006; Visser-Vandewalle et al., 2006; 
Bajwa et al., 2007; Maciunas et al., 2007; Ackermans et al., 
2008; Servello et al., 2008; Shields et al., 2008), based on 
earlier lesioning studies by Hassler and Dieckmann (Hassler 
and Dieckmann, 1970, 1973, 1997). In the largest series 
to date of medial thalamic DBS, Servello and colleagues 
recently reported on 18 cases of treatment refractory TS 
who underwent bilateral DBS in the region of the CM/Pf 
and ventralis oralis complex of the thalamus (Servello et 
al., 2008). The authors found that tics, as well as OCD, 
self-injurious behaviors and anxiety, with time, decreased 
with DBS. Other targets include the motor and limbic por-
tions of GPi (Diederich et al., 2005; Houeto et al., 2005; 
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Ackermans et al., 2006), and the anterior limb of the inter-
nal capsule (IC), close to the VS (Nuttin et al., 1999; Nuttin 
et al., 2003; Flaherty et al., 2005). The rationale for using 
the GPi-DBS in TS was that stimulation of the sensorimo-
tor territory of GPi had been shown to ameliorate hyper-
kinetic states (Diederich et al., 2005; Ackermans et al.,  
2006). Interestingly, DBS in both the motor and limbic 
areas of GPi have been found to have benefits. Reports of 
a small number of patients with electrodes placed simulta-
neously in the pallidal target and the medial thalamus sug-
gest that comparable effects can be obtained from both, 
with no additional benefit from simultaneous stimulation 
(Ackermans et al., 2006).

Although the preliminary results from early DBS tri-
als are promising it is clear that for most patients with 
TS a specific challenge for the implementation of DBS is 
the existence of obsessive compulsive behavior in these 
patients. For example, patients given the option to vary the 
stimulation parameters themselves may engage in com-
pulsive repeated adjustments of stimulation parameters. 
Others may cause lead breakage due to compulsive picking 
or manipulation of the skin over the stimulators, or the sub-
cutaneous portion of the wires connecting the DBS leads to 
the stimulators. Before the use of these procedures can be 
recommended for routine treatment in TS patients, careful 
exploration of the various targets and the development of 
patient selection guidelines and the development of post-
operative management plans are mandatory (Mink, 2006).

B.  Obsessive Compulsive Disorder

OCD is a relatively common disorder, characterized by 
the presence of intrusive thoughts, compulsive behaviors 
and rituals. Although selective serotonin reuptake inhibi-
tors and behavioral therapies are effective in the majority 
of patients, some cases are refractory and may be consid-
ered for surgical treatments. Neurosurgical treatments of 
OCD have been carried out for many years, with lesions 
of empirically defined targets, e.g., the cingulate gyrus 
and the anterior limb of the IC. The early DBS targets for 
OCD focused on the region of the anterior limb of the IC 
and the nearby VS (Hodgkiss et al., 1995; Jenike, 1998; 
Lippitz et al., 1999; Cosgrove, 2000; Dougherty et al., 
2002; Montoya et al., 2002; Greenberg et al., 2003; Sturm 
et al., 2003). There is growing evidence that the benefits 
may result from involvement of afferent and efferent fibers 
of the VS which receives afferents from multiple limbic 
areas, such as the amygdala, orbitofrontal/medial prefrontal  
cortex, caudate, and pallidum, and sends efferents to mul-
tiple mesolimbic and prefrontal areas as well as the cingu-
late cortex, striatum, pallidum, and thalamus (Nauta and 
Domesick, 1984; Haber et al., 2000; Heimer, 2003). A 
DBS lead spanning this region is capable of activating any 
of these structures, depending on the lead geometry and 
stimulation parameters used.

While lesions such as anterior capsulotomy may benefit a 
significant proportion (35–70%) of these patients, the destruc-
tive character and irreversibility of lesions are not acceptable 
to some patients. Case reports and several small case series 
have shown that the anterior limb of the IC can also be used 
successfully as a target for DBS (Nuttin et al., 2003). The 
benefits from the procedure are long-lasting (Greenberg  
et al., 2006) and, in most patients, few side effects are seen.

Functional imaging studies in OCD patients have dem-
onstrated abnormalities in the activity of limbic basal gan-
glia–thalamocortical projection systems. Similar studies 
have suggested that anterior capsule stimulation works 
in OCD by influencing the activity in the nearby limbic 
VS (e.g., Nuttin et al., 2003). In fact, in one OCD patient 
treated with direct VS stimulation, long lasting benefits 
were seen (Aouizerate et al., 2004). Recent studies of 
DBS targeted directly at the VS have shown clear ben-
efits (Greenberg et al., 2006). An analysis of the combined 
results of a multi-center trial of DBS targeting the VS 
region in OCD patients showed functional improvements 
in two-thirds of the treated patients and DBS was well 
tolerated. The study identified the junction of the anterior 
capsule, anterior commissure and posterior VS as the most 
effective DBS target (Greenberg et al., 2008).

