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Abstract The unexpected finding of astrocytes to release

glutamate as gliotransmitter challenges the traditional

concepts on astrocyte being ‘‘passive’’ in CNS communi-

cations. Glutamate is the major excitatory transmitter in

transferring information between neurons, but is now also

known to activate astrocyte through transporters and

receptors. Together with the sensitive swelling response,

astrocytes could respond directly to glutamate and neuronal

activity. Other new functions of astrocytes include modu-

lation of synaptic plasticity and cerebral blood flow (CBF).

The classic glutamate deplenishment through glutamine

synthesis and CO2 production does not account for the total

glutamate internalized into astrocytes. This leads us to

speculate there are many hidden functions of glutamate in

neurons and astrocytes waiting to be discovered. In this

review, we attempted to reexamine some of these new and

older functions of glutamate and to reevaluate the roles of

glutamate intoning these two cell types.
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Introduction

Rudolf Virchow was the first to report glial cells in brain

[1]. In 1909, Santiago Ramon ý Cajal proposed the exis-

tence of interaction between neurons and glial cells based

on some histological evidence [2]. Glial cells are classified

into two main groups: microglia and macroglia. Macroglia

are subdivided into ependymal cells, Schwann cells, oli-

godendroglia and astroglia. Astrocyte is a subtype of

astroglia, which outnumbers all other glial cells and is the

most abundant neural cells in the brain. Unfortunately,

researchers in neuroscience did not find astrocytes inter-

esting for the greater part of a century since it was first

described by Michael von Lenhossek according to their

star-like shape [2]. It was only from the last few decades

that research attention began to focus on the partnerships,

and their collaborations at the biochemical, physiological

and molecular aspects [3–5]. Currently, it is known that

normal organ functions depend on a harmonious interac-

tion among its cellular components. To better understand

the normal and pathological brain functions, it is crucial for

us to elucidate the intricate partnerships between astrocytes

and neurons, two of the most abundant cell types in the

CNS.
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When astrocytes were discovered to have glutamate

receptors on their plasma membranes in 1996, we suddenly

realized that glutamate, which was released from pre-syn-

aptic neuron not only accolades excitatory signals to post-

synaptic neurons (neuronal–neuronal communication), also

excites astrocytes (neuronal–astrocytic communication) [6,

7]. Most important of all, the recent unexpected finding of

astrocytes to release glutamate as gliotransmitter leads us

to challenge the traditional concepts on astrocyte being

‘‘passive’’ in CNS. We now realize that communications

between neural cells are no longer limited to neuronal–

neuronal level, but can also be neuronal–astrocytic and

astrocytic–neuronal. Based on the recent advances in the

knowledge on glutamate, neurons and astrocytes, it is

timely for us to reevaluate some of the new and classic

roles pertaining to glutamate in the partnership of neurons

and astrocytes. It is also important for us to delve into

whether there are some hidden functions of glutamate

being overlooked.

Glutamate as a Gliotransmitter

Astrocyte could produce and release a variety of chemical

transmitters—‘‘gliotransmitters’’, e.g. glutamate, bradyki-

nin, D-serine, PGE2, ATP, BDNF, etc. [5, 8]. Glutamate is

the most studied member among these gliotransmitters. It

has been shown that glutamate released during neuronal

activity could activate group I mGluRs on the astrocytic

plasma membrane to cause a calcium oscillation and

astrocytic glutamate release to affect pre- and post-synaptic

neuronal activities [9]. Xu et al. [10] confirmed the above

observation that increased cytoplasmic glutamate concen-

tration could trigger vesicle release of glutamate from

astrocyte, which induced a transient inward current (SIC)

in hippocampal CA1 pyramidal neurons. Astrocytes could

release other gliotransmitters, e.g. ATP [11], when the non-

NMDA receptors on their plasma membrane are being

stimulated by glutamate released during neuronal activity.

This implies that the glutamate released from astrocytes

during gliotransmission would not only affect neuronal

transmission, but also able to stimulate the release of

gliotransmitters paracrinically and autocrinically, possible

new functions of glutamate from astrocyte were not yet

been proven experimentally. This recent addition of glio-

transmission to the list of glutamate functions is exciting

because this suggests an astrocyte involvement in infor-

mation processing [12], a function formerly thought to be

exclusively reserved for neurons.

