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■ Abstract Astrocytes, a sub-type of glia in the central nervous system, are dynamic
signaling elements that integrate neuronal inputs, exhibit calcium excitability, and can
modulate neighboring neurons. Neuronal activity can lead to neurotransmitter-evoked
activation of astrocytic receptors, which mobilizes their internal calcium. Elevations in
astrocytic calcium in turn trigger the release of chemical transmitters from astrocytes,
which can cause sustained modulatory actions on neighboring neurons. Astrocytes, and
perisynaptic Schwann cells, by virtue of their intimate association with synapses, are
strategically positioned to regulate synaptic transmission. This capability, that has now
been demonstrated in several studies, raises the untested possibility that astrocytes are
an integral element of the circuitry for synaptic plasticity. Because the highest ratio
of glia-to-neurons is found at the top of the phylogenetic tree in the human brain,
these recent demonstrations of dynamic bi-directional signaling between astrocytes
and neurons leave us with the question as to whether astrocytes are key regulatory
elements of higher cortical functions.

BACKGROUND

Since the original discovery and description of glia, these non-neuronal cells were
largely ignored or believed to play roles in the nervous system that were subservient
to those of neurons. The lack of understanding of their functional roles probably
resulted from the inability of the available techniques to reveal dynamic properties
of these cells. However, even during the early period of glial investigations, Cajal
recognized that they were likely to have roles beyond passive functions.
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The prejudice that the relation between neuroglial fibers and neuronal cells
is similar to the relation between connective tissue and muscle or gland
cells, that is, a passive weft for merely filling and support (and in the best
case, a gangue for taking nutritive juices), constitutes the main obstacle that
the researcher needs to remove to get a rational concept about the activity of
the neuroglia.

—S Raḿon y Cajal(1)

During this initial period of documentation of the structural features of the
nervous system, significant focus turned to neurons as a result of the recognition
that their electrical excitability permitted them to convey relevant information in the
nervous system. In contrast, as anyone who has recorded from glial cells knows,
the membrane potential of glia is relatively stable, and although they can express
voltage-gated channels (2–6), they exhibit little or no fluctuation in membrane
potential. Indeed, early electrophysiological studies demonstrated that glial cells
were electrically inexcitable and responded only passively to neuronal activity by
sensing extracellular potassium levels (7). Only during the past 10 to 15 years,
with the advent of molecular biology, the patch-clamp technique, and ion imaging
methods have the potentially diverse dynamic roles of glial cells begun to be
appreciated. Our objective in this review article is to focus attention on one of
the most recently identified roles of glial cells—as integrators and modulators of
neuronal activity and synaptic transmission.4

Glial cells of the central nervous system can be divided into two groups, micro-
and macroglia. Microglia are macrophage-like cells that serve a phagocytic func-
tion. Macroglia are composed of two types of cell; oligodendrocytes, which are
the central equivalent of the myelinating Schwann cell, and astrocytes, the glial
cells, which are the focus of much of our discussion. Additionally we will include
an examination of the properties of perisynaptic Schwann cells because they inti-
mately interact with the nerve muscle junction in a manner akin to the astrocyte
and the central synapse.

PROXIMITY OF ASTROCYTES TO NEURONS

Astrocytes are positioned to act as a conduit for the routing of signals between
different cell types in the nervous system (Figure 1). Because the same astrocyte
can make contact with a neuron and a capillary, it has the potential to shuffle
nutrients and metabolites between the blood supply and the active neuron. Indeed,
this structural association led to the initial ideas about astrocytes playing metabolic
roles in the nervous system. Furthermore, because a single astrocyte can make
contacts with multiple neurons, these non-neuronal cells are also positioned to

4Color images and digital movies that supplement this review are available on the
World Wide Web in the supplemental section of the main Annual Reviews site (http://www.
AnnualReviews.org).
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provide information transfer between neighboring neurons, an intriguing potential
role that has only been recently appreciated. Examination of the nervous system
at the ultrastructural level has shown that astrocytes can be intimately associated
with the synapse, literally enwrapping many pre- and postsynaptic terminals. In
the hippocampus, 57% of the axon-spine interfaces are associated with astrocytes
(8). In the cerebellum there are eight Bergmann glia for each Purkinje cell, and
each Bergmann cell ensheaths between 2142 and 6358 synapses (9). It is likely
that this close physical relationship provides an opportunity for many functional
interactions between astrocytes and neurons. We discuss the potential role of
astrocytes in integrating synaptic signals and providing feedback responses, in
the form of the release of the transmitter glutamate, which regulates neuronal
excitability and synaptic function (10). However, our focus on this area is not
meant to diminish the importance of other roles of astrocytes, for example, in
the clearance of elevated extracellular K+ from the extracellular space (11), as
well as in the uptake of neurotransmitters from the synapse (12, 13). However,
since these functional roles, as well as other metabolic and structural functions,
have been the topic of many review articles, our discussion of these issues is
limited.

Astrocytes Possess a Form of Excitability Based
on Variations of Intracellular Calcium

The development of optical probes and methods to study intracellular ions in
living cells provided the technological capability to make breakthroughs in our
understanding of astrocyte functions. In the late 1980s and early 1990s numerous
studies demonstrated that astrocytes exhibit calcium excitability. Calcium-imaging
studies changed our view of astrocytes. These investigations demonstrated that
astrocytes, once thought to be relatively passive cells, express functional receptors
for many different neurotransmitters that lead to changes in intracellular calcium
levels and even to oscillations in internal calcium (14–23).

In many examples, neurotransmitters elevate astrocytic calcium levels as a result
of the release of calcium from internal stores. For example, ATP, acting through
P2Y1 receptors, and presumably the GTP-binding protein Gq, activate phospholi-
pase C, leading to the formation of inositol triphosphate (IP3) (24). Subsequently
IP3 activates the IP3 receptors of endoplasmic reticulum calcium stores, leading to
the release of calcium into the cytosol. This IP3-mediated release of calcium from
internal stores is a mechanism that is shared by many neurotransmitters including
glutamate, ATP, and acetylcholine (ACh) (14, 23).

Many of the initial studies demonstrating calcium excitability of astrocytes were
performed in cell culture, which raised concerns about whether this property was
representative of the physiological state of these cells in the intact nervous system
(14). Studies using acutely isolated brain slices have supported the calcium ex-
citability property of astrocytes and have demonstrated that transmitters including
glutamate,γ -aminobutyric acid (GABA), norepinephrine, histamine, ATP, and
ACh do regulate the internal calcium levels of astrocytes (14, 16, 23, 25–33).
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Waves of Calcium Elevation Within and Between Astrocytes

Calcium elevations in astrocytes can propagate along the processes of the cell
so that a localized elevation of internal calcium can eventually initiate calcium
signals throughout the processes of that cell (Figure 2). This wave of intracellular
calcium elevation may be important because, like the neuronal action potential, it
might relay information to other regions of the cell about inputs located on distant
processes.