A recent PET imaging study has demonstrated that 
brain activity during DBS of the VS/IC target is enhanced 
predominately in limbic areas of cortex, basal ganglia 
and thalamus (Rauch et al., 2006). In another study it 
was found, serendipitously that chronic stimulation in 
the STN in Parkinson’s patients with co-existent OCD 
reduced obsessive-compulsive symptoms (Mallet et al., 
2002; Fontaine et al., 2004). In these patients the medial 
(limbic) portion of the STN was inadvertently stimulated 
Accordingly, the medial portion of the STN is now being 
studied as a potential target for OCD (Baup et al., 2008).

C. Treatment-Resistant Depression

A small proportion of patients with chronic major depres-
sion fail to respond to traditional antidepressants, behavioral 
therapy, vagal nerve stimulation or electroconvulsive therapy.  
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Clues to the potential for DBS to modulate mood and 
behavior have come from observations in a small number 
of parkinsonian patients in whom severe, but reversible, 
depression was reported in response to STN-DBS (Temel 
et al., 2006). In these cases the cause of the mood change 
appeared to be inadvertent stimulation of the underly-
ing SNr. Other effects such as hypomania, merriment, and 
laughter have been reported with stimulation in the STN, 
GPi, and in the zona incerta. These studies show that focal 
stimulation of portions of the basal ganglia can profoundly 
alter mood and emotional expression, and suggest that DBS 
of nodes of the limbic circuitry could potentially be used to 
treat depression in TRD patients.

Only recently have the potential surgical targets for 
depression been explored more systematically. In reports of 
single cases, DBS of mesothalamic targets or of the inferior 
thalamic peduncle was found to be effective against depres-
sion in patients with chronic pain or TRD. In a more recent 
case series of TRD patients, DBS of the white matter in 
the subgenual cingulate region (area 25) produced signifi-
cant clinical benefits in four of six patients (Mayberg et al.,  
2005). The area 25 target was chosen based on results of a 
series of PET studies in patients with depression in whom 
clinical improvements coincided with a decrease in activity 
in area 25 (Mayberg et al., 1999; Mayberg, 2003; Cohen 
et al., 2007; Schlaepfer et al., 2008). More recently the 
same investigators reported on the results from a study 
of 20 patients with TRD treated with the same interven-
tion (Lozano et al., 2008). Six months after initiation of 
DBS, 60% of patients responded, and 35% met criteria for 
remission. These benefits were sustained at 12 months. In 
PET studies on these same patients, DBS was associated 
with specific changes in the metabolic activity localized 
to cortical and limbic circuits implicated in the pathogen-
esis of depression. The number of serious adverse effects 
was small with no patient experiencing permanent deficits. 
Obviously, a careful double-blind appraisal is required 
before the procedure can be recommended for use on a 
wider scale. In addition to area 25, a region in the rostral 
cingulate gyrus has also been proposed as a possible target 
for DBS in depression.

Another treatment target for TRD is the ventral caudate/
VS region, based on its position within the limbic circuitry 
of the brain, its role in pleasure and reward processing, and 
the experience with depression in the course of DBS treat-
ment for OCD. There have been several careful studies of 
bilateral DBS in these regions, demonstrating substantial 
antidepressant effects, as well as depression rebound with 
cessation of therapy (e.g., Malone et al., 2009). DBS was, 
overall, well-tolerated.

It is premature to judge which of the different targets 
might be best for TRD, due to the preliminary nature of 
the studies. It will be important in future studies to com-
pare not only the overall antidepressant qualities of these 
interventions, but also the nature and duration of the remis-
sions and the long-term outcomes. It is noteworthy, in light 
of the evidence that depression may be lateralized, that 
to date there has been no systematic testing to determine 
whether bilateral DBS is necessary.

D.  Lesch–Nyhan Disease

Lesch–Nyhan Disease (LND) is a neurodevelopmental 
disorder with a characteristic neurobehavioral syndrome 
with behavioral, cognitive and motor components that 
include self-injurious behavior (SIB), cognitive disability 
of varying degree, and severe generalized dystonia. SIB 
is a lifelong problem that can lead to tissue damage with 
substantial disfigurement. Most patients cannot walk and 
require assistance with basic activities of daily living. The 
clinical features of the disease eventually reflect a static 
developmental defect rather than an ongoing degenerative 
process. Because there are no effective medical treatments 
for LND, considerable effort is devoted to supportive care, 
including physical restraints to prevent serious injuries.

LND is caused by congenital deficiency of the enzyme, 
hypoxanthine-guanine phosphoribosyl transferase (HPRT), 
causing a disruption of purine metabolism. Among other 
metabolic changes, the enzyme defect leads to dysfunc-
tion of dopaminergic neurons during early development 
which may be central to the genesis of the neurobehavioral 
problems.