Astrocytes Use Glutamate to Affect Synaptic Plasticity

Research in the past two decades has shown that the brain

has a remarkable capacity for plastic responses and is

highly plastic at the level of its circuitry. Plasticity hap-

pened in synaptic remodeling, sculpting synaptic function

during development and adulthood, synaptic growth after

injury, as well as learning and memory formation involving

long-term potentiation (LTP). Early study suggested

growth factors, e.g. epidermal growth factor (EGF) and

fibroblast growth factor (FGF), enhanced LTP formation

[13, 14]. Some consequent researches focused on neuro-

trophins e.g. nerve growth factor (NGF), brain-derived

neurotrophic factor (BDNF), and neurotrophin-3 (NT-3)

[15–17]. It was believed these growth factors and neuro-

trophins played vital roles in plasticity, which was

exclusively determined by pre- and post-synaptic neurons.

More recent evidence on astrocytic involvement in the

regulation of synaptic plasticity through glutamate release

really extends our understanding on the complexity in the

plasticity process [5, 18]. Araque et al. (1998) have shown

that glutamate released from astrocyte could excite post-

synaptic NMDA receptors to modulate synaptic memory

[19]. The same group [20] recently observed a similar

phenomenon in post-synaptic CA1 pyramidal neurons that

astrocytes released glutamate to trigger NMDA receptor-

mediated slow intrinsic current. Fiacco and McCarthy [9]

reported in CA1 pyramidal cells that astrocytes released

glutamate could increase the frequency of AMPA sponta-

neous EPSCs to modulate synaptic plasticity. Chou et al.

[21] confirmed that astrocyte is necessary for LTP forma-

tion in post-synaptic neurons. These groundswell of

supports indicated that astrocyte affects plasticity through

releasing glutamate to stimulate NMDA receptor [22]. This

new function of astrocytes required co-release of glutamate

and D-serine, another astrocyte-derived gliotransmitter, as

a co-activator for the glycine binding site on the post-

synaptic NMDA receptor [23]. Now, it is generally

accepted that plasticity is a result of astrocytic–neuronal

interaction with glutamate playing a key role in addition to

the growth and neurotropic factors described above; dis-

regarding for some exceptional cases such as wide-

spreading of calcium elevation in astrocytes of stratum

radiatum did not affect neuronal calcium concentration nor

their EPSC [24]. Taken together, these data shed new light

on the astrocyte-glutamate-synaptic plasticity affair.

Astrocyte Monitors Synaptic Glutamate to Regulate

Synaptic Functions

Removal of glutamate from synaptic cleft after neuronal

release is an essential and fundamental function of astro-

cytes known for many years. Previous in vitro studies in

the 1980s had already shown that exogenous glutamate was

mainly removed by astrocyte with a high-affinity uptake

100 times faster than neuron, suggesting termination of

excitatory glutamate activity in the synapse is an astrocytic
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responsibility [25, 26]. In vivo study confirmed this fact by

showing that glutamate transporters on astrocyte within

tripartite synapse have a similar glutamate affinity as glu-

tamate receptors [27]. This suggested that transporters

arrest synaptic glutamate with a similar velocity as gluta-

mate binding to the receptors, and therefore compete with

receptor-mediated glutamate signaling immediately after

glutamate being released into the synapse. Given this new

evidence, the original concept that astrocytic clearing of

synaptic glutamate was only to terminate excitatory

neurotransmission, now evolves into an astrocytic ‘‘moni-

toring’’ neuronal activity through regulating glutamate

concentrations in the synapse. This hypothesis was con-

firmed by an experiment in which an increase of synaptic

glutamate through inhibiting glutamate transporters with L-

trans-pyrrolidine-2,4-dicarboxylic acid (L-PDC) could

inhibit mEPSC in post-synaptic neuron [28]. It was further

proven in glutamate transporters knock-out mice that GLT-

1 and GLAST, but not EAAC1, involved in the restriction

of mGluR1 in post-synaptic neuron [29].

Reagan et al. [30] believed that astrocyte triggered

dendritic remodeling through their regulation of extracel-

lular glutamate levels. Interestingly, stress could

specifically increase GLT-1 expression in dentate gyrus

and CA3 region of Ammon’s horn, the brain area with the

most prominent dendritic remodeling [31, 32]. The coin-

cidence of synaptic glutamate concentration and dendritic

remodelling between stress and astrocyte implies a possible

hidden functional relationship between astrocyte and glu-

tamate in stress. As mentioned in the previous section, it

has been demonstrated that astrocyte could monitor plas-

ticity through a release of glutamate. It will be interesting

to see in the future how the plasticity response distin-

guishes between the glutamate released from neuron and

astrocyte; in another aspect, whether the glutamate released

from astrocyte and neurons play a different role in synaptic

plasticity.