In cell culture, intracellular calcium waves have frequently been shown to pro-
pagate between astrocytes and cause a wave of calcium elevation that can continue
for hundreds of micrometers (20, 34–37). The mechanism of generation of the
intercellularly propagating calcium wave has been the focus of significant debate.
Several studies have suggested a role for gap junctions in mediating intercellular
signaling in such calcium waves, whereas more recently, a role for an extracellular
signal has become appreciated. Because addition of gap junction blockers can
block calcium waves, it was initially hypothesized that gap junctions permit the
intercellular spread of IP3 between neighboring cells. In support of this hypothesis,
it has been demonstrated that glia cell lines, which do not form gap junctions and
do not exhibit calcium waves, can be made to do so by the expression of connexins,
which permits the formation of gap junctions (38). While these data support a role
of gap junctions in calcium wave propagation, increasing evidence supports the
presence of an extracellular signal. For example, calcium waves were shown to
cross cell-free gaps between cells (39), the direction of a wave could be affected
by local perfusion of the extracellular saline (39), and waves were still present in
cultured astrocytes of connexin 43 knockout mice (40, 41). Furthermore, purine
receptor antagonists or extracellularly applied Apyrase (an ATPase) decreased the
propagation of the calcium wave (36, 42). Additionally, studies using luciferin and
luciferase demonstrated that ATP can be released from astrocytes during a calcium
wave, suggesting that ATP is the extracellular signal involved in the calcium wave
propagation (36, 42).

Thus evidence supports the possibility of an important role for gap junctions,
as well as extracellular ATP, in mediating calcium waves. Although these data
seem contradictory, the expression of connexins increases the release of ATP from
astrocytes (42, 43). How the connexins couple to ATP release is unknown, but its
expression helps put together a rational explanation for data that had seemed con-
tradictory. Despite this convergence of data, intercellular diffusion of messengers
may also, under certain conditions, mediate some forms of calcium wave.

Recently, the role for ATP in mediating calcium waves has been further sup-
ported by the use of ATP imaging techniques (44). In these studies photon-counting
imaging was used to detect the presence of ATP in the saline solution around
astrocytes. Astrocytes were bathed in a saline solution containing luciferin and
luciferase. Stimulation of a calcium wave was shown to be correlated with a wave
of extracellular ATP. By chopping between chemiluminescence measurements of
extracellular ATP and fluorescence detection of calcium levels, this study showed
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the appropriate correlated timing of the calcium and ATP waves. Additionally, the
application of the ATP antagonist, suramin, blocked the ATP and calcium waves.
Taken together, these studies indicate that ATP causes an elevation of astrocytic in-
ternal calcium and an additional release of ATP. Presumably this ATP-induced ATP
release is critical for the spread of the calcium waves in cell cultures. In addition to
ATP acting as an extracellular signal critical for calcium wave propagation, a recent
study has demonstrated that nitric oxide might also regulate calcium waves (45).

Although waves of elevated internal calcium have been repeatedly observed
in cell cultures, their presence in the CNS is less clear. An intracellular calcium
wave can propagate throughout the processes of a given astrocyte (Figure 2) (46);
however, intercellular waves have not been seen in acutely isolated preparations of
hippocampus (25, 46). In the retina, however, concentrically propagating waves of
elevated calcium can be initiated in astrocytes and M¨uller cells, the two principal
glial cells of the retina (47). In contrast to the lack of calcium waves in hippocam-
pal slices, organotypic cultures of the hippocampus do exhibit long-range calcium
signals (15, 18, 48). Perhaps the presence of the calcium wave in slice cultures
represents a change in property that is associated with injury and the transforma-
tion to reactive astrocytes. This is an intriguing possibility because it might indi-
cate that reactive astrocytes are hyperexcitable with a lower threshold for calcium
oscillations. The functional impact of such enhanced excitability is not yet clear.

ASTROCYTES INTEGRATE NEURONAL INPUTS

Astrocytes express many neurotransmitter receptors and transporters that have
the potential to be activated by synaptically released neurotransmitters (49–51).
In addition, as discussed above, astrocytes possess a number of neurotransmitter
receptors coupled to intracellular calcium mobilization. Therefore, a potential
functional consequence of the ability of neurotransmitters to mobilize astrocytic
calcium is that neuronal activity could regulate astrocytic calcium levels. Indeed,
several laboratories have demonstrated that astrocytes and perisynaptic Schwann
cells do respond to synaptic activity through the activation of glial receptors.

The perisynaptic Schwann cells that loosely wrap the nerve terminal at the neu-
romuscular junctions play different functions and express different molecules than
myelinating Schwann cells. Measurements of intracellular calcium in these perisy-
naptic Schwann cells have shown that, just as with astrocytes, they can respond to
neurotransmitters with elevations of their internal calcium level (52, 53). Stimula-
tion of the presynaptic axons can, in addition to causing the end plate potential,
evoke a substantial elevation of perisynaptic Schwann cell calcium (52). It has been
difficult to unequivocally determine which neurotransmitter evokes these calcium
changes. Two candidates are ATP and ACh, which are co-released from the nerve
terminal. Experimental data are consistent with roles for activity-dependent ATP
release contributing to the induced calcium elevation in the perisynaptic Schwann
cell (29). ACh might also be involved in such responses although this possibility
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has been difficult to test because of the lack of availability of good muscarinic
antagonists for this system (28).

Studies with hippocampal slices have demonstrated that neuronal activity causes
glutamate-dependent astrocytic calcium elevations. Organotypic cultures of hip-
pocampal slices were initially utilized to test the hypothesis that neuronal activity
could regulate astrocyte calcium levels. Indeed following stimulation of mossy
fibers, calcium levels were elevated in cells, located in area CA3 of the hippocam-
pus, that were later shown to be glial fibrillary acidic protein (GFAP) positive (18).
Studies using acutely isolated slices have also demonstrated the presence of this
neuron-to-astrocyte pathway. In the hippocampus, as well as in the visual cortex,
high (but not low) frequency stimulation of neuronal afferents triggers repetitive
intracellular calcium elevations in astrocytes (25, 46). In the presence of either
tetrodotoxin (TTX) or the metabotropic glutamate receptor (mGluR) antagonist
α-methyl-4-carboxyphenylglycine (MCPG), the astrocyte response is abolished,
thus providing evidence that glutamate released from active synaptic terminals
can activate astrocytic mGluRs and trigger intracellular calcium oscillations. The
additional observation that an increase in neuronal firing results in an increase
in the frequency of intracellular calcium oscillations in astrocytes suggests, on
the one hand, that the frequency of these intracellular calcium oscillations is un-
der dynamic control by neuronal activity and, on the other hand, that astrocytes
possess the remarkable capacity to discriminate between different levels and pat-
terns of synaptic activity. The frequency of intracellular calcium oscillations may
ultimately represent the code of neuron-astrocyte signaling (46).

Glutamate is not the only neuronally released transmitter that controls astrocytic
calcium. Stimulation of GABAergic interneurons in hippocampal slices can ele-
vate the calcium level of nearby astrocytes, an action that is blocked by the GABAB
receptor antagonist CGP55845A and mimicked by baclofen (31). Application of
norepinephrine (16, 33, 54), histamine, or acetylcholine (32) mobilizes astrocytic
calcium in hippocampal slices, and stimulation of either the molecular or granule
cell layer of the cerebellum causes anα1 adrenoreceptor-dependent elevation of
Bergmann glial calcium (54). Because electron micrographs have shown putative
noradrenergic terminals making synaptic-like contacts with astrocytes (55, 56),
these data suggest that extrinsic axon pathways can act on target astrocytes to
regulate astrocytic calcium.

