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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

-
N

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
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and last part provides reviews on various aspects of basal
ganglia function and dysfunction. These include chapters
on dopamine function and learning and memory processes,
as well as papers addressing the role of the basal ganglia
in movement disorders and the emerging involvement in
drug addiction. Finally, this part also discusses advances in
the treatment of such disorders, including new insights in
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

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

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

Handbook of Basal Ganglia Structure and Function

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.

Il. 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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connections of the basal ganglia. Layer 5 pyramidal neurons of most areas of the cerebral cortex provide a major input to the striatum, which comprises
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-
bus pallidus (GPi) and the substantia nigra pars reticulata (SNr). These neurons provide inhibitory inputs to thalamic nuclei, including the ventral lateral
(vl), mediodorsal (md), ventromedial (vm) nuclei and intralaminar/parafascicular (pf) complex, as well as to the superior colliculus (SC) and pedun-
culopontine nucleus (PPN). B. The direct and indirect striatal projection pathways arising from two subsets of striatal medium spiny neurons. Direct
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-
tion neurons project to the GPe. These neurons are indirectly connected to the GPi and SNr through connections that involve the GPe and subthalamic
nucleus (STN). C. Feedback pathways of the basal ganglia include the nigro-striatal dopamine (DA) pathway from the substantia nigra pars compacta
(SNc), a thalamo-striatal pathway from the pf complex to the striatum, and thalamo-cortical pathways from the vl, md and vm thalamic nuclei to the

frontal cortex.

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
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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.

I1l. 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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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 (AGI). 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).

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 100-500um on a side, which suggests a relatively sim-
ple topography of the corticostriatal projection formed by

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 pym 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,



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
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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 pm 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 pm 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
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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

B Connections of medium spiny neurons

Striatal interneurons

PV

Cerebral cortex Cerebral cortex

ChAT

Dopamine

Thalamus /
Direct

pathway

<\ Dopamine
Thalamus

Indirect
pathway

GPI/EP/SNr  GPe

FIGURE 1.3 Connections of striatal medium spiny projection neurons. A. Diagram of inputs to medium spiny projection neurons showing the loca-
tion of cortical glutamatergic synapses on the head of spines, and synapses to the neck and interspine dendritic shafts from nigrostriatal dopamine inputs
or GABAergic inputs from other medium spiny neurons. Inputs to the cell body and proximal dendrites are from striatal GABAergic and cholinergic
interneurons. B. Diagram of the inputs to the proximal and distal parts of medium spiny neurons. Inputs to distal parts of the dendrites are from the cere-
bral cortex, nigrostriatal dopamine afferents and thalamus, whereas inputs to the proximal part of the neurons are from GABAergic parvalbumin (PV)
and cholinergic (ChAT) interneurons. This organization of inputs appears to be similar for neurons of the direct and indirect pathways, which project,
respectively, to the internal segment of the globus pallidus (GPi) (entopeduncular nucleus, EP, in rat)/substantia nigra pars reticulata (SNr) and the exter-
nal segment of the globus pallidus (GPe), and differentially express D1 and D2 dopamine receptors.



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).

Thalamicafferents fromtheintralaminarnuclei, 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
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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.



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 um
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 ] 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 2mm.

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; QOertel 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
GADG65, 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
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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  through synaptic connections in the globus pallidus and

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,

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



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
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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 300-400um, 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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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.

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).

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 1um 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”.



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 pm
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
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(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



The Neuroanatomical Organization of the Basal Ganglia

Dual striatal projections
to GPe and SNr

SNr

GPe

Dual subthalamic projections

to GPe and SNr
\\STN

95*\ SNr

FIGURE 1.7 Dual projection systems in direct and indirect pathways.
A. Tllustration 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.

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,

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.

V1. BASAL GANGLIA OUTPUT NUCLEL:
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



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

Superior
colliculus

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).
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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



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).

Handbook of Basal Ganglia Structure and Function

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).

Cortex
(layer 5)

Striatal patch-matrix

compartment connections  patch
output
Y
* SNr// Substantia
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1 mm
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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.
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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; Ariéns-
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
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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

29



6ox 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

Qow extinct) of the species in question. J

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 DIxI/
and DIx2, and the gene Nkx2.1 specifically is critical for
development of globus pallidus (Rubenstein et al., 1994).
Genes that control pallial development include EmxlI,
Emx2, and Tbrl. Projection neurons of cerebral cortex
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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 LANTG; 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.[-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 (Lys®-Asn’-neurotensin®3)
(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
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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).

Il. 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; Yafiez
et al., 1992; Chiba, 1999; Pombal et al., 2001). Moreover,
this region expresses lamprey DIx//2, while the region dor-
sal to it expresses lamprey EmxI 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



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. 81 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.

(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.I-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+
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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
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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.

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;



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
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A Evaginated B Everted

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.

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



Basal Ganglia Evolution

SP

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; DI — lateral part of dorsal area; Dm —
medial part of dorsal area; Vd — dorsal part of ventral area; VI — lateral
part of ventral area; Vv — ventral part of ventral area.

neurons of the posterior tubercle and/or midbrain (Parent
and Northcutt, 1982; Hornby et al., 1987; Meek et al., 1989;
Roberts et al., 1989; Ekstrom 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 DIx1/2 (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 EmxlI,
Emx2, Tbrl, and Thr2 (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./ 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; Briining
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 (Ekstrom, 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,



however, contain many cholinergic neurons, which may
be the source of the cholinergic input to the striatum, as
well as to the pallium (Ekstrom, 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
(Ekstrom 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
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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., 20006). 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
GADG65 (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
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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.

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



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; Gonzéilez
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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 Dix-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. Gonzailez). 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 DIx-expressing neurons. The GAD-
expressing and Dix-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.

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
DIx1/2 (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,
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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.

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; Gonzalez
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; Lazar et al., 1993; Tuinhof et al., 1994; Munoz et al.,
1996; Tostivint et al., 1996; Marin et al., 1998a; Gonzalez
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./ and are thus likely to be derived
from the same proliferative zone that gives rise to globus
pallidus, as true in mammals (Gonzdlez 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; Gonzalez and Smeets, 1991, 1994a,b; Corio et al.,
1992; Gonzaélez 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



(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

Handbook of Basal Ganglia Structure and Function

and Northcutt, 1983b; Marin et al., 1997c¢,f, 1998a; Roth
et al., 2004), projects to the tectum (Wilczynski and
Northcutt, 1977; Finkenstdadt 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; Lazar 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; Finkenstédt 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; Lazar et al.,
1990; Masino and Grobstein, 1990; Marin et al., 1997b.{;
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.

11l. 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.



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 (Killén, 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 DIx1/2 (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;
Briining et al., 1994; Bennis et al., 2001); and (3) medium-
sized aspiny neurons co-containing GABA, parvalbumin, and
LANT®6 (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
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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.

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;
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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; Gonzailez
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; Gonzalez
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; Gonzalez 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; Kiinzle 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 SN,
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,



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 (Gotz 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
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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 DIx1/2
(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 (Tombdl 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; Wichtler and Ebinger, 1989; Moons et al.,
1994; Ball et al., 1995; Kohler et al., 1995; Wynne and
Gintiirkiin, 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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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.