The experience with DBS in TS and OCD is particu-
larly relevant to LND, since some patients with TS have 
tics with a compulsive self-injurious quality similar to 
SIB in LND. Because, DBS of the limbic GPi in TS has 
been found to markedly reduce self-injurious tics, a simi-
lar approach has been used in LND in several prelimi-
nary studies. In the first patient to undergo DBS for LND, 
both motor and limbic circuits of the basal ganglia were 
targeted bilaterally with a single electrode into GPi (Taira 
et al., 2003). Substantial improvements in dystonia and a 
complete elimination of SIB were observed. These find-
ings were subsequently confirmed in two patients in whom 
electrodes were placed bilaterally into both the motor and 
limbic GPi (Pralong et al., 2005; Cif et al., 2007).
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VIII.  Conclusions

A number of movement and neuropsychiatric disorders are 
now recognized as “circuit disorders”, resulting from distur-
bances arising within the basal ganglia-thalamocortical net-
works. The success with DBS for movement disorders has 
led to its application to more complex neuropsychiatric dis-
orders. The choice of targets for lesioning procedures or DBS 
is strongly influenced by our understanding of the anatomy 
and function of the basal ganglia-thalamocortical circuits. 
The clear therapeutic effects of these procedures, directed at 
multiple nodes of the motor and limbic circuits provides fur-
ther support for the notion that both hypo- and hyper-kinetic 
disorders result from specific disturbances within the motor 
circuit, while TS, OCD, TRD, and elements of LND appear 
to result from disturbances involving, at least in large part, the 
limbic basal ganglia-thalamocortical circuitry. The seemingly 
indiscriminate effectiveness of stimulation procedure disor-
ders across a wide spectrum of disorders with greatly varying 
phenotypes and underlying pathophysiologies argues against  
disease-specific effects, such as antiparkinsonian, anti- 
dystonic or anti-compulsive effects, of DBS. Instead, it is 
more likely that these interventions act to override and replace 
abnormal subcortical or cortical signals whatever their nature, 
allowing the otherwise relatively intact systems to function 
more normally. It might be said that the net result of both the 
earlier ablative and the newer DBS therapies have a similar 
effect, i.e., reducing abnormal activity in the basal ganglia-
thalamo-cortical network.  Studies of these interventions 
have not only helped to confirm hypotheses based on animal 
experimentation, but led to new insights into the structure and 
“mysterious functions of the basal ganglia ” (Marsden, 1982).
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dorsal aspect of, 64
drug addiction and, 572
dynorphin system regulation, 480
dysfunction, 513
electrophysiological changes in, 607
evolution in, 50
function, 402
GABA transmission in, increased, 634
glutamate pivotal role in, 463
in habit learning and memory

human studies, 565–566
monkey studies, 564–565
rat studies, 561–564
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neurotransmitters, 138–140
evidence of, 134
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neurotransmission, 297
overflows evoked in nucleus accumbens, 31
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expression, 492, 505, 506
gene, 508
internal globus pallidus expressing, 534
levels induced by, 475
signaling, 480

Dyskinesia
and l-DOPA dosage, relationship between, 

625–626
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GABA. See –Aminobutyric acid (GABA)
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G signaling, 454
GDNF. See Glial-derived neurotrophic factor 
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AMPH-induced release, 479
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biphasic alterations in, 612–613
and dopamine modulation, 616–617

Glutamic acid decarboxylase (GAD), 9
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basal ganglia in, 448
DBS treatment of, 670

Herbicides, 596
Hippocampal formation, 362
Hippocampal gating, 373–374
Histamine receptors, 88
Histone acetylation, 529
Histone acetyltransferases (HATs), 528

activity, 537
expression patterns of, 529
regulation, 529–531

Histone deacetylases (HDACs), 530–531, 531
inhibitors, 527–528, 531–532
regulation, 531

Histone H4 acetylation, 537
Histone H2A-H2B ubiquitylation, 538
Histone H2A ubiquitylation, 538
Histone H3 kinases, 533–534
Histone H3 phosphatases, 535
Histone H3 phosphorylation, 534
Histone methylation, 535
Histone phosphorylation, 532–533
Holocephalians, 32
5-HT receptor subtypes

5-HT3 receptor, 476–477
5-HT4 receptor, 477
5-HT7 receptor, 477
5-HT1 receptors, 476
5-HT2 receptors, 476

htt mutant, 537
Human PD patients

post-mortem studies in, 628
Huntington’s chorea

causes of, 670
DBS treatment of, 670

Huntington’s disease (HD), 527
basal ganglia in, 448
corticostriatal pathway in, 610

dysfunction, consequences of, 613
genetic mouse models of, 610–611
glutamatergic neurotransmission, 612–613

corticostriatal synaptic transmission, changes 
in, 610

dopamine receptor modulation of, 613
striatal chromatin remodeling in, 537–538

6-Hydroxydopamine (6-OHDA), 473, 614
8-Hydroxyguanosine (8OHG), 600
Hyperpolarization-activated cyclic nucleotide-

gated channels (HCN), 451
Hysteresis, 372

I
IEG expression, 466

haloperidol-induced, 466
induced by dopamine receptor 

manipulations, 467
induced by psychostimulants, 504
striatal, induced by eticlopride, 467

IEGs. See Immediate-early genes (IEGs)
Ifenprodil, 468
Immediate-early genes (IEGs), 502
I NaP, role in single-spike activity, 263
“Indirect” striato-pallidal pathways, 661
Inositol-1,4,5-trisphosphate (IP3), 86

GPCRs and, 448
second messenger, 452–454

Instrumental learning processes, 576
Interburst repolarization, 263
Internal globus pallidus (GPi), 384
Ionotropic glutamate receptors, 80–82
Ionotropic receptors, 454–455
IP3. See Inositol-1,4,5-trisphosphate (IP3)
Isoguvacine, 289
Isradipine, 628
IT15 gene, 537
IT-type neurons, 325, 327, 328

dendritic and ipsilateral axonal fields of, 328
differential projections of, 332
selective anterograde labeling, 329

strategies employed for, 326

K
Kainate receptors (KAR), 82
Kappa opioid receptors, 304
Kappa receptors, 480
KAR. See Kainate receptors (KAR)