The elaborate ramified structure of astrocytes, which individually make contact
with numerous neurons and synapses, raises questions about the relative autonomy
of distinct regions of a given astrocyte. Put another way, does an individual site
of neurotransmitter action on an astrocyte lead to a global change in the astrocytic
calcium, or can individual sites act as functionally isolated regions? Stimulation of
parallel fibers causes a calcium elevation in Bergmann glia of the cerebellum (57).
These neuronally evoked calcium elevations can be highly localized to distinct
domains in a glial cell, suggesting that glia can be functionally compart-
mentalized (57). Imaging studies also clearly show that in hippocampal astrocytes
a calcium elevation can either propagate along the astrocytic process to promote
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coherent activity of the processes of that cell or remain restricted to that process
(Figure 2) (46). Because one astrocyte makes many intimate contacts with nume-
rous synapses, an understanding of the conditions that lead to the switch between
local and global calcium signals in an astrocyte is likely to guide our understanding
of the roles of these calcium signals in astrocyte function.

NEURONAL ACTIVITY CAN INDUCE
ASTROCYTIC PLASTICITY

In the adult nervous system, we now know that the synaptic connections bet-
ween neurons are subject to reorganization, a process that underlies learning and
memory. Indeed, it was recently established that individual dendritic spines extend
during the induction of long-term potentiation (LTP) (58, 59). Whether astrocytes
exhibit similar structural plasticity and whether such a process would be impor-
tant for synaptic plasticity are not clear. However, testosterone treatment causes
a rapid stellation of astrocytes in the arcuate nucleus (60–62), and in cell cul-
ture the application of glutamate causes the extension of filopodia from astrocytes
(63). While we do not know whether neural activity triggers structural change
in astrocytes, it is clear that these non-neuronal cells can integrate neural infor-
mation and respond with long-term changes in certain properties. For example,
multiple applications of glutamate, or the delivery of multiple afferent stimuli, lead
to prolonged changes in the frequency of oscillations of astrocytic calcium levels
(46, 64). Axonal activity can regulate GFAP expression in perisynaptic Schwann
cells (65). Finally, the activity-dependent nonsynaptic release of ATP from sen-
sory neurons regulates Schwann cell internal calcium levels in culture and the
expression of the immediate early genes c-fos andkrox-24(66). Because astro-
cytes have been shown to be important regulators of synaptogenesis (67, 68), the
relation between astrocytes, astrocytic structural dynamics, and the formation of
new synapses during plasticity is an exciting area for future study.

BI-DIRECTIONAL GLUTAMATE-MEDIATED SIGNALING
BETWEEN ASTROCYTES AND NEURONS

Astrocytes not only integrate neurotransmitter inputs but also can release their own
transmitters that act on neighboring neurons (10). Thus there is a bi-directional
signaling pathway between astrocytes and neurons, which opens the possibility
for a rich information exchange in the nervous system. Our initial insights into
the presence of an astrocyte-to-neuron signaling pathway that is mediated by the
release of chemical transmitters were obtained from cell culture studies and later
confirmed and extended using more intact preparations (Figure 3).

Starting in 1994 there was a sequence of four reports demonstrating that
elevations of astrocytic calcium lead to delayed elevations in neuronal calcium
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(17, 35, 69, 70). One problem in this type of study, however, is in providing selec-
tive stimuli that would lead to the activation of only the astrocyte. To overcome this
obstacle, either mechanical or focal electrical stimulation was provided. Such sti-
muli raised calcium in an astrocyte that then spread as a radially propagating wave
of elevated calcium among the astrocytic network. As the calcium wave passed un-
derneath co-cultured neurons, a delayed neuronal calcium elevation was detected
(17, 35, 69, 70). Initially, the mechanism underlying this astrocyte-to-neuron sig-
nal was not clear, and electrotonic coupling between astrocytes and neurons was
suggested to mediate the pathway (69). However, with no initial evidence sup-
porting gap junctions connecting astrocytes and neurons, this hypothesis fell into
disfavor, and the presence of a chemical signal that was released from the astrocyte
became more popular.

The addition of neuroligands that elevate astrocytic internal calcium was shown
to cause the calcium-dependent release of glutamate. When neurons were co-
cultured with astrocytes, either mechanical stimulation of an astrocyte to raise its
calcium level (17, 35), or application of the neuroligand, bradykinin (17), which
elevates astrocyte calcium, caused a delayed neuronal calcium elevation that was
sensitive to glutamate receptor antagonists. Further support for glutamate-mediated
signaling from astrocytes to neurons was obtained by electrophysiological studies
demonstrating that calcium elevations in astrocytes induce a glutamate-dependent
slow inward current, or a depolarization, in neurons (35, 71, 72).

These cell culture studies paved the way for many subsequent exciting stud-
ies about the bi-directional signaling between astrocytes and neurons. However,
because they were performed in culture, it was essential that similar experiments
were performed in more intact preparations in order to determine whether this
phenomenon represents a physiological signaling pathway or merely a curiosity
of cell culture. Confocal imaging studies performed using hippocampal and visual
cortex slices provided the first demonstration of the presence of bi-directional sig-
naling between astrocytes and neurons (46). When mGluR agonists were applied to
slices, astrocytic calcium was elevated, which was followed by a delayed neuronal
calcium spike that was sensitive to the ionotropic glutamate receptor anta-
gonists 2,3-dihydroxy-6-nitro-7-sulphamoylbenzo(f )-quinoxalinedione (NBQX)
and D-2-amino-5-phosphonopentanoic acid (D-AP5) (46). Taken together with
the results from enzymatic glutamate assays (37, 73), these data provided the first
compelling demonstration of the presence of not only neurotransmitter-mediated
neuron-to-astrocyte signaling but also of chemical transmitter-mediated astrocyte-
to-neuron modulation.

Although several lines of evidence support the notion that glutamate is a chem-
ical transmitter that mediates astrocyte-neuron signaling, other transmitters might
also underlie signaling in this pathway. Recent work has reported thatD-serine is
an endogenous ligand of the glycine site ofN-methyl-D-aspartate (NMDA) recep-
tors responsible for modulating NMDA receptor-mediated synaptic transmission
in cultured hippocampal neurons (74). Because the serine racemase responsible
for the biosynthesis ofD-serine fromL-serine is highly expressed by glial cells, and
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astrocytes possess high levels ofD-serine (75) that can be released from astrocytes
upon stimulation with glutamate (76),D-serine might represent a newly identified
messenger for astrocyte-neuron signaling. Thus it would appear thatD-serine (76),
ATP (44), secretogranin II (77), and glutamate (17) are chemical transmitters that
can be released from astrocytes in a regulated manner. It will be intriguing to
determine the numbers of different chemical transmitters that different astrocytes
release and to ask whether astrocytes release as large a variety of transmitters as
neurons.

MECHANISM OF GLUTAMATE RELEASE
FROM ASTROCYTES

In order to unravel the functional consequences of glutamate-mediated astrocyte-
to-neuron signaling, it is essential that a mechanistic understanding of the release
pathway is gained. Three prominent mechanisms have been suggested as potential
pathways to underlie the release of glutamate from astrocytes (78): reverse ope-
ration of glutamate transporters, swelling-induced release, and calcium-dependent
exocytosis. Glial cells are known to express high levels of glutamate transporters
that normally function to clear glutamate from the extracellular space, especially
in the vicinity of the synapse. Under conditions of depolarization or when the
Na+/K+ electrochemical gradient used by these transporters has been reversed,
glutamate can be released through these transporters (79). This does not underlie
calcium-dependent glutamate release because ligands that cause glutamate release
do not depolarize astrocytes, and transport inhibitors do not attenuate the magni-
tude of ligand-induced glutamate release (17, 72, 73, 80). Although swelling can
lead to significant liberation of glutamate from astrocytes (81), imaging studies de-
signed to monitor cell volume have demonstrated an absence of volumetric change
during or after addition of ligands that cause calcium-dependent glutamate release
(73, 82).

