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Abstract

abundant in axon terminals (13). In other words, glutamate is likely abundant in axon terminals because
glutamate is made in mitochondria and mitochondria
are abundant in axon terminals. It is therefore possible
that regulation of mitochondrial localization or enzymatic activity could modulate synaptic transmission by
controlling glutamate availability. Indeed, Drosophila
mutants lacking kinesins critical for mitochondrial
transport in axons show activity-dependent loss of
synaptic glutamate release (14), though it is not clear
whether this is due to glutamate depletion.
Cytoplasmic glutamate in neuronal terminals is
further concentrated within synaptic vesicles by proton/
glutamate antiport proteins called vesicular glutamate
transporters (VGluts) (15, 16). The glutamate concentration in synaptic vesicles can reach 100 mM or more
(17-19). Synaptic vesicles are small (30-40 nm) proteinaceous organelles that cluster near synapses and fuse
with the plasma membrane in response to high cytosolic
calcium, which is typically the result of voltage-gated
calcium channels opening in response to plasma membrane voltage changes (i.e., action potentials) (20, 21).
When they fuse with the plasma membrane, synaptic
vesicles spill their glutamate into the synaptic cleft. The
synaptic cleft is the small (∼20 nm wide) gap between two
cells connected by a synapse. Synapses are specialized
cell-cell junctions where fast chemical signaling occurs
(there are also “electrical synapses”, which are really gap
junctions, but we will not discuss them here). Synapses
are asymmetric cell junctions. They are formed from one
presynaptic cell, which releases the chemical signal, and
one postsynaptic cell, which receives and transduces the
signal. Any particular neuron could, however, form
synapses with multiple other cells (and most do). When
synaptic vesicles fuse with the presynaptic neuronal
plasma membrane, the synaptic cleft glutamate concentration is thought to reach several millimolar, depending
on the shape of the synaptic cleft and activity of nearby
glutamate transporters (22-24).
Once secreted into the synaptic cleft, glutamate
can diffuse to and interact with any nearby targets. The
closest target is postsynaptic cell membrane. Postsynaptic

Most intercellular glutamate signaling in the nervous
system occurs at synapses. Some intercellular glutamate signaling occurs outside synapses, however, and
even outside the nervous system where high ambient
extracellular glutamate might be expected to preclude
the effectiveness of glutamate as an intercellular signal.
Here, I briefly review the types of intercellular glutamate signaling in the nervous system and beyond, with
emphasis on the diversity of signaling mechanisms and
fundamental unanswered questions.
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A

ll organisms, and all tissues within organisms,
rely on intercellular chemical signals. One of
the most important intercellular chemical signals used in nervous systems is glutamate. Brain tissue
contains an unusually high concentration of glutamate,
approximately 5-15 mmol/kg (1, 2). Most of this
glutamate is found in neurons. The glutamate concentration in the cytoplasm of glutamatergic neurons is
approximately 5-10 mM (1, 3-6). This is several times
more than any other amino acid, and much more than in
other tissue types. Neuronal cytoplasmic glutamate
concentrations are highest in axon terminals, where
glutamate is 2-3 times that of cell bodies or dendrites
(7). This implies that axon terminals somehow restrict
the movement of glutamate or (more likely) synthesize
and utilize glutamate locally. Local glutamate synthesis
in axon terminals may be attributable to localization of
glutaminases, which are responsible for synthesis of
most neuronal glutamate (8). Consistent with this,
immunolocalization studies suggest that glutaminases
or glutaminase interacting proteins (GIPs) are associated with mitochondria (9-12), which are particularly
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slightly in function and localization: glutamate-aspartate transporter (GLAST/EAAT1), glutamate transporter (GLT/EAAT2), excitatory amino acid carrier
(EAAC/EAAT3), and excitatory amino acid transporters 4 and 5 (EAAT 4 and EAAT5) (1). EAATs are
clearly important for extracellular glutamate homeostasis; when EAATs are pharmacologically inhibited,
extracellular glutamate concentration rises from basal
levels of 0.5-5 uM to several hundred micromolar
(1, 40, 41). All EAATs couple the import of L-glutamate
(and L- or D-aspartate to some degree) to movement of
sodium or potassium (1). Most EAATs are present in
astrocytes (a common type of glia) near glutamatergic
synapses, suggesting that glutamate released at synapses
is mostly recycled by astrocytes rather than neurons.
The conventional “textbook” view is that glutamate
released from synaptic vesicles is pumped into astrocytes
via EAATs, converted to glutamine, released to the
extracellular space, taken up by neurons, and converted
back to glutamate. However, EAATs are also expressed
in nerve axon terminals and dendritic spines, which
form the pre- and postsynaptic membranes of glutamatergic synapses, respectively. Because of their proximity
to the synaptic cleft, neuronal EAATs are thought to be
particularly important for shaping the time course of
glutamate in the synaptic cleft, and therefore might
regulate synaptic signaling in biologically important
ways.
Synaptic glutamate signaling can be summarized as
follows (Figure 1): (1) Glutamate synthesized in the
cytoplasm of glutamatergic neurons is pumped into
synaptic vesicles and then released into the extracellular
space when these vesicles fuse with the plasma membrane. (2) This transiently increases the concentration of
glutamate in the synaptic cleft. (3) This transient increase in glutamate is detected and transduced by
glutamate receptors. (4) Glutamate is removed from
the synaptic cleft by EAATs.
Interestingly, synaptic transmission does not appear
to be the major source of extracellular glutamate in the
brain, since extracellular glutamate, measured by microdialysis, is not affected by blockade of synaptic glutamate release (40, 42-44). The majority of extracellular
glutamate in the brain must therefore be nonvesicular.
Nonvesicular glutamate release could be mediated by
several different mechanisms, including reversed uptake, swelling-activated anion channels, gap junction
hemichannels, purinergic (P2X) receptors, and heteromeric sodium-independent amino acid transporters,
including, in particular xCT-based cystine-glutamate
antiporters (43, 45-50). Of these different mechanisms, cystine-glutamate transporters appear to be
responsible for most extracellular glutamate in the
brain, because pharmacological inhibition in rats reduces ambient extracellular glutamate to approximately