Index688
K channels, 302
KIX domain, 530

L
LANT6 (Lys 8-Asn9 -neurotensin8–13), 30, 33
Lateral habenula (LHb), 65
l-DOPA. See 3,4-dihydroxyphenyl-l-alanine 

(l-DOPA)
l-DOPA-induced dyskinesia (LID)

denervation-induced spine pruning role in, 
628

incidence and severity of, 626
maladaptive neuroplasticity, 626
molecular basis of, 626
pathophysiological cascade of, 635
postsynaptic mechanisms in predisposition 

to, 627
and prodynorphin, association between, 632
risk factors for, 625–626
striatal levels of PPE mRNA, correlation 

between, 632
therapeutic approaches for, 635

l-DOPA-treated rats, endothelial proliferation 
in, 634

Lesch–Nyhan disease (LND)
causes of, 673
DBS treatment of, 673

Leucine/isoleucine/valine binding protein 
(LIVBP), 80

Lewy bodies, 598
LFP studies of patients with PD, 655–656
LHb. See Lateral habenula (LHb)
LID. See L-DOPA-induced dyskinesia (LID)
Limb dystonia, 664
“Limbic” cortex-basal ganglia-thalamocortical 

circuits, 660
Lipofuscin granules, 598
LIVBP. See Leucine/isoleucine/valine binding 

protein (LIVBP)
LND. See Lesch–Nyhan disease (LND)
Long-term depression (LTD), 335, 336, 450

corticostriatal synapses, 220–223
eCB-dependent, 175–178

Long-term potentiation, 335
LTD. See Long-term depression (LTD)
L-type calcium channels, 373
Lungfish

caudolateral part of, 38
striato-GPi and striato-GPe circuits, 38
telencephalon in, 37

Lysine methyltransferases, 535

M
mAChRs. See Muscarinic acetylcholine 

receptors (mAChRs)
Mammalian uncoordinated 13 (Munc13), 454
Mancozeb, 596
Maneb. See Manganese ethylene-bis-

dithiocarbamate (Maneb)
Manganese ethylene-bis-dithiocarbamate 

(Maneb), 595
MAPK. See Mitogen-activated protein kinase 

(MAPK)
MAP kinase signaling, calcium activation, 457
Mc4r expression. See Melanocortin-4 receptor 
(Mc4r) expression

Medial forebrain bundle, 277
Medium spiny neurons (MSNs)

absence of synaptic input, 104
action potential discharge of, 654
characteristic morphology, 99–101
“ classical ” model of dopaminergic 

modulation, 114
dendritic spines, 101, 118
direct pathway from, 661
Down state transitions, 104
D1 vs D2, 102

dendritic morphology, 116
dysfunction, 613
effects of dopamine, 104–105

ACh release and M1 muscarinic receptor 
activity, 125

functional implications, 128
long-term synaptic plasticity, 117–124
in Parkinson’s disease (PD), 124–128
study of DA depletion, 125–126

effects of D2 receptor activation, 105
induction of LTD, 128
modulation of intrinsic excitability and 

glutamergic signaling, 117
electrophysiological properties of, 104
episodic firing patterns, 103
evoking of bAPs, 118
glutamate decarboxylase (GAD), 106
glutamatergic inputs to, 101
inputs from other MSNs, 106–108
ion conductances in, 104
and LTP, 102–103
quantitative neuroanatomical studies of, 

106–107
striatal interneurons, 124
striatonigral expression of D1 receptors, 

114–115
symmetrical synapses, 107
synaptic inputs, 101–103
synaptic transmissions, 107–108
Up state transitions, 103

Melanocortin-4 receptor (Mc4r) expression, 478
Mesolimbic dopamine hypothesis, of reward, 

573
Metabotropic glutamate receptor 5 (mGluR5), 

452
Metabotropic glutamate receptors (mGluRs), 

90, 450, 468
Methylphenidate, 501, 517
1-Methyl 4-phenyl 1,2,3,6-tetrahydropyridine 

(MPTP), 593
MGL. See Monoacylglycerol lipase (MGL)
mGluR5. See Metabotropic glutamate receptor 

5 (mGluR5)
mGluRs. See Metabotropic glutamate receptors

(mGluRs)
Microglia, 599
Microgliosis, 596
Mitochondrial dysfunction, 597
Mitogen-activated protein kinase (MAPK), 

448, 467
Mitogen and stress activated protein kinases 

(MSKs), 533
 

expression patterns of, 534–535
MK-801, 466
Monoacylglycerol lipase (MGL), 172
Mood disorders, basal ganglia in, 448
Morphine, 303, 477–479
Motor circuit, functions of, 661–662
Motor control, 334–335
“Motor” cortex-basal ganglia-thalamocortical 

circuits, 660
Motor function, 550
Motor learning, 335
Motor-skill learning, 515–516
MPTP. See 1-Methyl 4-phenyl 1,2,3,6-

tetrahydropyridine (MPTP)
MPTP monkey model

akinetic-rigid symptoms of PD in, 655
alterations in striato-pallidal pathways in, 