The calcium-dependent release of neurotransmitters is caused, in neurons, by
the exocytosis of quanta of neurotransmitter-filled vesicles from the nerve termi-
nal. While this property was initially thought to be a unique property of neuronal
and exocrine tissues, there are several examples of quantal transmitter release from
atypical preparations. For example, during patch recordings from myocytes, ACh
quanta are detected when the cell is dialyzed with this transmitter (83). Similarly
patch recordings from fibroblasts have demonstrated the presence of calcium-
dependent quantal transmitter release (83, 84). To test the possibility that the re-
lease of glutamate from astrocytes is mediated by a vesicular mechanism, a variety
of studies have been performed. First, the potent secretagogue,α-latrotoxin, which
induces the exocytosis of vesicles at nerve terminals, also stimulates glutamate re-
lease from astrocytes (82). Second, the SNARE proteins, syntaxin, synaptobrevin
II (VAMP) (85), and SNAP-23 (a homolog of SNAP-25) (86), which are known
to be essential for vesicle fusion, are present in astrocytes. A member of the ras
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family of GTPases, rab3, which is associated with synaptic vesicles and is likely
involved in mediating docking and fusion events in neurons, is also expressed in
astrocytes (87, 88). Third, treatment of astrocytes with clostridial toxins, which are
highly selective proteases that cleave SNARE proteins (89–92), causes a blockade
of calcium-dependent glutamate release from these cells (73, 80, 93). Fourth, glu-
tamate release from astrocytes is attenuated after treatment with bafilomycin A1
(80). This toxin inhibits the V-ATPase of vesicles, which pumps protons into the
vesicle lumen. Because the filling of vesicles with glutamate requires this proton
gradient, an attenuation of glutamate release by bafilomycin is consistent with
glutamate being stored in and then released from a vesicular compartment.

The final piece of evidence supporting vesicle-mediated glutamate release from
astrocytes derives from results obtained through a novel experimental approach
that used HEK cells transfected with the cDNA for the green fluorescent protein
(GFP) and the NMDA receptor 1 and 2A subunits (94). After transfection, HEK
cells were plated onto cultured astrocytes and used as sensors for glutamate release.
Activation in astrocytes of AMPA receptors and mGluRs caused calcium signaling
and glutamate release, thus leading in HEK cells to repetitive NMDA-mediated in-
ward currents. These currents were similar in kinetics to those activated by quantal
release of glutamate from synaptic terminals. Cleavage of astrocytic synaptobrevin
by tetanus toxin or inhibition of the V-ATPase of astrocytic vesicles by bafilomycin
greatly reduced glutamate release from astrocytes.

While all these results provide strong support for the existence in astrocytes of
an exocytotic mechanism for transmitter release similar to that in neurons, ultra-
structural evidence for the presence of transmitter-containing, small clear vesicles
in astrocytes has not been found. However, immunoelectron microscopic analysis
revealed that synaptobrevin II and synaptophysin are associated with the membrane
of vesicular organelles in cultured astrocytes (88). Dense-core and clear vesicles
have also been detected in a subpopulation of hippocampal astrocytes in culture,
and a calcium-dependent regulated release of secretogranin II-containing vesicles
has been demonstrated (77). Although further experiments need to be performed,
a vesicle-mediated release process is the most plausible, perhaps the only, mecha-
nism that could account for calcium-dependent glutamate release from astrocytes.

GLUTAMATE RELEASED FROM ASTROCYTES
MODULATES SYNAPTIC TRANSMISSION AND
NEURONAL EXCITABILITY

Astrocytes are intimately associated with neurons, especially at synaptic sites.
Consequently, after demonstrating calcium-dependent glutamate release from as-
trocytes a highly logical question concerns the functional consequences of this
transmitter release pathway upon synaptic transmission. To address such a ques-
tion is highly challenging because it is necessary to have independent experimental
control over the calcium levels in astrocytes, as well as voltage control of the pre-
and postsynaptic neurons. Thus an interplay of experiments have been performed
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in cell culture, where the system offers exquisite experimental control, and in slice
preparations, which are less controlled but offer insights into the physiological
relevance of the identified signaling pathways.

Cell culture studies of synaptic transmission between rat hippocampal neu-
rons have shown that the elevation of astrocytic calcium causes a modulation of
synaptic transmission mediated by released glutamate. Initiation of a calcium wave
between astrocytes causes a transient depression of evoked synaptic transmission
at hippocampal synapses that is sensitive to mGluR antagonists (71). Furthermore,
in some cases, astrocytic calcium elevations lead to glutamate-dependent NMDA
receptor-mediated increase in the frequency of miniature postsynaptic currents
(mPSCs) (95). A modulation of synaptic transmission has also been demonstrated
by recording from pyramidal neurons in hippocampal slices (31). Depolarization
of astrocytes, or activation of GABAergic interneurons, elevates calcium in these
glial cells and causes an AP5 and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
-sensitive modulation of the frequency of mPSCs in pyramidal neurons. Of par-
ticular interest is the observation that this increase in miniature synaptic current
frequency is of sustained duration, lasting in excess of 15 min, suggesting that
glutamate released from astrocytes can contribute to synaptic plasticity.

Further support for a role for synaptically associated glia in regulating synaptic
transmission has been provided by studies performed at frog neuromuscular junc-
tion. As discussed earlier, perisynaptic Schwann cells are intimately associated
with the nerve muscle junction, and activity in the presynaptic axon can cause
calcium elevations in these cells (52). To test the potential role of these synapti-
cally associated non-neuronal cells in modulating synaptic transmission, guanine
nucleotide analogs were directly injected into the perisynaptic Schwann cell. Acti-
vation of GTP-binding proteins by injection of GTPγ S caused a dramatic reduction
in the magnitude of the nerve-evoked end-plate potential, supporting the concept
that the synaptically associated glial cell can modulate synaptic transmission (96).
To determine whether this glial cell might be recruited into a modulatory role by
neuronal activity, glial GTP-binding proteins were inactivated through the microin-
jection of GTPγ S. In an unperturbed preparation, high-frequency activity in the
axon causes a gradual decrease in the amplitude of the end-plate potential. GTPγ S
microinjection into the glial cell caused a surprising result. Although GTP-binding
protein inactivation did not affect the magnitude of spike-to-spike transmission,
it largely blocked the frequency-dependent depression of the end-plate potential
(96). Prior to this experiment it was thought that this activity-dependent reduction
in the magnitude of transmitter release resulted from an intrinsic property of the
nerve terminal. On the contrary, these results clearly demonstrate a role for glia
in integrating inputs from neurons, and then, in providing feedback modulation to
the synapse.