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 PARY, by its enrichment in SP+ and ENK+
woolly fibers (Fig. 2.9), and by its expression of Nkx2.I
(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; Briining, 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., 20006).

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 Giintiirkiin,
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



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 Giintiirkiin, 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,
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receives pallidal input (Medina and Reiner, 1997; Veenman
etal., 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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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.

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 Giintiirkiin, 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., 2000). 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



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
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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.

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
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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



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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. 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
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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

Handbook of Basal Ganglia Structure and Function

et 24y

o
7="100um

(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, 20-10pm Ribak et al., 1979
Interneuron (acetylcholine) Large, 35-20pum Bolam et al., 1984
Interneuron (somatostatin/nitric oxide Medium, 25-15pum Aoki and Pickel, 1988
synthase/neuropeptide Y/possibly GABA)
Interneuron (GABA/parvalbumin) Medium, 20-14 X 12-11pum Gerfen et al., 1985; Cowan et al., 1990
Interneuron (GABA/parvalbumin) (2% Large, >~20pm Cowan et al., 1990
subpopulation of GABA/parvalbumin
interneurons)
Interneuron (GABA/calretinin) Medium, 17-9pm Bennett and Bolam, 1993
GPe Projection neuron (GABA) Large, 28-13 um Oertel et al., 1984;
Moriizumi and Hattori, 1992
Projection neuron (acetylcholine) Large, 26-14pum Johnston et al., 1979; Ingham et al., 1985
Interneuron (calretinin/GABA?) Small, 11-9pm Cooper and Stanford, 2002
GPi Projection neuron (GABA) Medium, ~15-7 pm Oertel et al., 1984; Rajakumar et al., 1994
STN Projection neuron (glutamate) Medium, 25-10pm Chang et al., 1983; Bevan et al., 1994
Interneuron (GABA) Size unknown Mugnaini and Oertel, 1985
SNr Projection neuron (GABA) Medium, 22-13 pm Gonzalez—Hernandez and Rodriguez, 2000
Projection neuron (dopamine) Medium, 20-11pm German and Manaye, 1993
SNc Projection neuron (dopamine) Medium, 22-11pm German and Manaye, 1993
Interneuron (GABA) Medium, ~20-10pm Hebb and Robertson, 2000

N
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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



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.

1. 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
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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 X 16-12pm) 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 SN, 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).

I1l. 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 I'V.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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Cx Cerebral Cortex

CPu Caudate-Putamen

GP External Globus Pallidus
Th Thalamus
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1 Entopeduncular Nucleus, EP
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3 Substantia Nigra Reticulata, SNR
4 Substantia Nigra Compacta, SNC

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

Original domain hypothesis
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FIGURE 3.3 A schematic illustration of the original domain hypothesis.
Reprinted from Wickens et al. (1995) with permission from John Wiley &
Sons, Inc.

(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;
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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) N, of 11,000
per mm? (Lange et al., 1976). Assuming a radius of contact
inhibition for each striatal projection neuron of 250pm,
Wickens (1993) calculates the number of neurons in a
human striatal inhibitory domain to be 720 (i.e., number
in a domain = NV.4’TY/3.I'3), 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 100pm (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) N,
of 84,900 per mm?, 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 LHD 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-LHDb 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).



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
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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.



Cell Types in the Different Nuclei

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 Mgller, 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 um) neurons relative to the striatum, where
almost all the 2.85 million neurons in one hemisphere

are medium-sized, 10-20pm, 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
SN, 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.

V1. 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



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*, Ca®* or CI~
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
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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
etal., 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
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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 Receptor
neurotransmitter
Striatum Projection neuron, Glutamate NR1, NR2, AMPA, Kainate, mGluR1,
striatonigral (GABA) 2,5
GABA GABA-A a2a382,3~2 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 Al
Cholecystokinin CCK2
Noradrenaline Alpha 2
Striatum Projection neuron, Glutamate NR1, NR2, AMPA, Kainate, mGluR1,
striatopallidal (GABA) 4,5
GABA GABA-A a2a3832,3~2 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

K (Continued)j
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TABLE 4.1 Continued

Nucleus Neuron type Afferent Receptor
neurotransmitter
Striatum Interneuron Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5
(acetylcholine)
GABA GABA-A o3, 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/ Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5
NOS (GABA)
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  Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5
(GABA)
GABA GABA-A 182,3~2 subunits, GABA-B

Acetylcholine

Nicotinic, Muscarinic M2

(Continued)
/
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TABLE 4.1 Continued

~

Nucleus Neuron type Afferent Receptor
neurotransmitter
Dopamine D5
Opioid Opiate
Cannabinoid CBI1
Glycine Glycine
Somatostatin Sst2
Noradrenalin Beta adrenoreceptors
Striatum Interneuron, Calretinin Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5
(GABA)
GABA GABA-A a182,3~2 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 Projection neuron Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5
(internal and (GABA)
external)

GABA GABA-A «132,3~2 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 Receptor
neurotransmitter
Interneuron Not known
Subthalamic Projection neuron Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5
nucleus (glutamate)
GABA GABA-A, GABA-B
Acetylcholine Nicotinic
Dopamine D1/D5, D2, D3
Serotonin 5-HT2A/C
Interneuron (GABA) Not known
Substantia nigra Projection neuron Glutamate NR1, NR2, AMPA, Kainate, mGluR5
pars compacta (dopamine)
GABA GABA-A a3~2 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  Projection neuron (GABA) Glutamate NR1, NR2, AMPA, Kainate, mGluR1, 5
pars reticulata to
read reticulata GABA GABA-A «182,3~2 subunits,

GABA-B

Acetylcholine

Nicotinic, Muscarinic M2

Serotonin 5-HT1A, 5-HT1B
Opioid Delta, kappa
Tachykinin NK1, NK3
Interneuron Not known




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).

1. IONOTROPIC RECEPTORS

A. Glutamate Receptor lon 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
(ar-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,

A Glutamate receptor

Extracellular

N-terminal

domain
Agonist

domain

FIGURE 4.1

B NMDA receptor
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2005, 20006). Ionotropic glutamate receptors can be divided
into three types based on their affinities for synthetic ago-
nists: (1) N-methyl-D-aspartate (NMDA); (2) a-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.,

C AMPA/Kainate

Competitive Glutamate Na*
antagonist NMDA a
S; Regio S, Regic Na* Glu‘
?OOOe
oK
Intracellular
C-terminal

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 GABAD 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 GIuR3 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), and
(NR2), organization (Laube et al., 1998). There is evidence
for both binary and ternary complexes of subunits, that is
NRI1/NR2A or NRI/NR2A/NR2B (Sheng etal., 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
NRI1 subunit binds glycine (Kuryatov et al., 1994; Wafford
etal.,, 1995; Hirai etal.,, 1996; Anson etal.,, 1998; Laube
et al., 1998); this feature of requiring co-agonists, glutamate
and glycine, is unique amongst ligand-gated ion channels.
Zn”* 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 etal., 1999; Paoletti and
Neyton, 2007). The NR2A subunit is allosterically inhibited
by nanomolar concentrations of Zn>* 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, GIuR1-3 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



flop variants have effects on the rate of desensitization of
heteromers and sensitivity to allosteric modulators. Another
feature of the GIuR2 subunit is post-transcriptional editing
of the mRNA, changing a single amino-acid from glutamine
(Q) to arginine (R). GIuR2(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 GluR?2 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
GIRK-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 GLuKS, and some 45% between the two groups.