663
2-DG levels in, 647
endogenous striatal DA release in, 641–642, 

644
oscillatory synchronization in basal ganglia 

of, 655
overactivity of STN and GPi in, 645
serotonin compensation in, 645

MPTP-treated parkinsonian monkeys, 386
MSKs. See Mitogen and stress activated protein 

kinases (MSKs)
MSNs. See Medium spiny neurons (MSNs)
Multiple cortico-basal ganglia-thalamus-cortico 

parallel circuit loops, 398
Munc13. See Mammalian uncoordinated 13 

(Munc13)
Mu receptors, 477–479
Muscarinic acetylcholine receptors (mAChRs), 

304, 450
Muscarinic receptors, 86–87, 474–475
MYST family proteins, 529

N
NAc. See Nucleus accumbens (NAc)
n-acetylphosphatidyl ethanolamine (NAPE), 

172
NAc-PFC correlations, 374
NAPE. See n-acetylphosphatidyl ethanolamine 

(NAPE)
NAPE-phospholipase D (PLD), 172
Neocortical areas, 23
Nervous system, synchronicity in, 655
Neurokinin-1 (NK-1) receptor, 480
Neuronal networks, 656
Neuropeptide NPY receptors, 89
Neuropeptides, 477, 502
Neuropsychiatric disorders, DBS treatment 

of, 670
Lesch–Nyhan disease, 673
obsessive compulsive disorder, 672
Tourette’s syndrome, 671–672
treatment-resistant depression, 672–673

Neurotensin (NT), 480–481
Neurotensin receptor 1 (Ntsr1)

activation, 481
agonist, 481

Neurotoxin, 436
Neurotransmitters, of basal ganglia
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glutamate receptors, 80–82
ligand-gated ion channels, 82–84
metabotropic glutamate and GABA 

receptors, 84–89
receptors in nuclei, 76–79

Neurotrophins, 599
Nicotine

enhanced extracellular dopamine, 304
to increase dopamine neuron firing, 475
reinforcing properties of, 401
self-administration, 401

Nicotinic receptors, 82–83, 303, 475
modulation of evoked dopamine (DA) 

release by, 306
Nigral dopamine neurons, 600
Nigrostriatal DA lesion, 626, 628
Nigrostriatal DA system

antidromic responses of, 277
depolarizing synaptic potential (DPSP), 282
dorsal tier vs ventral tier dopamine neurons, 

19–21
electrophysiological characteristics of 

rodent, 278
electrophysiological properties

extracellular recordings, 277–279
intracellular recordings, 279–280

GABAergic afferents, role of, 280–281
burst firing of DA neurons, 289–290
effects of GABA receptor antagonists, 

287–289
pallidal stimulation, responses to, 281–282
pharmacology of, 285–286
postsynaptic GABAB responses, 286–287
sensitivity of SNr GABA neurons, 285
SNr stimulation, responses to, 284
striatal stimulation, responses to, 281

Gray’s Type II synapses, 280
hyperpolarization activated cation channel 

(HCN), activation of, 279
inhibitory responses of, 283
neurocytology of, 276–277
paradoxical excitatory effects, 282
putative mechanisms to maintain

changes in DA receptors, 644
DAT expression, reduced, 644
SNc neuronal activity, increased, 642–644

Nitric oxide (NO) signaling, in striatum
in activity of ion channels, 189
activity of medium-sized spiny neurons 

(MSNs), 188
afferent regulation, 189–191
and application of PDE inhibition, 188–189
biosynthesis of NO, 187–188
DARPP-32, 188
effect of SKF 38393 on, 190, 191
effect of SKF 81297 on, 190
effects on corticostriatal transmission, 192
glutamate release, 191
impact of dopamine depletion, 195–196
l-arginine, 188
neurotransmitter release, 191–192
NMDA receptor-dependent stimulation of, 

189
nNOS interneurons, 188–189
phasic, 193
phosphodiesterase (PDE) activity and cyclic 
nucleotide metabolism, 188

in protein modifications, 189
regulations

of acetylcholine release, 192
of dopamine release, 192
of glutamate release, 191
of short and long-term synaptic plasticity, 

193–194
of striatal neuron activity and output, 

192–195
of striatal neuronal synchrony and output, 

194–195
tonic, 192–193

NK-1 receptor. See Neurokinin-1 (NK-1) 
receptor

NMDA. See N-methyl-D-aspartate (NMDA)
NMDA/AMPA ratio, 609
NMDA receptor. See N-methyl-D-aspartate 

(NMDA) receptor
N-methyl-D-aspartate (NMDA), 80
N-methyl-D-aspartate (NMDA) receptor, 

80–81, 369, 370, 455, 465–468
activation, 373, 465
antagonists, 466, 467
glutamate input through, 467
induction of gene expression in, 466
and membrane potential, 371
NR1 subunits, 467
in regulation of evoked striatal gene 

expression, 468
striatal gene expression via activation of, 465
subtypes of, 465, 467
thalamostriatal synaptic transmission 

through, 468
upregulation by D1 dopamine receptors, 373

N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), 642

N-N-dimethyl-4,4-bipyridium dichloride 
(PQ), 594

“Non-canonical” signaling pathway, 454
Norepinephrine, 502
NO signaling. See Nitric oxide (NO) signaling
NT. See Neurotensin (NT)
NT receptors, 88
Ntsr1. See Neurotensin receptor 1 (Ntsr1)
Nuclei, of basal ganglia

discoveries on circuitry, 64–66
glial cells, 70–71
interneurons within, 67
projection neurons within, 66–67
in rodents and higher vertebrates, 63–64