In addition to modulating synaptic transmission, glia can also regulate neuronal
excitability. As discussed above, calcium elevations in astrocytes in cell culture
can induce glutamate-dependent slow inward currents in neurons that depolarize
the membrane potential, thus regulating membrane excitability (35, 71, 72). As-
trocytic regulation of neuronal activity has also been demonstrated in an in situ
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preparation. Initiation of a calcium wave in M¨uller cells and astrocytes in the retina
can modulate the output of retinal ganglion cells that is initiated by light activation
of the photoreceptors (97). When the glial calcium wave approaches the region
of the retina containing the recorded ganglion cell, either an excitation or inhibi-
tion of ganglion cell activity is detected. The glial-evoked inhibition was studied
pharmacologically. Addition of either the glutamate receptor antagonists, NBQX
(AMPA receptors) andD-2-amino-7-phosphonoheptanoic acid (D-AP7) (NMDA
receptors), or the GABAA and glycine antagonists, bicuculine and strychnine,
blocked the glial-evoked inhibition of activity. It is not known whether calcium
elevations in these glia lead to transmitter release. However, given that several stud-
ies have demonstrated a calcium-dependent release of glutamate from astrocytes
(10), one potential interpretation of the retinal studies is that glutamate released
from retinal glia, acting indirectly through GABAergic interneurons, causes the
modulation of the ganglion cell electrical activity. Indeed, Newman & Zahs (97)
suggest that glutamate is released from the glia onto amacrine cells, which in turn
release GABA and glycine to inhibit retinal ganglion cell activity. Despite the un-
certainty about mechanism, studies at the frog neuromuscular junction (96) and in
the retina (97) clearly demonstrate that glial modulation of synaptic transmission
and neuronal excitability are properties of glia in intact systems, not just properties
of astrocytes in cell culture.

Work in several preparations now indicates that astrocytes and perisynaptic
Schwann cells can produce a variety of forms of neuronal modulation. As dis-
cussed above, astrocytes can cause a mGluR-dependent inhibition of hippocampal
synaptic transmission (10, 71), and activation of perisynaptic Schwann cells sup-
presses transmission at the neuromuscular junction (96). In contrast, however, in
the hippocampal slice preparation, activation of GABAergic interneurons elevates
astrocytic calcium, which causes an ionotropic glutamate receptor-mediated in-
crease in frequency of mIPSCs detected in pyramidal neurons (31). It is likely
that glutamate release from astrocytes can indeed cause facilitatory or inhibitory
effects on the same synapse. Although elevation of astrocytic calcium causes
an mGluR-mediated suppression of synaptic transmission between hippocampal
pyramidal neurons in culture (71), removal of Mg2+ from the saline selects for
an NMDA receptor-dependent elevation of miniature synaptic current frequency
following the elevation of astrocytic calcium (95). It is not yet clear which physio-
logical conditions select for astrocyte-mediated facilitation or depression of the
synapse, but it is tempting to speculate that co-activation of the synapse and the
astrocyte would lead to a facilitation of the synaptic interaction.

Where is the Target of Action of Transmitter
that is Released from Astrocytes?

Until the sites of transmitter release from astrocytes are identified it will be difficult
to determine the target(s) of glutamate action, although physiological studies do
provide at least a clue to these locations. Because glutamate that is released from
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astrocytes can modulate synapses, it is likely that a target of action is in the vicinity
of the synapse. However, it is unlikely that this glutamate can access the receptors
located in the synapse because even low concentrations of glutamate would desen-
sitize these receptors, an action that we do not detect (95). Additionally, studies
using MK-801 have demonstrated that glutamate released from astrocytes acts on
extrasynaptic NMDA receptors to enhance the frequency of mPSCs (95). In this
work, hippocampal cultures were incubated in the presence of MK-801, which
causes an open channel block of NMDA receptors in order to block synaptically
activated NMDA receptors. Despite demonstrating a blockade of synaptic NMDA
receptors, subsequent elevation of astrocytic calcium levels was still able to cause
an AP5-sensitive increase in mPSC frequency. The location of these extrasynaptic
NMDA receptors is unknown. However, an interesting possibility is that they are
located extrasynaptically on the presynaptic terminal. Certainly, NMDA receptors
have been demonstrated in this location in some preparations (98, 99). Consistent
with an extrasynaptic target for glutamate action is ultrastructural data that have
demonstrated the presence of mGluRs at extrasynaptic sites in presynaptic termi-
nals (100). Perhaps these receptors mediate the mGluR-mediated depression of
the synaptic transmission, which can be induced by glutamate that is released from
astrocytes.

PHYSIOLOGICAL ROLES OF GLUTAMATE-MEDIATED
ASTROCYTE-TO-NEURON SIGNALING

With the variety of information that is now available about astrocyte-induced
neuromodulation we are approaching a period in which we can begin to speculate
about the physiological roles for this signaling pathway. It should first be stated
that neurons are obviously critical for nervous system function. Without the neuron
we would be forced to rely on a calcium signaling pathway that propagates at rates
of only 20µm/s instead of the action potential, which can propagate at rates in
excess of 20 m/s. Phylogeny provides a clue about the potential role of glia. In
Caenorhabditis elegansthere are 302 neurons and only 56 glial and associated
support cells (101). As one rises through phylogeny, the ratio of glia to neurons
increases. The human brain contains the greatest numbers of glia and the highest
ratio of glia to neurons (at least 10:1). Consequently, one is tempted to suggest
that glial cells, and particularly astrocytes, play roles in higher cognitive functions
that are normally associated with higher species.

One area related to these higher functions that could potentially be investigated
is the role of astrocytes in learning and memory. There is little information about
this relationship. However, the elevation of astrocytic calcium can cause a sustained
increase in the frequency of mPSCs recorded in hippocampal pyramidal neurons
(31). GFAP-deficient mice exhibit an enhancement of LTP (102), and impaired
LTD (103). However, until a mechanistic understanding of these changes is iden-
tified, it is not clear how they should be interpreted. Nonetheless, our knowledge
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of the thresholds for activation of calcium signaling in astrocytes indicates that
they might play a role in activity-dependent synaptic plasticity because astrocytes
are typically activated by elevated stimulation frequencies (15, 18, 25, 46, 52, 53)
that are frequently used to induce synaptic plasticity. While this possibility has not
yet been systematically evaluated, perturbation of astrocytic calcium signaling in
transgenic mice can affect synaptic plasticity. Mice in which the astrocyte-specific
calcium-binding protein S-100 has been over-expressed show altered synaptic plas-
ticity and impaired spatial learning (104). Thus data support the possible role of
astrocytes in contributing to synaptic plasticity; however, carefully designed ex-
periments are required to thoroughly test this hypothesis.

We have entered into a new era of physiological studies in the neurosciences
in which it is now appreciated that astrocytes are dynamic signaling elements that
integrate neuronal inputs, exhibit calcium excitability, and can modulate neigh-
boring neurons through the calcium-dependent release of the chemical transmitter
glutamate. Astrocytes, and perisynaptic Schwann cells, by virtue of their intimate
association with synapses, are strategically positioned to regulate synaptic trans-
mission. This capability, which has been demonstrated in several studies, raises
the possibility that astrocytes are an integral element of the circuitry for synaptic
plasticity. Because the highest ratio of glia to neurons is found at the top of the
phylogentic tree in the human brain, these recent demonstrations of dynamic bi-
directional signaling between astrocytes and neurons leave us with the question as
to whether astrocytes are key regulatory elements of higher cortical functions.
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conocimiento de la neuroglia del cerebro
humano. Trabajos del Laboratorio de In-
vestigaciones Biológicas de la Univer-
sidad de Madrid Tomo XI

2. Sontheimer H, Waxman SG. 1992. Ion
channels in spinal cord astrocytes in vitro.
II. Biophysical and pharmacological ana-
lysis of two Na+ current types.J. Neuro-
physiol.68:1001–11

3. Barres BA. 1991. Glial ion channels.Curr.
Opin. Neurobiol.1:354–59

4. Barres BA. 1991. Five electrophysiological
properties of glial cells.Ann. NY Acad. Sci.
633:248–54

5. Barres BA. 1991. New roles for glia.J. Neu-
rosci.11:3685–94

6. Sontheimer H, Black JA, Waxman SG. 1996.

Voltage-gated Na+ channels in glia: prop-
erties and possible functions.Trends Neu-
rosci.19:325–31