In the basal ganglia, GLuK2 and GLuKS5 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,
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2006; Jane et al., 2008). Knockout mice have allowed con-
centrations of agonists to be defined to selectively activate
specific kainate receptors.

B. Ligand-Gated lon Channels (Fig. 4.2)

Members of the ligand-gated ion channel family, which
are also sometimes termed cys-loop ligand-gated ion chan-
nels (LIGC) because of the cystine loop in the extracellu-
lar N-terminal domain (Sine and Engel, 2006; Fig. 4.2A),
are abundant in the mammalian CNS. In the basal ganglia,
they include nicotinic acetylcholine receptors (nAChR),
GABA-A receptors, serotonin (5-HT3) receptors and gly-
cine receptors. Each subunit has four transmembrane
domains, and the subunits are arranged in a pentameric
structure around the ion channel (Fig. 4.2B,C) based on
the model of Unwin (Unwin, 2005). There is only limited
sequence homology of the extracellular domains between
the families. However, models based on the structure of the
soluble snail acetylcholine binding protein (AChBP) allow
correct prediction of ligand-binding domains, indicating
that the secondary structure (Zhou et al., 2002) is to some
extent conserved between the families (Brejc et al., 2001;
Connolly and Wafford, 2004). The GABA-A and glycine
receptors are anion/chloride channels, whilst the nicotinic
and 5-HT3 channels are cation channels with permeability
to Ca2™ as well as Na™ and K™

1. Nicotinic Receptors

As members of the cys-loop ligand-gated receptor fam-
ily neuronal nicotinic receptors are pentamers of o and (3
subunits in a ratio of 3c:23 (Jones et al., 1999). Neuronal
subunits include o2—-a6 and 3234 with a7 and a9 being

A B C

N

cys -cys loop c GABA @
peslg YV Do
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FIGURE 4.2 A. Schematic of a typical ligand-gated channel subunit
with four membrane-spanning domains. B. Schematic of a pentameric
arrangement of a ligand gated channel. C. Schematic of the heteromeric
arrangement of a GABA, receptor made up of two «l subunits, two
32 subunits and one ~2 subunit. The agonist GABA binds between «l
and 32 subunits, with benzodiazepines binding between the a1 and ~2
subunits.
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capable of forming homomers and a9 possibly forming
heteromers with o10. The most common combination in
the basal ganglia are the a2 and (34 and in the midbrain
a3—a7 and 32-34 (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 (32 subunits, and knockout of (32
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 Ca®* as do 5-HT3 receptors (for a recent review, see
(Dani and Bertrand, 2007).

2. 5-HT; Receptors

The serotonin 5-Hydroxytryptamine type-3 receptor (5-HTj3),
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 SHT3A subunit which was isolated
by expression cloning. Expression of this subunit did not
however mimic the precise physiological properties of the
5-HTj 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-HT; 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 GABA , receptors,
the glycine receptor (GlyR) is a member of the cys-loop

ligand gated channels (LIGC). Compared to the GABA4
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 etal., 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 ol-4 and (3 subunits
(Cascio, 2004; Lynch, 2004; Grudzinska et al., 2005). The
protein gephyrin is responsible for clustering of glycine
and GABA, 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. GABA, 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, GABA , receptors are com-
posed of five subunits with a large extracellular domain.
A number of subunits including «1-6, 31-3, ~1-3, §, &, T,
0, and p1-3 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 o, 3 and ~, usually in a combination of alter-
nating o and 3 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 o and
a ~2 subunit (Sieghart, 2006). Indeed, reduced expression
of the ~2 subunit created an “anxious” mouse. Activation
of a functional GABA , receptor lets chloride ions into the
neuron causing a strong inhibitory hyperpolarization. In a
detailed overview of the distribution of GABA, receptors
on neurons in the basal ganglia, Wisden and colleagues
(Goetz et al., 2007) note that a majority of GABA, recep-
tors are of the standard benzodiazepine type o132~3 and
that the subthalamic nucleus, substantia nigra and globus



pallidus are regions of high benzodiazepine binding. Based
on abundance Wisden and colleagues predict that recep-
tors expressing a2 and 33 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 «132~3 found on parvalbumin
positive interneurons in the striatum as well as on the palli-
dal neurons and those in the SNr. The a3 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). GABA, receptors are cycled rapidly in the
neuron and respond to changes in GABA levels (Fenelon
and Herbison, 1996). As noted above synaptic anchoring
of GABA , 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 GABA,
receptors extrasynaptically may involve gephyrin or the
protein radixin which is a member of the ERM family
(ezrin/radixin/moesin) (Kneussel and Loebrich, 2007).

11l. 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 (3,-adrenergic and most recently the 45,
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
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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 (3, adrenergic receptor that has reduced ability to inter-
act with G, and acquires an ability to interact with G; 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 GABAg 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 (GaB3~y) bound to the GPCR con-
sists of a, 3 and ~ subunits. There is considerable diver-
sity in G-proteins and there are at least twenty Ga, six G3
and thirteen G~ subunits interacting with different signal-
ing pathways. Ligand binding to the GPCR triggers the
release of GDP from Ga, which can bind GTP and disso-
ciate from Gf3~. Both Ga and G~ can activate signaling
pathways. Hydrolysis of GTP in Ga increases its affinity
for GB3~ and for its receptor, resulting in the trimeric Ga3~
binding to its receptor. There are four families of Ga sub-
units (for reviews, see (Gilman, 1987; Simon et al., 1991;
Neves et al., 2002) of which only three, G;, G, and Gq, are
directly involved in basal ganglia receptor signaling. The
G; 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 Go; forms
including Gy |3, Goy, as well as Go, Go, 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 Ca*>" channels, activa-
tes mitogen activated protein kinases (MAPKSs) and can
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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 G family, which includes G, all stimulate adenylyl
cyclase, but can also activate tyrosine kinases (G) or stim-
ulate phosphoinositide turnover (Ggjs). There are some nine
members of the adenylyl cyclase family as potential targets
for G, or G;. Members of the G, family stimulate the vari-
ous phospholipase C(3 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, D;-like (D,
and Ds), which stimulate adenylate cyclase, and D,-like
(D,, D3, and D,4) which inhibit adenylate cyclase (Hartman
and Civelli, 1997). Of these the D; and D, receptors are
enriched in the striatum and its projection areas. In general,
the D; 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 D, receptor (see Chapters
1 and 6 for details). It was more difficult to show that the
Dj; 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 D,
receptor is particularly localized in the cerebral cortex, as
is Ds, 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 etal.,, 1999; Augood et al., 2000; Baufreton
et al., 2003) For recent reviews of dopamine signaling, see
(Strange, 2001; Girault and Greengard, 2004). There have



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 etal., 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 (p, 6, k) 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 p receptor and the & receptor
are enriched in the striatum, with the « receptor being local-
ized more in the ventral striatum/nucleus accumbens. The p
opioid receptor is particularly concentrated in the patches or
striosomes (Graybiel and Ragsdale, 1978; Herkenham and
Pert, 1981; Mansour et al., 1995; Wang etal., 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 G; or G, to inhibit adenylate
cyclase so that, for example, locally released enkephalin will
presynaptically inhibit GABAergic inputs.