Nucleosomal homeostasis, 538
Nucleus accumbens (NAc), 367, 368, 573

activation of interneurons by, 377
behavioral switchboard, 375–377
cell firing, 374
component of ventral striatum, 368
glutamatergic afferents to, 373
information processing in, 370
integration of inputs in, 375
intracellular recordings with, 373
neuronal activation in, 370
neurons exhibited evoked responses to, 369
and PFC field potentials, 376
and ventral pallidum, 374
VTA stimulation of neurons, 371

O
Obsessive compulsive disorder (OCD)

clinical features of, 672
DBS treatment of, 672

OCD. See Obsessive compulsive disorder 
(OCD)

OFC. See Orbital prefrontal cortex (OFC)
6-OHDA. See 6-Hydroxydopamine (6-OHDA)
6-OHDA-lesioned rats

dialysate DA levels in striatum, 643–644
l-DOPA-treated

changes in striatal gene expression, 
632–634

loss of DA input in, 628
patterns of striatal mRNA expression in, 

633
seminal microdialysis studies in, 626
striatal protein changes induced by  

l-DOPA in, 633–634
treatment with serotonergic neurotoxin, 

627
PPN hyperactivity in, 648
treatment with bromocriptine, 634

8OHG. See 8-Hydroxyguanosine (8OHG)
Opioid receptors, 86, 304, 450
-Opioid receptors, 358
Opioids, 303, 477
Orbital prefrontal cortex (OFC), 410
Orbital-striatal projections, 359
12-O-tetradecanoylphorbol-13-acetate (TPA), 

532
Oxidative stress, 596, 598

P
Pallidal neuron dendrites, 15
Pallido-nigral projections, 417
Pallido-striatal projections, 416–417

anatomy, 249–251
axonal arborizations of pallidostriatal 

neurons, 253
characteristics of neurons, 252–253
chemical neuroanatomy and regulation of 

pallidostriatal neurons, 254
in primates, 250–251
retrograde transport of PHA-l, 251
striatal targets of pallidostriatal neurons, 253
topography, 251–252

Pallium, in reptiles, 43
Parkinson’s disease (PD), 14, 381, 391

A2A receptors
clinical trials, 210
control of striatal GAD67 and 

neuropeptides, 208
postsynaptic interactions with dopamine 

system, 206–207
postsynaptic interactions with glutamate 

system, 207
presynaptic interactions, 207–208
studies in primates, 209–210
studies in rodents, 209

basal ganglia in, 448
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Parkinson’s disease (PD) (Continued)
cardinal features of, 641, 663

CM/PF DBS in, 391
compensatory mechanisms in (See 

Compensatory mechanisms)
DA depletion in, 641, 642
DBS treatment of, 667–668
degeneration in, 648
dopamine receptor supersensitivity in, 

493–494
dopaminergic modulation of glutamatergic

signaling in, 124–128
dyskinesia in, 625
environmental hypothesis of, 593 (See also

Toxin exposure)
etiology of, 593
lesioning/stimulating CM/Pf in patients wi

382
and LID risk, 625
mouse models, 614–616
MPTP primate model of, 654–655
mutations, 601
pathology of, 653
prevalence of, 653
spontaneous discharge in, 664
symptoms of

changes in SMA activity, 647
motor, 653

synaptic connectivity, plasticity of, 386–38
synchrony and oscillations in

animal models, 655
human patients, 656

treatment of, 450
treatment with l-DOPA, 625, 653

changes in striatal gene expression, 
632–634

corticostriatal synaptic plasticity, 630–6
expression of FosB and prodynorphin 

mRNA, 632
gene expression changes following, 633
glutamate receptor trafficking alteration

630, 631
long-term side effects, 659
molecular response in striatal medium 

spiny neurons, 631
NR2A and NR2B subunits, 630
PPE mRNA levels in, 632
signaling-pathway activation, 629

Parvalbumin-immunoreactive (PV) 
interneurons

afferents and efferents, 152
axonal arborization, 152
convergence values of FS interneurons, 15
firing characteristics, 154
membrane properties, 152–154
neurocytology, 152
pharmacology, 156
synaptic responses, 154–155
in vivo recordings, 155–156

Passive stabilization, of DA, 645, 648
Pavlovian conditioned approach, for natural 

reward, 578
Pavlovian conditioning, 577
Pavlovian CSs, 578
Pavlovian incentive, 579
Pavlovian reflexive responses, 583
Pavlovian-to-instrumental transfer (PIT), 575, 

577, 578
PD. See Parkinson’s disease (PD)
PDE10A, basal ganglia disorders and, 452
PDE1B, basal ganglia disorders and, 452
PDEs. See Phosphodiesterases (PDEs)
Pedunculopontine nucleus (PPN), 3, 397, 398, 