7. Orkand RK, Nicholls JG, Kuffler SW.
1966. Effect of nerve impulses on the mem-
brane potential of glial cells in the central
nervous system of amphibia.J. Neurophys-
iol. 29:788–806

8. Ventura R, Harris KM. 1999. Three-
dimensional relationships between hippo-
campal synapses and astrocytes.
J. Neurosci.19:6897–906

9. Reichenbach A, Siegel A, Rickmann M,
Wolf JR, Noone D, Robinson SR. 1995.
Distribution of Bergmann glial somata
and processes: implications for function.
J. Hirnforsch.36:509–17

10. Araque A, Parpura V, Sanzgiri RP,



P1: VEN/FXY

January 20, 2001 17:37 Annual Reviews AR114-31-Araque

ASTROCYTE-NEURON INTERACTIONS 809

Haydon PG. 1999. Tripartite synapses:
glia, the unacknowledged partner.Trends
Neurosci.22:208–15

11. Newman E, Reichenbach A. 1996. The
Muller cell: a functional element of the
retina.Trends Neurosci.19:307–12

12. Bergles DE, Jahr CE. 1998. Glial con-
tribution to glutamate uptake at Schaf-
fer collateral-commissural synapses in the
hippocampus.J. Neurosci.18:7709–16

13. Bergles DE, Jahr CE. 1997. Synaptic
activation of glutamate transporters in hip-
pocampal astrocytes.Neuron 19:1297–
308

14. Verkhratsky A, Kettenmann H. 1996. Cal-
cium signalling in glial cells.Trends Neu-
rosci.19:346–52

15. Dani JW, Smith SJ. 1995. The triggering
of astrocytic calcium waves by NMDA-
induced neuronal activation.Ciba. Found.
Symp.188:195–205

16. Duffy S, MacVicar BA. 1995. Adrener-
gic calcium signaling in astrocyte networks
within the hippocampal slice.J. Neurosci.
15:5535–50

17. Parpura V, Basarasky TA, Liu F, Jeftinija
K, Haydon PG. 1994. Glutamate-mediated
astrocyte-neuron signalling.Nature 369:
744–47

18. Dani JW, Chernjavsky A, Smith SJ. 1992.
Neuronal activity triggers calcium waves
in hippocampal astrocyte networks.Neu-
ron 8:429–40

19. Cornell Bell AH, Finkbeiner SM. 1991.
Ca2+ waves in astrocytes.Cell Calcium
12:185–204

20. Cornell Bell AH, Finkbeiner SM, Cooper
MS, Smith SJ. 1990. Glutamate in-
duces calcium waves in cultured astro-
cytes: long-range glial signaling.Science
247:470–73

21. Smith SJ. 1994. Neural signalling. Neuro-
modulatory astrocytes.Curr. Biol. 4:807–
10

22. Smith SJ. 1992. Do astrocytes process neu-
ral information?Prog. Brain Res.94:119–
36

23. Verkhratsky A, Orkand RK, Kettenmann
H. 1998. Glial calcium: homeostasis and
signaling function.Physiol. Rev.78:99–
141

24. Fam SR, Gallagher CJ, Salter MW. 2000.
P2Y(1) purinoceptor-mediated Ca(2+)
signaling and Ca(2+) wave propagation in
dorsal spinal cord astrocytes.J. Neurosci.
20:2800–8

25. Porter JT, McCarthy KD. 1996. Hippocam-
pal astrocytes in situ respond to glutamate
released from synaptic terminals.J. Neu-
rosci.16:5073–81

26. Shao Y, Porter JT, McCarthy KD. 1994.
Neuroligand receptor heterogeneity among
astroglia.Perspect. Dev. Neurobiol.2:205–
15

27. Porter JT, McCarthy KD. 1997. Astrocytic
neurotransmitter receptors in situ and in
vivo. Prog. Neurobiol.51:439–55

28. Robitaille R, Jahromi BS, Charlton
MP. 1997. Muscarinic Ca2+ responses
resistant to muscarinic antagonists at
perisynaptic Schwann cells of the frog neu-
romuscular junction.J. Physiol.504:337–
47

29. Robitaille R. 1995. Purinergic receptors
and their activation by endogenous purines
at perisynaptic glial cells of the frog neu-
romuscular junction.J. Neurosci.15:7121–
31

30. Shelton MK, McCarthy KD. 1999. Mature
hippocampal astrocytes exhibit functional
metabotropic and ionotropic glutamate re-
ceptors in situ.Glia 26:1–11

31. Kang J, Jiang L, Goldman SA, Nedergaard
M. 1998. Astrocyte-mediated potentiation
of inhibitory synaptic transmission.Nat.
Neurosci.1:683–92

32. Shelton MK, McCarthy KD. 2000.
Hippocampal astrocytes exhibit Ca2+-
elevating muscarinic cholinergic and
histaminergic receptors in situ.J. Neu-
rochem.74:555–63

33. Shao Y, McCarthy KD. 1997. Responses
of Bergmann glia and granule neu-
rons in situ to N-methyl-D-aspartate,



P1: VEN/FXY

January 20, 2001 17:37 Annual Reviews AR114-31-Araque

810 ARAQUE ¥ CARMIGNOTO ¥ HAYDON

norepinephrine, and high potassium.
J. Neurochem.68:2405–11

34. Charles AC, Merrill JE, Dirksen ER,
Sanderson MJ. 1991. Intercellular signal-
ing in glial cells: calcium waves and
oscillations in response to mechanical
stimulation and glutamate.Neuron6:983–
92

35. Hassinger TD, Atkinson PB, Strecker GJ,
Whalen LR, Dudek FE, et al. 1995. Ev-
idence for glutamate-mediated activation
of hippocampal neurons by glial calcium
waves.J. Neurobiol.28:159–70

36. Guthrie PB, Knappenberger J, Segal M,
Bennett MV, Charles AC, Kater SB. 1999.
ATP released from astrocytes mediates
glial calcium waves.J. Neurosci.19:520–
28

37. Innocenti B, Parpura V, Haydon PG. 2000.
Imaging extracellular waves of glutamate
during calcium signaling in cultured astro-
cytes.J. Neurosci.20:1800–8

38. Charles AC, Naus CC, Zhu D, Kidder GM,
Dirksen ER, Sanderson MJ. 1992. Intercel-
lular calcium signaling via gap junctions in
glioma cells.J. Cell Biol.118:195–201

39. Hassinger TD, Guthrie PB, Atkinson PB,
Bennett MV, Kater SB. 1996. An extracel-
lular signaling component in propagation
of astrocytic calcium waves.Proc. Natl.
Acad. Sci. USA93:13268–73

40. Scemes E, Suadicani SO, Spray DC. 2000.
Intercellular communication in spinal cord
astrocytes: fine tuning between gap junc-
tions and P2 nucleotide receptors in
calcium wave propagation.J. Neurosci.
20:1435–45

41. Scemes E, Dermietzel R, Spray DC. 1998.
Calcium waves between astrocytes from
Cx43 knockout mice.Glia 24:65–73

42. Cotrina ML, Lin JH, Alves-Rodrigues
A, Liu S, Li J, et al. 1998. Connexins
regulate calcium signaling by controlling
ATP release.Proc. Natl. Acad. Sci. USA
95:15735–40