In situ localization studies indicate the . d and k. receptors
are found in both striatopallidal and striatonigral neurons, with
the b 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 NKI, are
markers for cholinergic and somatostatin/NOS containing
striatal interneurons (Shigemoto et al., 1993), whereas the
NKI1 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
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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 A9-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
Gy or G; 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
CBl1 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, M;—Mjs
(Caulfield and Birdsall, 1998). M, and M, couple through
Gi/, to inhibit adenylate cyclase, whilst M;, M; and Mj
couple through G, to mobilize phosphoinositides to gen-
erate IP; 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). M; and M, receptors
(Hersch et al., 1994) are particularly concentrated in the
striatum, with M; being found in all MSNs both in the
indirect and direct pathway, and in cholinergic and NOS
interneurons. M, is found in cholinergic interneurons and
M, in substance P-containing MSNs. M; staining is dif-
fusely distributed, but was not found in identified neuronal
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types (Hersch et al., 1994). Ms 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 sst; and sst, in one group, and ssty4, SStog, Sty and ssts
forming another group. The peptide analogues seglitide
and octreotide can be used to distinguish the subfamilies;
radioligand binding studies show that sst; and sst; pos-
sess only a low affinity for both analogues, whilst sst,, sst;
and ssts 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 Gy/G, and G,. 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, Ay, Ag,, Agy, and As. The A, subtypes are GJ/G/Gq
coupled, stimulating adenylyl cyclase, whilst A; and Aj
couple to G;/G, and inhibit adenylyl cyclase. In the basal
ganglia, the receptors of interest are A and A,,. A,, recep-
tors are found on the enkephalin/striatopallidal cells, whilst

A receptors are found on the substance P/direct pathway
neurons (Glass et al., 2000). This allows inhibitory A
receptors to modulate the action of excitatory D; receptors,
and A,, receptors can antagonize the action of D, receptors
(Fink et al., 1992; Schiffmann and Vanderhaeghen, 1993;
Svenningsson et al., 1998; Schiffmann et al., 2007). The
localization of the A,, receptor with enkephalin cells has
led to the suggestion that A,, 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 A,, receptors may complicate this picture (Shen et al.,
2008). The crystal structure of the A,, 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 A,,/D, may
have important physiological roles in the striatum.

8. Serotonin Receptors

After dopamine serotonin, S5-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-HT; receptor (see earlier), are all GPCRs
and comprise a number of subtypes that can be divided into
three main families, the 5-HT;, 5-HT, and 5-HTg families
(for review, see (Barnes and Sharp, 1999; Hoyer et al., 2002;
Bockaert et al., 2000)). In the basal ganglia, in situ hybridi-
zation or ligand binding experiments demonstrated that
representatives of each family are present. These include
5-HT},, 5-HTy4, 5-HTss, and 5-HT, for the 5-HT; fam-
ily, 5-HT,, and 5-HT,, for the 5-HT, family and 5-HT, and
5-HT for the 5-HT; family. The members of the 5-HT; family
negatively couple to adenylyl cyclase, 5-HT, receptors couple
positively to phospholipase C to generate IP; and DAG, whilst
5-HT; members couple positively to adenylyl cyclase.

Studies show that 5-HT;,, 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-HT4_¢



mRNAs are also expressed in the striatum (Bach etal.,
1993; Bruinvels et al., 1994) as are 5-HT5 receptors (Grailhe
et al., 1999). Of the 5-HT, family, autoradiography studies
have localized 5-HT,, and 5-HT,, receptors in the striatum
and substantia nigra (Lopez-Gimenez et al., 1997). 5-HT} 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-HTg 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-HT;y, and 5-HT,) and schizophrenia (5-HT;, and 5-HT,,).
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, CCK; (CCK,) and CCK, (CCKp). CCK| is found
in the periphery and in selected CNS areas including the
hypothalamus and interpeduncular nucleus. As its original
name implies (CCKg), CCK, 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. CCK; receptors couple
through G to adenylyl cyclase and through G4 to phos-
pholipase C. CCK,; receptors couple through G; /G, or G,

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 etal., 1999; Binder etal.,
2001; Dobner, 2005)). Neurotensin mRNA coexists with
enkephalin mRNA in striatal MSNs, indicating that neuro-
tensin is found in D,/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).
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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 G/G; 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 etal., 1984; Steinbusch
etal.,, 1986). There are currently four known histamine
receptors, Hi—Hy. H; couples through Gy, H, couples
through G, and Hs—H, couple through Gi/o. In the stria-
tum, H, and Hj receptor mRNAs are strongly expressed in
the majority of MSNs. In the substantia nigra only low lev-
els of H, mRNA are present, although strong H, 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 H,, H; 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,
oy-adrenoreceptors which couple through Gy, o,-adrenore-
ceptors which couple through G/, and 3-adrenoreceptors which
couple through Gq. In the striatum, where the main amine
is dopamine, it is thought that the o and (3-adrenoreceptors
respond to dopamine rather than noradrenaline. In terms

of localization, the (3-adrenoreceptors are localized on
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striatal cholinergic neurons (Pisani et al., 2003) and the .-
adrenoreceptors on striatal MSNs (Holmberg et al., 1999).

13. Neuropeptide Y Receptors

Receptors for the neuropeptide NPY include five family
members, Y;—Ys, all of which couple through Gj,. 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 Y, receptor is particularly
localized in the basal forebrain (Stanic et al., 2006).

14. Other Family T 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
etal., 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)
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B. Family 3
1. GABAg 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 GABA , (discussed earlier) and GABAg recep-
tors. The first class discovered were the GABA, receptors
which could be detected by binding assays using *H-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
B-p-chlorophenyl-GABA (baclofen) as an agonist at this
putative GABA receptor, and the use of the *H-labeled form
of baclofen allowed Bowery and colleagues to reveal a Ca>*-
dependent binding of *H-baclofen and *H-GABA at the site
they had earlier termed the GABAy site (Hill and Bowery,
1981). These studies established GABAg as a CNS as well
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FIGURE 4.4 Schematic structure of the heterodimeric GABAg receptor. The functional receptor is made of two separate family 3 GPCRs, GABAg,
and GABAg,, which have the typical serpentine seven transmembrane domains and large N-terminal sequences. GABA binds to the N-terminal bilobed
domain of GABApg; whilst GABAp, is thought to bind G-proteins. Also in the N-terminal domain of GABAg; 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
GABAg; and GABAg, which will influence receptor function and localization for example, 14-3-3 and Mupp-1, see figure for further examples (Emson,
2007). Gi/G, binds to adenylyl cyclase (AC), and the 3/~ 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).