Astrocytic Shape Changes in Response to Glutamate

Astrocytes are highly dynamic cells in CNS. Their exten-

sive morphology allows them to send endfeet to make

contacts with neuronal synapses, neuronal cell bodies,

neighboring astrocytes and blood vessels. It has been

demonstrated that astrocytes can rapidly extend and retract

fine processes to engage and disengage from motile den-

dritic spines [33]. Dynamic structural changes in astrocytes

help control the degree of neuronal–astrocytic communi-

cation at hippocampal synapses. Accumulating evidences

demonstrated that change in shape of astrocytic process

could modulate neuronal function [33]. This ought to

involve redistribution of receptors, ion channels, etc.,

which ultimately modifies astrocyte to contact and interact

with neighboring cells, as well as a change in CNS phys-

iological function. The fortuitous discovery of astrocyte

undergoing a transient shape change to ensheathe neurons

to modulate synaptic functions during lactation [34] pro-

vides a strong evidence that astrocyte shape change

involved in physiologic functions. We shall anticipate more

similar observations to be identified in many more physi-

ological changes in CNS. How astrocytes acquire the

change of shape is still elusive. As for the interest of this

review, we would deliberate on whether this astrocytic

shape change involved glutamate.

Glutamate-mediated swelling was one of the most

remarkable causes of shape changes in astrocyte. Under

normal condition, astrocyte manages the CNS water

homeostasis. During stroke and other injury, astrocytes are

known to become edematous and modulate stroke outcome

with glutamate homeostasis [35, 36]. Several in vitro

studies confirmed the involvement of glutamate in astro-

cytic shaping that it could reduce stellation of astrocyte

induced by cytochalasin B/D, dbcAMP or beta-amyloid

protein [37–39], suggesting glutamate directly participates

in astrocytic shape change, most likely through inducing

swelling. Astrocytic swelling were found directly mediated

by GLT-1 and GLAST [40]; while mGluR were not

involved [41]. This suggests that swelling is an astrocytic

specific response to the change in exogenous glutamate

concentrations, which depends on glutamate transporters to

determine how much and how fast this glutamate being

internalized into the astrocyte. It has been shown that for

each glutamate being internalized, there is a translocation

of 436 water molecules into astrocytes [42, 43]. The rate of

internalization of glutamate and water molecules directly

determines the intracellular concentration of glutamate, the

amount of water entry and the degree of swelling. It

appears to be: the higher the neuronal activity, the larger

the amount of glutamate being released, the more gluta-

mate being internalized, and the more swollen the astrocyte

going to be. We do not know whether the amount of glu-

tamate released under normal neuronal activity could cause

astrocytic swelling. However, under pathologic conditions,

such as brain trauma, stroke, ischemia and epilepsy, there

is tremendous amount of glutamate being released and

astrocyte ought to become swollen under these conditions

[44]. We should also realize that the swelling could be

local, i.e., restricted to one or several endfeet, or the whole

cell. It has been shown glutamate could induce subcellular

organelles swelling including endoplasmic reticulum (ER)

and mitochondria [45]. We have not find any evidence

from the literature that glutamate effect could directly

reach the nucleus of astrocytes to interfere its functions. If

it does, it shall give the already intimate partnership

between glutamate, astrocytes and neurons a revolutionary

new look.
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Addition to numerous glutamate release mechanisms in

astrocyte, e.g. calcium related release, reverse transport,

etc., rapid astrocytic swelling was found one of the potent

ways of triggering glutamate and aspartate release from

astrocyte [46]. Swelling-induced glutamate release suffi-

ciently triggered NMDA-dependent excitotoxicity [47].

Several studies suggested that swelling-initiated glutamate

release from astrocytes could exert autocrine and paracrine

modulation of local brain functions [48, 49]. Furthermore,

the degree of swelling in astrocyte would probably turn on

respective responses, including some self-defense and

protective and some known and hidden responses to allow

the coping of the shift of water balance, ion homeostasis

and so forth. In another words, astrocyte could possibly use

glutamate internalization and degree of swelling to

appraise neuronal activity. Therefore, it shall be interesting

if we can correlate astrocytic swelling to glutamate con-

centrations and neuronal activity.

Astrocyte Regulate Cerebral Blood Flow (CBF)

in Associate with Neuronal Activity

Roy and Sherrington [50] proposed over a hundred years

ago that CBF was related to neuronal activity. The recent

discovery of ‘‘functional hyperemia’’ confirmed the asso-

ciation of CBF to neuronal activity and energy demand

[51]. Astrocyte develops abundant ensheathing on cerebral

vasculature to form blood brain barrier; therefore, it serves

as an essential mediator in functional hyperemia by

bridging neuronal activity and energy demand to the

cerebral blood vessels.