43. Cotrina ML, Lin JH, Lopez-Garcia JC,
Naus CC, Nedergaard M. 2000. ATP-

mediated glia signaling.J. Neurosci.
20:2835–44

44. Wang Z, Haydon PG, Yeung ES. 2000.
Direct observation of calcium-dependent
ATP signaling in astrocytes.Anal. Chem.
72:2001–7

45. Willmott NJ, Wong K, Strong AJ. 2000.
A fundamental role for the nitric oxide-
G-kinase signaling pathway in mediating
intercellular Ca(2+) waves in glia.J. Neu-
rosci.20:1767–79

46. Pasti L, Volterra A, Pozzan T, Carmignoto
G. 1997. Intracellular calcium oscillations
in astrocytes: a highly plastic, bidirec-
tional form of communication between
neurons and astrocytes in situ.J. Neurosci.
17:7817–30

47. Newman EA, Zahs KR. 1997. Cal-
cium waves in retinal glial cells.Science
275:844–47

48. Harris-White ME, Zanotti SA, Frautschy
SA, Charles AC. 1998. Spiral intercellular
calcium waves in hippocampal slice cul-
tures.J. Neurophysiol.79:1045–52

49. Mennerick S, Benz A, Zorumski CF. 1996.
Components of glial responses to ex-
ogenous and synaptic glutamate in rat
hippocampal microcultures.J. Neurosci.
16:55–64

50. Mudrick-Donnon LA, Williams PJ,
Pittman QJ, MacVicar BA. 1993. Postsy-
naptic potentials mediated by GABA and
dopamine evoked in stellate glial cells of
the pituitary pars intermedia.J. Neurosci.
13:4660–68

51. Clark BA, Barbour B. 1997. Currents
evoked in Bergmann glial cells by paral-
lel fibre stimulation in rat cerebellar slices.
J. Physiol.502:335–50

52. Jahromi BS, Robitaille R, Charlton MP.
1992. Transmitter release increases intra-
cellular calcium in perisynaptic Schwann
cells in situ.Neuron8:1069–77

53. Reist NE, Smith SJ. 1992. Neurally evoked
calcium transients in terminal Schwann
cells at the neuromuscular junction.Proc.
Natl. Acad. Sci. USA89:7625–29



P1: VEN/FXY

January 20, 2001 17:37 Annual Reviews AR114-31-Araque

ASTROCYTE-NEURON INTERACTIONS 811

54. Kulik A, Haentzsch A, Luckermann M,
Reichelt W, Ballanyi K. 1999. Neuron-
glia signaling via alpha(1) adrenoceptor-
mediated Ca(2+) release in Bergmann
glial cells in situ.J. Neurosci.19:8401–8

55. Milner TA, Kurucz OS, Veznedaroglu
E, Pierce JP. 1995. Septohippocampal
neurons in the rat septal complex have
substantial glial coverage and receive
direct contacts from noradrenaline termi-
nals.Brain Res.670:121–36

56. Paspalas CD, Papadopoulos GC. 1996. Ul-
trastructural relationships between nora-
drenergic nerve fibers and non-neuronal
elements in the rat cerebral cortex.Glia
17:133–46

57. Grosche J, Matyash V, Moller T,
Verkhratsky A, Reichenbach A, Ket-
tenmann H. 1999. Microdomains for
neuron-glia interaction: parallel fiber
signaling to Bergmann glial cells.Nat.
Neurosci.2:139–43

58. Engert F, Bonhoeffer T. 1999. Dendritic
spine changes associated with hippocam-
pal long-term synaptic plasticity.Nature
399:66–70

59. Wong WT, Wong RO. 2000. Rapid
dendritic movements during synapse for-
mation and rearrangement.Curr. Opin.
Neurobiol.10:118–24

60. Mong JA, McCarthy MM. 1999. Steroid-
induced developmental plasticity in hypo-
thalamic astrocytes: implications for syn-
aptic patterning.J. Neurobiol.40:602–19

61. Mong JA, Glaser E, McCarthy MM. 1999.
Gonadal steroids promote glial differenti-
ation and alter neuronal morphology in the
developing hypothalamus in a regionally
specific manner.J. Neurosci.19:1464–72

62. Garcia-Segura LM, Naftolin F, Hutchison
JB, Azcoitia I, Chowen JA. 1999. Role of
astroglia in estrogen regulation of synap-
tic plasticity and brain repair.J. Neurobiol.
40:574–84

63. Cornell-Bell AH, Thomas PG, Smith
SJ. 1990. The excitatory neurotransmitter
glutamate causes filopodia formation in

cultured hippocampal astrocytes.Glia
3:322–34

64. Pasti L, Pozzan T, Carmignoto G. 1995.
Long-lasting changes of calcium oscil-
lations in astrocytes. A new form of
glutamate-mediated plasticity.J. Biol.
Chem.270:15203–10

65. Georgiou J, Robitaille R, Trimble WS,
Charlton MP. 1994. Synaptic regulation of
glial protein expression in vivo.Neuron
12:443–55

66. Stevens B, Fields RD. 2000. Response of
Schwann cells to action potentials in devel-
opment.Science287:2267–71

67. Pfrieger FW, Barres BA. 1996. New views
on synapse-glia interactions.Curr. Opin.
Neurobiol.6:615–21

68. Pfrieger FW, Barres BA. 1997. Synaptic
efficacy enhanced by glial cells in vitro.
Science277:1684–87

69. Nedergaard M. 1994. Direct signaling from
astrocytes to neurons in cultures of mam-
malian brain cells.Science263:1768–71

70. Charles AC. 1994. Glia-neuron intercel-
lular calcium signaling.Dev. Neurosci.
16:196–206

71. Araque A, Parpura V, Sanzgiri RP,
Haydon PG. 1998. Glutamate-dependent
astrocyte modulation of synaptic transmis-
sion between cultured hippocampal neu-
rons.Eur. J. Neurosci.10:2129–42

72. Araque A, Sanzgiri RP, Parpura V, Haydon
PG. 1999. Astrocyte-induced modulation
of synaptic transmission.Can. J. Physiol.
Pharmacol.77:699–706

73. Bezzi P, Carmignoto G, Pasti L, Vesce S,
Rossi D, et al. 1998. Prostaglandins stim-
ulate calcium-dependent glutamate release
in astrocytes.Nature391:281–85

74. Mothet JP, Parent AT, Wolosker H, Brady
RO Jr, Linden D, et al. 2000.D-Serine is
an endogenous ligand for the glycine site
of theN-methyl-D-aspartate receptor.Proc.
Natl. Acad. Sci. USA97:4926–31

75. Wolosker H, Sheth KN, Takahashi M, Mo-
thet JP, Brady RO Jr, et al. 1999. Purifi-
cation of serine racemase: biosynthesis of



P1: VEN/FXY

January 20, 2001 17:37 Annual Reviews AR114-31-Araque

812 ARAQUE ¥ CARMIGNOTO ¥ HAYDON

the neuromodulator D-serine.Proc. Natl.
Acad. Sci. USA96:721–25

76. Schell MJ, Molliver ME, Snyder SH.
1995. D-serine, an endogenous synaptic
modulator: localization to astrocytes and
glutamate-stimulated release.Proc. Natl.
Acad. Sci. USA92:3948–52

77. Calegari F, Coco S, Taverna E, Bassetti
M, Verderio C, et al. 1999. A regulated
secretory pathway in cultured hippocam-
pal astrocytes.J. Biol. Chem.274:22539–
47