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 GABAg 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 GABAg receptors will inhibit the release of other
neurotransmitters (e.g. noradrenaline) through a decrease in
membrane Ca®>" 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 GABAg receptor, in contrast to the GABA, 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 GABAjg recep-
tor and the identification of *H-baclofen as a ligand, it was
not until 1997 that the first GABAg receptor was cloned
(now termed GABAg()) by Kaupmann and colleagues
(Kaupmann et al., 1997). Subsequently a number of groups
established that the functional GABAg receptor exists as a
heterodimer of two components, subunits GABAg, and
GABAgy) (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 GABAg 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 GABAg;) mRNA
is localized throughout the forebrain, with lower amounts of
GABAgy) 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 (mGIuRs)

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
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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
(mGIuR1 and 5) which usually couple through G/Gy; to
phospholipase C, group 2 (mGluR2 and 3) and group 3
(mGluR4, 6, 7 and 8). Groups 2 and 3 usually couple through
Gi/G, to inhibit adenylate cyclase. In the basal ganglia, group 1
mGluRs, particularly mGIuRS, are found in most regions,
as are group 2 mGluRs. mGIuR?2 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,
mGIuR7 is the main form in the basal ganglia. Localization
studies suggest that mGIuRS 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. mGIluR4 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. mGIuR7a 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 GABA,)
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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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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a single layer of cells interposed between the input and out-
put side of the striatum. Thus, the physiological properties
of the MSNs, their extrinsic inputs, and their interactions
with other MSNs and interneurons are key determinants of
the input—output operations performed by the striatum. In
this chapter, we will review the anatomical and physiologi-
cal characteristics of MSNs. Several other excellent reviews
on MSNs and striatal function have been published recently
(see Part B of this volume). We also point the interested
reader to the recent review by Bolam et al. (2006).

Il. THE STRIATAL MEDIUM SPINY
NEURON

A. General Morphology of the Medium
Spiny Neuron

The MSN has a characteristic morphology with a relatively
uniform somatodendritic architecture (Wilson and Groves,
1980; Somogyi et al., 1981) as illustrated in Figure 5.1. The
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cell body is 12-20pm 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 250-500pm 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 um 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,
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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
MSN:ss 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., 20006;
Gertler et al., 2008) (see Chapter 6).

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 pum 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 MSNG. 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 0.1pm to about 0.5pm and
lengths range from 0.35-3.80um, with spine head diameters

ranging from 0.11-0.95um. Densities of spines along a den-
drite range as high as 46 per 10pm. 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,
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FIGURE 5.2 Spike backpropagation and dendritic calcium influx through the NMDA receptor pave the way for spike timing-dependent plasticity in
MSN:s. (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
MSN:s 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 MSNSs, 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
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

et al.,

events very similar to the Up state transitions that occur
1995a; Wilson and Kawaguchi,
corticostriatal inputs are both necessary

spontaneously (Wilson,
1996). Thus,
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
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FIGURE 5.3 (A) Spontaneous up and down transitions in the intracellular membrane potentlal 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.



Wilson, 1998). Recent intracellular studies in immobilized
rat have shown yet another membrane potential dynamics of
MSNSs. 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, I;, (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), Ix;, 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 MSNss 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 I, (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
I 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
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current inactivates and this makes the neuron more excit-
able (Nisenbaum et al., 1994).

E. Dopaminergic Modulation of lon
Channels

Dopamine modulates various ion conductances in MSNs
(see also Chapter 6). For example, dopamine and the specific
D1 receptor agonist SKF 38393 (5uM) reduce 15 (Kitai and
Surmeier, 1993; Surmeier and Kitai, 1993). Conversely,
the D2 receptor agonist quinpirole (5pM) enhances I
(Surmeier and Kitai, 1997). Due to the voltage-dependent
activation and inactivation of I,,, 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 I
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 Iy;, is increased
while I, 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 Iy, 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 Nat 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 MSNss.

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 Nat
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 I;, 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 1, 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 Iy;, increases the
stability of the hyperpolarized state of the cell. The decrease
of Iy, 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 I, 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 Iy;. (Uchimura and North,
1990) would be expected to decrease the stability of the
Down state. Although an increase of Iy, (Surmeier and Kitai,
1997) would increase the excitability of cells in the Up state,
this effect may be opposed by an increase in I, and decrease
in L-type Ca™* channels leading to a delay in firing.

I1l. 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
and Wickens, 2002). (B) Individual responses (arrow head) in a postsynaptic MSN (post) during prolonged spike firing from suprathreshold somatic cur-
rent injection in the presynaptic MSN (pre). Note high failure rate in immature acute striatal slice. (C) Individual postsynaptic potentials in response to sin-
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 Schiiz, 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/m). 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 pm™
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 um=. 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™. 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 pm).
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
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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 500pum 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 GABA 4 -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



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 GABA, 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 CI™ as well as HCO,
ions act as carriers for GABA, 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 [Cl7] of MSNS, located the reversal poten-
tial for the MSN-MSN connection between —60 and 45mV
(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.
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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 Ajx
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 GABA ,
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
MSNss 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 (<5Hz) (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.
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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
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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).

1. 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
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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.

I1l. 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 G
(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 MSNSs 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 Ca’?* channels,
which open in the same voltage range as NMDA recep-
tors (Mg?* unblock) attenuates the DI 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*t 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 Navl.1 channels,
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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/Navl.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 MSNGs.

When the somatic membrane potential is held for
several hundred milliseconds near the up-state potential
(~—60mV) (Wickens and Wilson, 1998), D1 recep-
tor stimulation has a quite different effect than when it
is held at nominal down-state potentials (~—80mV). 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, Kvl
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 Ca’* 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 —60mV 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).
DI receptor stimulation also reduces opening of Cav2
Ca?" 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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6ox 6.1 D1 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 MSNSs 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 10-135pm 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 25um 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
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FIGURE 6.1 D1 and D2 MSNs differ in dendritic anatomy. A—C. Striatal neurons from P35-P45 BAC transgenic mice were biocytin-filled,

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 DT 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 PO 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 MSN's is not dependent upon DA.
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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-pm 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-pm 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 pum 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 um, n = 15; D2 MSN: median = 400.5pm, n = 16).
C. Whole-cell capacitance is positively correlated to total dendritic length (rg = 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
QDI MSN: median = 3385.6pum, n = 15; D2 MSN: median = 2878.3 pm, n = 16; P < 0.001). J
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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 Gj, proteins, leading to
inhibition of adenylyl cyclase through Go; subunits (Stoof
and Kebabian, 1984). In parallel, released G3~ subunits
are capable of reducing Cav2 Ca’* 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 Ca®* 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 DI 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 Ca?>" leads to negative mod-
ulation of Cavl.3 Ca’>" 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 MSNss in slices at up-state membrane
potentials (Hernandez-Lopez et al., 2000).
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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
CBI1 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



is a general agreement that striatal LTD requires activation
of Cavl.3 L-type Ca’* channels, Gg-linked mGIuR1/5
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
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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., 20006), 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,

6ox 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
(50pM) and Fluo-4 (200pM). The Alexa 568 enabled detailed
visualization of distal dendrites and spines while the Ca*-
sensitive indicator Fluo-4 reported Ca?™ 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 130um from the soma. Estimates
of the Ca’" 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 Ca*
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 2ms, 2nA 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 Ca’" transient was
detected in the spine, it was also detected in the dendrite. The
maximum amplitude of the bAP-evoked spine Ca* transients
was determined by calculating AF/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 Ca?* tran-
sient at dendritic sites more than 60pum from the soma (Fig.
6.2A), whereas in D2 MSNs, dendritic Ca?™ transients were
readily detected at this distance and beyond (Fig. 6.2B).