648
anatomical connections, 398–401
excitotoxic lesions of, 400
functions of, 400–401
indirect projections from, 399
PPN-thalamus connections, 399
reciprocal relationships with basal ganglia 

nuclei and, 399
routes, connected with basal ganglia, 399

PFC. See Prefrontal cortex (PFC)
Phosphodiesterases (PDEs), 451
Phospholipase C- (PLC- ), 448
PI3-kinase pathway, 534
PIT. See Pavlovian-to-instrumental transfer 

(PIT)
Pitx3-deficient mice, 575
PKA. See Protein kinase A (PKA)
PKC. See Protein kinase C (PKC)
PKD. See Protein kinase D (PKD)
PLC- . See Phospholipase C- (PLC- )
Postsynaptic density (PSD), 328
Postsynaptic signal-transduction mechanisms, 

627–628
Postsynaptic terminals, CB1 and, 450
PP1. See Protein phosphatase-1 (PP1)
PP2A, in basal ganglia, 452
PPE. See Preproenkephalin-A (PPE)
ppe and ppt expression, 476
PP1, in basal ganglia, 452
PPN. See Pedunculopontine nucleus (PPN)
PQ. See N-N-dimethyl-4,4-bipyridium 

dichloride (PQ)
Prefrontal cortex-basal ganglia circuits, 

353–354
Prefrontal cortex (PFC), 354–355, 535

projections to, 359
of rodents, 355
stimulation, 373, 376
and striatum, 354–355

Prefrontal-striatal projections, 355, 357
insular projections, 355–357
orbital-prefrontal projections, 357

Prefrontalstriatal topography and striatal inputs, 
361

Preproenkephalin-A (PPE)
expression in striatum, 632
expression, up-regulation of, 646

Presynaptic axon terminals, 297
Pre-synaptic compensatory mechanism, 644, 

648
Presynaptic terminals, CB1 and, 450
ProorphaninFQ/N (Pnoc ), 478
Protein aggregation, 598
Protein kinase C (PKC), 452–453
Protein kinase D (PKD), 453
Protein kinase A (PKA)

activation, 467
cyclic AMP and, 451
Protein phosphatase-1 (PP1), 535
PSD. See Postsynaptic density (PSD)
Psychostimulants, 501

addiction, 583
incentive habit, 585
integrative mechanisms, 583–585
parallel mechanisms, 583
top–down inhibitory/executive control, 

585–586
exposure in basal ganglia

neurophysiological mapping, 573
induced gene regulation, topography of, 509

cortical and striatal gene, regulation 
relationship, 512–513

striatal gene regulation, mapping, 509–512
induced LTP in VTA, 580
induced molecular adaptations within, 

581–582 (See also Basal ganglia)
induced molecular changes in striatum, 513

behavioral stereotypies, 513–514
effect on procedural learning, 514–516

induced plasticity in corticostriatal circuitry, 
580–581

neuroadaptations after treatment with, 505
blunted gene inducibility, 507–508
deltaFosB, accumulation of, 508–509
dynorphin expression, 505, 507

neurochemical sensitization, of striatal 
dopamine, 575–576

PT axon, 324
PT-type neurons, 324, 326–328

differential projections of, 332
intracortical dendritic and axonal 

arborizations, 327
selective anterograde labeling, 329

strategies employed for, 326
PV interneurons. See Parvalbumin-

immunoreactive (PV) interneurons

Q
Quantal size, regulation of, 299

altered free energy for, 299–300
amphetamine, 300
growth factors, 301
ionic conductances, 300
pH gradient, 300
transmitter concentration gradients, 300
VMAT expression, 301

Quarternary ammonium herbicide, 594
Quinolinic acid, 206, 465

R
RasGEFs. See Ras guanine nucleotide 

exchange factors (RasGEFs)
RasGRP. See Ras guanyl nucleotide-releasing 

protein (RasGRP)
Ras guanine nucleotide exchange factors 

(RasGEFs), 457
Ras guanyl nucleotide-releasing protein 

(RasGRP), 453
Ras kinase signaling, 457–458
Rat

absolute number of glial cells, 70–71
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x 
basal ganglia
dorsal aspect of, 64
neurons and their soma size, 65
ventral aspect of, 63–64

GABAergic projection neurons, 66–67
GPe, 66
LHb, 69
pedunculopontine nucleus, 65
striatum, 65

interneuronal subtypes, 70
Rat LID model

corticostriatal synaptic plasticity alteration 
in, 630

GABA transmission in, 634
l-DOPA-induced AIM scores, 632

Ray-finned fish, 34–37
dopaminergic neurons, 36
dorsal part of the ventral area (Vd), 34–35

SPand ENKneurons of, 35–36
thalamic nuclei project, 36

globus pallidus, 35
striato-GPi and striato-GPe circuits, 36–37
striato-SNr-tectal circuit, 36
striatum, 35
telencephalon, 34

Receptors See also Specific entries
G-protein-coupled, 448–454
ionotropic, 454–455
tyrosine kinase

Receptor tyrosine kinases (RTK), 449, 457–45
Regulators of G-protein signaling (RGS-

proteins), 448
viral vector-mediated overexpression of, 62

Reinforcement learning, 550
role of dopamine in, 551

agency assessment, 553–554
inconvenient observations, 552–553
phasic dopamine signaling, 551–552
reward prediction, 553