78. Attwell D. 1994. Glia and neurons in dia-
logue.Nature369:707–8

79. Szatkowski M, Barbour B, Attwell D.
1990. Non-vesicular release of glutamate
from glial cells by reversed electrogenic
glutamate uptake.Nature348:443–46

80. Araque A, Li N, Doyle RT, Haydon PG.
2000. SNARE protein-dependent gluta-
mate release from astrocytes.J. Neurosci.
20:666–73

81. Kimelberg HK, Goderie SK, Higman S,
Pang S, Waniewski RA. 1990. Swelling-
induced release of glutamate, aspartate,
and taurine from astrocyte cultures.J. Neu-
rosci.10:1583–91

82. Parpura V, Lui F, Brethorst S, Jeftinija
K, Jeftinija S, Haydon PG. 1995. Alpha-
latrotoxin stimulates glutamate release
from cortical astrocytes in cell culture.
FEBS Lett.360:266–70

83. Girod R, Povov S, Alder J, Zheng JQ,
Lohof A, Poo MM. 1995. Spontaneous
quantal transmitter secretion from my-
ocytes and fibroblasts: comparison with
neuronal secretion.J. Neurosci.15:2826–
38

84. Morimoto T, Popov S, Buckley KM, Poo
MM. 1995. Calcium-dependent transmit-
ter secretion from fibroblasts: modulation
by synaptotagmin I.Neuron15:689–96

85. Parpura V, Fang Y, Basarsky T, Jahn R,
Haydon PG. 1995. Expression of synap-
tobrevin II, cellubrevin and syntaxin but
not SNAP-25 in cultured astrocytes.FEBS
Lett.377:489–92

86. Hepp R, Perrauat M, Chasserot-Golaz S,
Galli T, Aunis D, et al. 1999. Cultured
glial cells express the SNAP-25 analogue
SNAP-23.Glia 27:181–87

87. Madison DL, Kruger WH, Kim T, Pfeif-
fer SE. 1996. Differential expression of
rab3 isoforms in oligodendrocytes and as-
trocytes.J. Neurosci. Res.45:258–68

88. Maienschein V, Marxen M, Volknandt
W, Zimmermann H. 1999. A plethora of
presynaptic proteins associated with ATP-
storing organelles in cultured astrocytes.
Glia 26:233–44

89. Jahn R, Hanson PI, Otto H, Ahnert-Hilger
G. 1995. Botulinum and tetanus neurotox-
ins: emerging tools for the study of mem-
brane fusion.Cold Spring Harbor Symp.
Quant. Biol.60:329–35

90. Blasi J, Binz T, Yamasaki S, Link E,
Niemann H, Jahn R. 1994. Inhibition of
neurotransmitter release by clostridial neu-
rotoxins correlates with specific proteoly-
sis of synaptosomal proteins.J. Physiol.
88:235–41

91. Link E, Blasi J, Chapman ER, Edelmann
L, Baumeister A, et al. 1994. Tetanus and
botulinal neurotoxins. Tools to understand
exocytosis in neurons.Adv. Second Mes-
senger Phosphoprotein Res.29:47–58

92. Niemann H, Blasi J, Jahn R. 1994.
Clostridial neurotoxins: new tools for dis-
secting exocytosis.Trends-Pharmacol-Sci.
4:179–85

93. Jeftinija SD, Jeftinija KV, Stefanovic G.
1997. Cultured astrocytes express proteins
involved in vesicular glutamate release.
Brain Res.750:41–47

94. Carmignoto G, Pasti L, Zonta M, Pozzan T,
Vicini S. 1999. [Ca2+]i oscillations in atro-
cytes regulate a fast, quantal-like release of
glutamate.Soc. Neurosci. Abstr.25:17.12

95. Araque A, Sanzgiri RP, Parpura V, Hay-
don PG. 1998. Calcium elevation in astro-
cytes causes an NMDA receptor-dependent
increase in the frequency of miniature
synaptic currents in cultured hippocampal
neurons.J. Neurosci.18:6822–29



P1: VEN/FXY

January 20, 2001 17:37 Annual Reviews AR114-31-Araque

ASTROCYTE-NEURON INTERACTIONS 813

96. Robitaille R. 1998. Modulation of synap-
tic efficacy and synaptic depression by glial
cells at the frog neuromuscular junction.
Neuron21:847–55

97. Newman EA, Zahs KR. 1998. Modula-
tion of neuronal activity by glial cells in
the retina.J. Neurosci.18:4022–28

98. Cochilla AJ, Alford S. 1999. NMDA
receptor-mediated control of presynaptic
calcium and neurotransmitter release.J.
Neurosci.19:193–205

99. Glitsch M, Marty A. 1999. Presynap-
tic effects of NMDA in cerebellar Purk-
inje cells and interneurons.J. Neurosci.
19:511–19

100. Yokoi M, Kobayashi K, Manabe T, Taka-
hashi T, Sakaguchi I, et al. 1996. Impair-
ment of hippocampal mossy fiber LTD in
mice lacking mGluR2.Science273:645–
47

101. Sulston JE, Schierenberg E, White JG,

Thomson JN. 1983. The embryonic cell
lineage of the nematodeCaenorhabditis
elegans. Dev. Biol.100:64–119

102. McCall MA, Gregg RG, Behringer RR,
Brenner M, Delaney CL, et al. 1996. Tar-
geted deletion in astrocyte intermediate
filament (Gfap) alters neuronal physiol-
ogy.Proc. Natl. Acad. Sci. USA93:6361–
66

103. Shibuki K, Gomi H, Chen L, Bao S, Kim
JJ, et al. 1996. Deficient cerebellar long-
term depression, impaired eyeblink con-
ditioning, and normal motor coordination
in GFAP mutant mice.Neuron16:587–
99

104. Gerlai R, Wojtowicz JM, Marks A, Roder
J. 1995. Overexpression of a calcium-
binding protein, S100 beta, in astrocytes
alters synaptic plasticity and impairs spa-
tial learning in transgenic mice.Learn.
Mem.2:26–39



P1: FQP

January 31, 2001 18:29 Annual Reviews AR114-COLOR

Figure 1 “Neuroglia of the pyramidal layer and stratum radiatum of the Ammon horn. Adult
man autopsied three hours after death. Chloride of gold. (A) big astrocyte embracing a pyramidal
neuron. (B) twin astrocytes forming a nest around a cell (C), while one of them sends two branches
forming another nest (D). (E) cell with signs of autolysis” (1). Figure reproduced from original
drawing with permission of Legado Cajal.
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Figure 2 Propagation of internal calcium changes along astrocytic processes. (A) Time
series of pseudocolor images illustrating the spreading of an internal calcium elevation along
the process of an astrocyte that is located in area CA1 of the hippocampus. The calcium
response in the astrocyte was triggered by stimulation of Schaffer collaterals at 0.33 Hz,
i.e. train of pulses delivered at 30 Hz for 100 ms that were applied every 3s. Slices were
obtained from a nine-day old rat and loaded with the calcium indicator Indo-1. Labels 1–4
indicate discrete portions of the astrocyte processes; label 5 indicates a pyramidal neuron.
The time interval between images a–h is 2 s; between h–l is 12 s. Scale bar 10 mm. (B)
Kinetics of the internal calcium changes as measured at the level of different portions of
the astrocytic process and soma shown inA upon neuronal stimulation. The kinetics of the
calcium change in neuron 5 is also reported. It is noteworthy that in imageAb, the process
indicated by the asterisk displayed a transient and localized calcium elevation that remained
restricted to the process.
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