To more closely examine the disparity in the bAP-evoked
Ca?* 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 Ca?* 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 Ca?* channel density, DT 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
Ca?* transient with distance from the soma (Fig. 6.2D), argu-
ing that the loss of the bAP-evoked Ca?™ transient was not due
to diminished Ca* channel density. Further evidence that this
phenomenon does not simply reflect diminished Ca?* channel
density in distal dendrites is that strong depolarization (1 sec)
and trains of APs (10 X 10Hz) consistently evoked CaZ™ 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 Ca’* transients in more dis-
tant dendritic regions. Three spike bursts (50 Hz) delivered at
a theta frequency reliably evoked shaft and spine Ca?" tran-
sients in both D1 and D2 MSN dendrites 100-120 pm from
the soma (Fig. 6.2E). The Ca?* 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 Ca?* 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 Ca?* 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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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
MSNSs. 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
HFES 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

Handbook of Basal Ganglia Structure and Function

currents both directly and indirectly by enhancing L-type
Ca?* 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 Mgt 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 mGluRS5, 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
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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 mGluRS
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 MSNSs, 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
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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,



D2 receptors diminish the excitatory synaptic input to stria-
topallidal MSNSs, 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 Ca>* 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 Ca?>" stores and activation of
phospholipase C (PLC) and protein kinase C (PKC) sig-
naling. M2-like receptors (M2 and M4) are coupled to Gy,
proteins that inhibit AC isoforms and reduce the opening of
voltage-dependent Cav2 Ca®>" 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.
MI 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
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by PKC (Nakamura et al., 1997). In addition, M1 recep-
tor activation coupled to PLC3 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 Cavl.3 and
Cav2 Ca’" channels (Howe and Surmeier, 1995; Olson
et al., 2005; Perez-Rosello et al., 2005). These effects on
somatic Ca®" channels appear to work in concert with the
suppression of KCNQ and Kir2 K* channels by diminish-
ing the opening of Ca>"-dependent K (SK) channels that
regulate repetitive spiking. The coordinated modulation of
K* and Ca®" 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 Ca?" 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.

VIl. 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
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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
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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 Ca®" 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 Ca>" 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
Ca’* 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 Ca>*
entry associated with excitatory glutamatergic input, DA
depletion appears to trigger a homeostatic mechanism
aimed at normalizing activity (measured by Ca’* entry).

To directly pursue this question, BAC D2 mice were
DA depleted for 5 days using reserpine and the bAP-
evoked Ca’* transient was mapped in the dendrites of D2
MSNs (Day et al., 2008). As described above, the ampli-
tude of the fluorescence change (AF/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 Ca’* 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 150pm from the soma), DA depletion sig-
nificantly increased the relative amplitude of the Ca®"
transient evoked by a single bAP (Fig. 6.6B). In fact, in all
of the neurons examined following DA-depletion, bAP-
associated Ca" transients were detectable as far out on the
dendrites as we were capable of imaging (~150pm 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 MSNss in a slice from a BAC
D1 EGFP mouse. Green signals (500-550nm) were
acquired from EGFP labeled D1 BAC neurons (Fig.
6.3A right panel & Fig. 6.3D using 810nm excita-
tion, while EGFP labeled D2 BAC neurons (Fig. 6.3B
right panel & Fig. 6.3D) required 900nm excitation.
Amplicons from an individual EGFP labeled neuron
(scRT-PCR, Fig. 6.3A&B left panels) show coexpres-
sion of SP (616bp) and D1 receptor (234bp) 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 (477bp) and D2 receptor (264bp)
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

E Control D1 G Control D2 in interevent interval compared to BAC D2 controls.
(I, left panel) Box plots showing reserpine DA deple-
' I ’ l ' v ' ' tion produces a decrease in spine density in the D2
MSN population measured with 2PLSM (wild type
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corroborated the inference that spine loss enhances den-
dritic bAP invasion, showing enhanced bAP propagation,
enhanced opening of voltage-dependent Ca’>" channels
and an elevation in bAP evoked change in intracellular
Ca" 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 uM)
significantly suppressed the bAP-evoked Ca’" 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 Ca’* transient recorded at four different eccentricities along this den-
drite (45, 60, 100, 150 um, right). (B) Plot of the amplitude of the bAP-evoked Ca’* 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 Ca®" 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 Ca’"
transients seen following reserpine treatment reflected
a D2-mediated disinhibition Ca?* channels. To test this
hypothesis, we compared the amplitude of bAP-evoked
Ca’" transients in untreated BAC D2 MSNs recorded
before and after bath application of the D2 antagonist

sulpiride (10 uM). 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).



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
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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 Kolliker (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
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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 >50pum 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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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 (sSAHP). 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.

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 7.2 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
(Isapp), 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.

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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membrane potential undergoes a long-lasting AHP, called
the sSAHP, 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.

I1. 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 (GABA,) 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.
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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 —50mV 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 Cay?2.1
(primarily of the Q-type) and Cay2.2 (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 Cay2.1 current, and repolarizes the action
potential (Fig. 7.2B) (Bennett et al., 2000; Goldberg and
Wilson, 2005).

The Cay2.2 calcium channels are functionally coupled
to the small-conductance calcium-activated (SK) potas-
sium current (Igx) and give rise to the prominent mAHP
that follows each action potential and hyperpolarize the
voltage below —60mV (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 Nay1.6 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.



This destabilization is evident as a TTX-sensitive negative
slope conductance that is evident in the steady-state [-V
curve of the cells at —60mV (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
Cay?2 calcium channels; (b) the Cay2.1 current activates
BK channels which participate (along with voltage sen-
sitive potassium currents) in repolarizing the cells, and
the Cay2.2 current activates Igx that induces the ensuing
mAHP; (c) HCN currents depolarize the cells to approxi-
mately —60mV, 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 Cay3 (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 Igx 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
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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
(Isanp)- Lapp 1s 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
Isapp is observable also before the burst ends, in the elon-
gation of the final inter-spike interval (ISI) in the burst
(Fig. 7.2D). L app is sensitive to caffeine as well as other
blockers of calcium release from intracellular stores, sug-
gesting that calcium influx via Cayl (L-type) calcium
channels, may engage calcium-induced calcium-release
(CICR) to activate Iayp (Goldberg and Wilson, 2005).
The affinity of I,zyp to the calcium that activates it is so
high, that very small increases in intracellular calcium are
sufficient to activate it. As a result I ,gp is activated sub-
stantially even at voltages as low at —70mV (Wilson and
Goldberg, 2006), which is at the lower end of the activa-
tion curve of the L-type (particularly Cay1.3) 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 I ayp 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 I;,yp 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 Igk that underlies the mAHP, or of the
Cay2.2 current that activates this current. One possibility
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is that the slow buildup of calcium entering through Cay1
channels induces calcium-dependent inactivation of the
Cay2.2 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 I,,yp, €ngages two oppos-
ing hyperpolarization-activated currents that are activated
below —60mV 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 -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 Izyp 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
Cayl channels; (b) the Cayl current presumably induces
CICR from intracellular stores that activates the slowly-
activating I app; (¢) Iapp 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