Recent studies strongly supported the close astrocytic

modulation of CBF. Astrocyte could derive and release

several vasal constriction factors like PGF2a, thromboxane

A2, endothelins and 20-hydroxyeicosatetraenoic acid (20-

HETE), etc. They were proposed to have essential roles for

the maintenance of myogenic tone in cerebral blood vessel

[5]. Contrary to vasal constriction effect, astrocytes could

derive and release vasal dilation factors. Glutamate-medi-

ated calcium oscillation in astrocyte could induce PGE2

and CO release to dilate focal blood vessel [52, 53].

Astrocyte also produces and releases other substrates

including epoxyeicosatrienoic acid (EET) and cyclooxy-

genase COX-1 to dilate vessel [54, 55].

There is no doubt astrocyte plays a vital role in CBF

regulation—both constriction and dilation. To appease

‘‘functional hyperemia’’, astrocyte has to provide an effi-

cient signaling network to channel neuronal needs to the

cerebral blood vessels. We are surprised that current

research focused only on the classic vasal dilation/con-

striction factors. No published evidence could be found on

glutamate and CBF regulation. Sporadic studies on kidneys

have shown that glutamate could activate renal NMDA-R

to modulate renal blood flow (RBF) [56, 57]. These results

demonstrated that glutamate could modulate blood flow;

thus it will be of great interest to investigate whether glu-

tamate could regulate CBF, an interesting function waiting

to be confirmed. It would also be essential to clarify

whether a single astrocyte could perform both vasal con-

striction and dilation effects, or there are vasal constrictive

and vasal dilatory astrocytes to coordinate CBF regulation.

Prevailing concepts stated that neurons in adult brain

have very limited contact with cerebral endothelial cells.

This suggested that neuron lack of direct interaction with

cerebral blood vessels. Theoretically, it is hard to believe

neurons only play an indirect regulation of CBF. Some

conflictive evidences showed that some neurons could

directly innervate cerebral vasculature and the innervations

had abundant vesicles [58–60].

Glutamate Affects Metabolism in Both Neuron

and Astrocyte

Glutamate plays a key role in astrocytic and neuronal

partnership. It was first shown almost 30 years ago that the

uptaken glutamate was transformed into glutamine in

astrocyte and exported back to neuron to replenish the

glutamate release—the famous glutamate–glutamine–glu-

tamate cycle [26, 61–65]. A recent review on metabolic

fate of glutamate indicated that glutamine synthesis and

CO2 generation through TCA cycle are the two major

outlets to deplenish these internalized glutamate [65].

Being the major excitatory signaling molecule between

neurons and astrocytes, it is hard to believe that glutamate,

after being internalized, serve only as metabolic substrate.

Glutamate could increase glucose utilization, lactate

production, and glycogen accumulation in astrocyte

through its uptake, but not its receptors [66, 67]. Interest-

ingly, glutamate increases glucose transport and lactate

production in astrocyte, but decreases glucose transport in

neuron. Lactate, as one of the products from glycolysis in

astrocyte, is transfered to neurons through the astrocyte–

neuron lactate shuttle (ANLS) [68, 69]. Therefore, gluta-

mate could regulate the redistribution of energy substrates

among neurons and astrocyte.

Future Challenges

A growing body of studies showed that glutamate functions

as a pivotal signal between neuron and astrocyte. The

examples include, but are not limited to (1) synaptic

transmission; (2) synaptic plasticity; (3) monitor extracel-

lular glutamate; (4) induce shape change in astrocyte; (5)

regulate CBF and (6) modulate CNS metabolism. From

these aspects we can speculate that the cell–cell interac-

tions in CNS would be more complex than we have
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imagined before. The partnership between neuron and

astrocyte is not limited to neuronal–neuronal, but it could

also be neuronal–astrocytic, astrocytic–neuronal, astro-

cytic–astrocytic, etc. (see Fig. 1). These glutamate-based

signaling networks provide novel feedback and feed for-

ward signals among these neural cells, which inevitably

broaden our view on the basic CNS functions at the neuro-

and gliotransmission levels.

It has been reported many years ago that internalized

glutamate is synthesized into glutamine or metabolized into

CO2 in TCA cycle inside astrocyte, with rates of 2.4 and

7.9 nmol/min/mg protein, respectively [70]. These rates

could not account for all the glutamate internalized which

has a rate of 47.0 nmol/min/mg protein [70]. Furthermore,

it is hard to believe that astrocyte internalizes the most

important signaling molecule in the CNS only to metabo-

lize it as an energy substrate. Our recent finding on the

specific induction of nucleus swelling by internalized glu-

tamate in astrocyte (unpublished data) sheds some light on

the possible hidden function of glutamate as mentioned at

the beginning of this review. We believe that the known

functions of glutamate discussed in this paper are only part

of the ‘‘Astrocyte and Neuron Intone through Glutamate’’

story, which ought to march into a very remarkably future.
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