Re-innervation, 644–645
Reptiles

globus pallidus in, 43
pallium, 43
striatum, 42–43

Reticular activating system, 384
Reticular formation (RF), 384
Reward prediction, 554
RF. See Reticular formation (RF)
RGS. See Regulators of G-protein signaling 

(RGS-proteins)
Ribosomal subunit protein S6 kinases (RSKs),

533
expression patterns of, 534–535
isoforms, 535
N-terminal kinase domain of, 533

RNA polymerase II, 530
Rotenone, 595–596
RSKs. See Ribosomal subunit protein S6 

kinases (RSKs)
RTK. See Receptor tryosine kinases (RTK)

S
SC. See Superior colliculus (SC)
Schizophrenia, 477

basal ganglia in, 448
Second messenger pathways, 448–457
Selective serotonin reuptake inhibitor (SSRI),

517
Ser97Ala DARPP-32 mutant mice, 537
Serotonin, 502

aberrant ERK1/2 activation in, 494–497
compensation, 645
hyperinnervation of, 496
regulation by, 475
in striatal gene regulation, 516–517

Serotonin (5-HT) system, 475–476. See also 
5-HT receptor subtypes

Serotonin receptors, 87–88
Serpentine G-protein-coupled receptors, 90
Sharks, 32
Signal timing, 555
SMA. See Supplementary motor area (SMA)
SN. See Substantia nigra (SN)
SNARE proteins, 301
SNc. See Substantia nigra pars compacta (SN
SNr. See Substantia nigra pars reticulata (SNr
Somatostatin-positive synapses, 11
Somatostatin receptors, 87
Somatostatin (SOM)-immunoreactive 

interneurons
afferents and efferents, 158
membrane properties, 158
neurocytology, 156–158
pharmacology, 160
spontaneous activity, 158–160
synaptic connectivity, 158

Sphenodon, 41–42
Spiny projection neurons, 8–9

medium-sized, 363
SP striato-GPi-motor thalamus-motor corte

circuit, 32
SP striato-SNr pathway, 38, 40
S-R learning theory, 562
SSRI. See Selective serotonin reuptake 

inhibitor (SSRI)
STN. See Subthalamic nucleus (STN)
Striatal chromatin remodeling

in dentatorubral-pallidoluysian atrophy, 
538–539

in Huntington’s disease, 537–538
in L-DOPA-induced dyskinesia, 539

Striatal compartments, 357–358
prefrontal cortical lamination and, 358–359

Striatal DA
depletion, 656
discrete compensation of, 642
homeostasis, 648

Striatal DA release mechanisms
changes in DA receptors, 644
DAT expression, 644
increased DA activity, 642–644
passive stabilization, 645
phasic release, 645
re-innervation, 644–645
serotonin compensation, 645
tonic release, 645
volume transmission, 645

Striatal dopamine transmission. See 
Psychostimulants

Striatal GABAergic interneurons
calretinin (CR)-expressing interneurons, 160
EGFP-TH interneurons, 162–163
LTS neuron, 160
parvalbumin-immunoreactive (PV)

afferents and efferents, 152
firing characteristics, 154
membrane properties, 152–154
neurocytology, 152
pharmacology, 156
synaptic responses, 154–155
in vivo recordings, 155–156

somatostatin (SOM)-immunoreactive 
interneurons

afferents and efferents, 158
membrane properties, 158
neurocytology, 156–158
pharmacology, 160
spontaneous activity, 158–160
synaptic connectivity, 158

TH-immunoreactive (TH) neurons, 161
Striatal gene regulation

cortical activity in, 504
mapping of, 509–512
relationship between cortical and, 512–513

Striatal interneurons, 11–12, 67
Striatal mRNA

from chronically L-DOPA-treated rats, 634
expression patterns in 6-OHDA-lesioned 

rats, 633
Striatal neurons

abnormal spine formation in, 502
activation of, 403
anatomy and physiology of, 654
chromatin remodeling, 528
CM/Pf activation upon, 388
depolarized, 435
differential input of cortex to, 330

anatomical evidence, 330–333
electrophysiological evidence, 333–334

electrophysiological activity of, 464
evoked monosynaptic EPSPs in, 324
firing rate of, 616
gene expression in, 464
glutamate input, 505
hyperacetylation of H4 in, 536
indirect pathway, 333–335
induction of IEGs in, 466
influenced by contextual variables, 555
in lesioned striatum, 493
mutant huntingtin in, 613
plastic alterations in, 478
regulation of genes, 474, 504, 516
responding to movement of, 345
in response to cocaine, 533
spiny, 344
spontaneous and cortically evoked synaptic 

activity, 372
substance P and dynorphin-containing, 582
supersensitive response of, 493
transcriptional activity of, 479
in vivo intracellular recordings from, 347

Striatal organization, 608
Striatal patch-matrix compartments, 358

cortical and thalamic inputs, 22–23
dopamine inputs, 21–22
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rin
Striatal patch-matrix compartments (Continued)
markers defining, 21
output connections, 23

Striatal protein changes
induced by l-DOPA in, 632–634

Striatal PV fast-spiking interneurons, 153
Striato-GPi neurons in monkeys, 385
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