137

that differ in their outward current. One requires sub-
threshold accumulation of calcium, which activates I ayp,
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 I yyp, 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 — Igg or Iayp — is more dominant. I zyp
promotes bursting, through its ability to slowly accumulate
during the burst up to the point when it shuts down the burst-
ing. Igk, on the other hand, promotes single spiking as the
mAHP it induces repolarizes the cells long enough to prevent
accumulation of I ,yp. 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, Igx and I ,yp are activated selec-
tively by calcium influx via Cay2.2 and Cayl 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



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 Igx whereas slow transients, such
as the subthreshold activity, preferentially activate I zpp.
Because Cay 1.3 channels have a more hyperpolarized half-
activation than Cay2.2 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 Isx to Cay?2.2 block is a by-product
of its selectivity to fast calcium transients which tend to
admit calcium via these channels. Similarly, the selectivity
of I ap to Cayl 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
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interneurons the TTX-sensitive negative conductance region
in the steady-state [-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. lonotropic 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 (Sidibe and Smith,
1999). Cholinergic interneurons also receive GABAergic
input mediated by GABA, 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)



The Cholinergic Interneurons of the Striatum

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 M, 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 M,
class receptors whose activation has been shown to reduce
Ca,2 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; Kods
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 Ca,2.1 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.
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In addition, the mAHP and sAHP exhibited by these cells
are both significantly reduced by serotonin. These effects
are mediated by the 5-HT,4; (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 D;-type includes D; and Djs
receptors, that activate adenylyl cyclase and the D,-type
includes the D,, D3, and D4 receptors that inhibit it. The
cholinergic interneurons mostly express the D, receptor
and the D5 receptor (Yan et al., 1997). Activation of D;-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 D, 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 Cay2 channels. Similarly,
activation of D, receptors reduces Cay2.2 currents in
cholinergic interneurons (Yan et al., 1997), as does activa-
tion of adenosine A, receptors (Song et al., 2000). In addi-
tion to the importance of these channels to vesicular release
of ACh, reduction of the Cay2.2 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
D, receptors, thereby inducing a transition to bursting by
down-regulating Cay2.2 channels. Finally, activation of



presynaptic D, receptors reduces GABA and ACh release
onto cholinergic interneurons via down-regulation of
Cay2.2 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 D, receptors decreases the
excitability of cholinergic interneurons — through its down-
regulation of the persistent sodium, HCN and Cay?2.2 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 D, 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 M,; muscarinic
autoreceptors down-regulates Ca,2.2 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 (3;-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 Bjorkland, 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 H;-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
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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, D, 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 M, class receptors that
down-regulate Cay2.2 channels leading to irregular firing
or D, receptors that down-regulate the same channels, and
lead, under certain circumstances, to reduced mAHPs and
burst firing.

Il. 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
etal., 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 (Ko6s and Tepper,
2002; Zhou et al., 2002; Wilson, 2004).

A. Neuronal Excitability

Nearly all spiny neurons express M; 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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FIGURE 7.3 Input to and output of the cholinergic interneurons. A. The excitability of the cholinergic interneurons can be enhanced (left side) by

down-regulation of potassium currents as a result of the activation of certain metabotropic receptors and can be tempered (right side) by down-regula-
tion of persistent sodium (NaP) current, and the HCN and N-type calcium channels, as a result of the activation of other receptors. B. Diagram of known
synaptic interactions between cholinergic interneurons and neighboring neurons as well as afferent input to the striatum (refer to text for explanations).

DA - dopamine; glu — glutamate; m/nAChR — muscarinic/nicotinic ACh receptors.

1999; Shen et al., 2005, 2007) (see Chapters 5 and 6).
These receptors also down-regulate Cayl and Cay?2 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 (Kods and Tepper, 2002) (see also
Chapter 8). Because these interneurons can strongly inhibit
spiny neurons (Kods 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 (Kods 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 M; 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 M;
class receptors, whereas pre-synaptic effects are medi-
ated by M, class receptors, the latter usually attenuat-
ing transmission (Calabresi et al., 1998b; Calabresi et al.,
2000). Pakhotin and Bracci (2007) have shown the direct



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 100pm. 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, M; class
receptors promote postsynaptic depolarization which in con-
junction with the high-frequency stimulation protocol for
synaptic plasticity leads to LTP. Blockade of M, class recep-
tors also promotes LTP (Calabresi et al., 1998b, 1999; Pisani
et al., 2007). More recently, however, M, receptors have
been also implicated in long-term depression (LTD) of the
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glutamatergic synapses. LTD has been known to depend on
activation of D, 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 D, receptor activation leads to endo-
cannabinoid release involves several intermediate steps. First,
as discussed above, activation of D, receptors on cholinergic
interneurons reduces ACh release. Secondly, reduction in ACh
leads to a compromised activation of M class receptors, which
are normally potent down-regulators of Cay 1.3 channels. Thus,
finally, this disinhibition of Cay 1.3 channels, increases the cal-
cium entry which induces calcium-dependent release of endo-
cannabinoids (Wang et al., 2006).

Therefore, to first approximation, M; class receptors
are the primary players in conveying the influence of cho-
linergic interneurons on synaptic plasticity in glutamatergic
striatal synapses: enhancement of M, class receptor activa-
tion favors LTP, and inhibition of these receptors favors
LTD (Centonze et al., 1999; Pisani et al., 2007). However,
M, 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 M; 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 D, 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
TAN:S 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
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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 TANSs 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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FIGURE 7.4 Driven and spontaneous firing patterns in cholinergic interneurons are similar to the firing patterns of the tonically active neurons (TANs)
of primate striatum observed in response to external stimuli (reward) or occurring spontaneously. A. left: the response of a cholinergic interneuron
recorded in vivo from an anesthetized rat to a depolarizing current injection includes a rapid firing of several action potentials followed by a sAHP, after
which there is a rebound firing and a return to background firing at 3—10 spikes/s (from Reynolds et al., 2004, with permission). right: peri-stimulus time
histogram of the response of a TAN to primary liquid reward, exhibits a pause response flanked by excitations (from Raz et al., 1996, with permission).
B. left: regular and irregular single spiking and burst firing recorded in cell-attached mode from cholinergic interneurons recorded in rat slices, give rise
to narrow and broad unimodal, as well as bimodal interspike interval (ISI) distributions, respectively (from Bennett and Wilson, 1998, with permission).
right: IST distributions of TANs are either broad unimodal or bimodal distributions (from Aosaki et al., 1994b, with permission).
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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
TANSs (Apicella, 2002), however, this is unlikely as some
TANSs 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 IST 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
10-20Hz 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 Cay2.2 current,
which activates Igg, gives rise to mAHPs that promote
regular single spiking. Cayl currents that enter the cells
even in the subthreshold voltage range tend to disrupt the
regularity of this firing. During burst firing the Cay1 cur-
rents are responsible for activating I ,yp 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
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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
etal., 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 M, class receptors, would be favored during
burst firing, whereas the period between bursts when ACh
levels and M; 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



D, 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

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

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
etal.,, 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.

1. PARVALBUMIN-IMMUNOREACTIVE
INTERNEURONS

A. Neurocytology

Parvalbumin-immunoreactive (PV+) striatal interneurons
are medium to large sized, averaging 16-18pum in diam-
eter. These were the striatal GABAergic neurons originally
identified by their high affinity uptake of GABA (Bolam
etal., 1983) and subsequently by the strongest immuno-
reactivity for GADg; 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 200-300pum 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 20pm in diameter (Kawaguchi, 1993;
Koés 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
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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 = 0.27ms) 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
~ —80mV) 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
(Koés 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 120ms 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 Kods and Tepper, 2002; E: Modified from Ko6s 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 (Koés 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 (Ko6s and Tepper, 1999).



Electrotonic coupling with similar properties has been
observed between pairs of PV+ fast spiking interneurons
in cortex and hippocampus (Freund and Buzsdki, 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; Kods 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 (Kods and Tepper, 1999, 2002;
Plotkin et al., 2005; cf Fig. 8.1C).

During the non-spiking periods intercalated between
episodic firing, prominent
oscillations can be observed (Kods 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 2-3mV in amplitude and exhibit

subthreshold membrane

a peak in power near 40Hz (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 Ca*"
channels, SK channels or intracellular Ca®™ 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 Nat 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 Buzséki, 1996). The short duration action potential, lack
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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
etal., 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 (—63mV) 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 GABA, 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 pm
of each other. The synaptic connection was remarkably



GABAergic Interneurons of the Striatum

reliable and for most pairs exhibited a failure rate of less
than 1% (Ko6s 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 X 10">mm) assuming 3-
dimensional isotropic density, a cell density in striatum
of 84,900 cells/mm? (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 X 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 X 0.25 X 0.03;
(Ko6s 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 X 0.5 X 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 0.4mV 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 10-50ms led to compound IPSPs that could
be up to 7mV 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
(Ko6s 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.,
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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; Kods
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 (Kods et al., 2004).

F. InVivo 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 (>300Hz) 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



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 (Kods 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 5-30Hz 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 40mV, evoking episodes of irregular bursty firing in
the normally silent neurons, thereby increasing feed-
forward inhibition of spiny neurons (Kodés 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
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play a role in relaying the pause to the spiny neurons with
high temporal fidelity (Ko6s 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. (Ko6s 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 D; 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
D, expressing direct pathway spiny neurons that express
presynaptic D, 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 Ds 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).

I1l. 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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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 GADg; (Kubota
et al.,, 1993). However, subsequent immunocytochemi-
cal labeling following colchicine treatment revealed that
all NOS-reactive cells were strongly immunopositive for
GADg; (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,
15-25pm 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 um of the cell body, become varicose,
and give rise to a relatively simple and unbranched den-
dritic arborization up to 600pm 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).



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 Ca®* 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 = 245M(?), a resting
membrane potential more than 20mV more depolarized
than that of the FS interneurons (—56.4 £ 15.7mV), 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,
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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 (Koés, 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
GABA, IPSCs. Furthermore, the IPSCs were eliminated
by repetitive stimulation and/or by antagonists of nicotinic
receptor 32 subunits, suggesting that the cholinergic inter-
neuron activated a striatal GABAergic neuron via a 32-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 -80mV, 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

50 mV black and the axonal arborization is in red. G.

Paired recording of the cell reconstructed in

A / / 500 ms / F with a sPiny neuron ShO\.ViIlg a monosynap-
r/\“ = tic connection with low failure rate and little

/ amplitude variability. H. Typical PLTS neuron
-80 mV ﬁ recorded in slices from adult rat striatum exhib-
its same characteristics illustrated in the mouse

PLTS neuron shown in D. Compare with the
——— |200 pA e LTS neuron illustrated in 1. The LTS neuron
recorded from a slice of adult rat striatum has

approximately one fourth the input resistance

G Postsynaptic spiny meuron 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

28 Pnp\\/ postsynaptic spiny neuron. Sources: F. Modified

100 ms from Tepper et al., 2008; G, I: Modified from

Tepper and Bolam, 2004; J. Modified from Ko6s

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 Ds
dopamine receptor (Rivera et al., 2002) whereas most show
no D; 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
Ca’* spikes has also been described, and termed an LTS
interneuron (Ko6s 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 (>600MS2 for PLTS [Kawaguchi,
1993] vs. <200MS) 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 Kodés 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
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evoked brief, high frequency (>200Hz) bursts of spikes
riding on an LTS. These bursts were capable of delaying
or aborting depolarization-induced spiking in postsynaptic
spiny neurons (Kods 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
(12-20pm 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 1pum 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 60pum 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 30-60pm 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 6-12um in diameter (Meredith

et al., 1999; Jollivet et al., 2004), 8—12pm (Dubach et al.,
1987; Mazloom and Smith, 2006) or up to 20pm 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 GADg;, 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



0 pA—

Handbook of Basal Ganglia Structure and Function

—30 F Type | spontaneous activity
0 10860
=70
-90
=110
-80-60-40-20 0 20 40 60 80
Current (pA) 20 mv
20 mv 20 mV
| QJmS -50mV - - - - - h—
| 100pA W‘VW

control

200 ms 2s

Local stimulation

+10 uM bicuculline + 10 yM DNQX

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 Il 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 GABA, 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 100ms 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 Koés 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 Ca**
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
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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
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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 Gg-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 A-9-THC, the psychoactive ingredient of can-
nabis-derived drugs (Matsuda et al., 1990; Herkenham
et al., 1991). The CBI 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;

Handbook of Basal Ganglia Structure and Function

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
CBI 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).

1. ENDOCANNABINOIDS AND
CANNABINOID RECEPTORS IN THE
STRIATUM

A. The CB1 Receptor

CBI1 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). CBI1 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
GADG65 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 CBI 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

FIGURE9.1 CBI 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 um, applies to images A-D. Scale bar in E, 50 pm.



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
CBI1 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 SN,
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),
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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 VRI 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 CBl 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-

GABAergic
LTSN (CB1-?)

GABAergic
FSN (CB1+) & &

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

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.

GABAergic
’_ (CB1+)

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, mGIuRS5, 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 mGIluRS5 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.



This pattern of immunoreactivity was complementary to
CBI1 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
(NAPE).
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

n-acetylphosphatidyl  ethanolamine Many

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 Egertova 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.
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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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I1l. 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 Sr?*-enhanced
PSCs, also supports a presynaptic site of CBIl-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
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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 CBI1-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



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
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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 5-10min 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 —70mV, but longer lasting depression when
the membrane potential was —50mV.
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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. 1Hz 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
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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 (HES) (4 X 100Hz,
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 GABA , receptor antagonist picrotoxin was applied to the
slice. Note the increase in PS amplitude indicating a net inhibitory action of GABA, 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 typel 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
MIR 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 CBI1
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.
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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 CBI
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).



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
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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 CB 1-dependent
striatal LTD is more prevalent in the dorsolateral stria-
tum where CB1 expression is higher (Herkenham et al.,
1991; Pa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>