cell plasma membrane associated with the synaptic cleft
contains an unusually large amount of membrane-associated protein, so much so that these “postsynaptic
densities (PSDs)” are visible by electron microscopy
(25). PSDs contain, among other things, many glutamate receptor proteins. Glutamate receptor proteins
bind glutamate and trigger changes in the postsynaptic
cell, thus completing the synaptic transmission of glutamatergic signals from presynaptic to postsynaptic
cells. Glutamate released from the presynaptic cell could
also bind to receptors on the presynaptic plasma membrane (“autocrine” signaling) or on other nearby cells
(“paracrine” signaling).
There are two general types of glutamate receptor:
ionotropic receptors (iGluRs) and metabotropic receptors (mGluRs) (26). Metabotropic glutamate receptors
are seven-pass membrane proteins coupled to intracellular heterotrimeric G-proteins. Binding of glutamate to
mGluRs triggers activation of G-protein-dependent
intracellular signaling cascades (27, 28). There are three
subtypes of mammalian mGluR, called type I, type II,
and type III. Type I mGluRs tend to activate phospholipase C, while type II and type III mGluRs are usually
coupled to cAMP pathways (29). Ionotropic glutamate
receptors, in contrast, are multimeric glutamate-gated
ion channels. When glutamate binds to the extracellular
domains of iGluR subunits, the entire protein changes
conformation to allow cation flow through the plasma
membrane (which usually leads to postsynaptic cell
depolarization). Mammalian iGluRs are also subdivided into three types: AMPA (R-amino-3-hydroxyl5-methyl-4-isoxazole-propionate) receptors, NMDA (Nmethyl-D-aspartic acid) receptors, and kainate receptors
(26, 30, 31). Fast information flow in the nervous system
is thought to occur mostly via AMPA receptors (30, 32,
33). Kainate receptors, though found postsynaptically
in some synapses, are (like mGluRs) also present on
presynaptic terminal membranes, where they serve to
autoregulate synaptic vesicle function and glutamate
secretion (34). NMDA receptors tend to remain open
longer than AMPA or kainate receptors and allow
significant calcium influx. Thus, NMDA receptor activation can initiate intracellular calcium-dependent signaling cascades that lead to changes in gene expression
and synaptic strength (which manifest as, for example,
learning and memory) (30, 35, 36). Glycine and serine
function as coligands for NMDA receptors (37). It is
possible that aspartate may also be an endogenous
ligand for glutamate receptors in vivo (38, 39).
There is little or no biochemical conversion of glutamate in the extracellular space (1), meaning that glutamate is capable of continuously interacting with
receptors until it diffuses away or is removed from the
extracellular fluid by excitatory amino acid transporters
(EAATs). There are five types of EAATs, which differ
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extracellular glutamate through the brain, which is after
all 20% extracellular space by volume. Unfortunately,
this is a difficult proposition, because noninvasive glutamate sensors (such as the optical sensors recently
developed by Hires et al. (84)) have not been utilized
for in vivo studies. Other widely used and generally
successful approaches, such as cell culture or slice preparations, disrupt the spatial and chemical milieu under
investigation.
Extracellular glutamate in the nervous system may thus
be divided into two functionally and spatially distinct
pools: (1) “synaptic glutamate”, a transient (few milliseconds) burst of high (0.5-5 mM) glutamate that
appears in the synaptic cleft when glutamate-filled synaptic vesicles in neurons fuse with the presynaptic membrane, and (2) “ambient extracellular glutamate”, a
relatively steady (but still likely somewhat dynamic) background of glutamate, mostly from glia, that fills most of
the extracellular space at lower concentration (1-5 uM).
Changes in nonsynaptic extracellular glutamate are
associated with developmental, physiological, or behavioral effects (44, 55-58), consistent with the idea that
ambient extracellular glutamate, released nonvesicularly and modulated dynamically, has important paracrine signaling functions. In other words, ambient
extracellular glutamate probably acts like a paracrine
modulator. For example, nonvesicular paracrine glutamate released by cystine-glutamate transporters has
been linked to drug withdrawal behavior (59, 60).
Chronic treatment with cocaine reduces cystineglutamate transporter expression in the nucleus accumbens of rats. This leads to a decrease in ambient extracellular glutamate, measured by microdialysis, and
increased drug-seeking behavior (60). Importantly,
these behavioral alterations are mimicked by cystine-glutamate antagonists (61).
Glutamate released by cystine-glutamate transporters presumably affects behavior by modifying neuronal
function and does this via either synaptic or extrasynaptic glutamate receptors. Extrasynaptic glutamate
receptors, not being subject to the dramatic changes in
synaptic glutamate experienced by synaptic receptors,
are obviously in an excellent position to mediate paracrine glutamate signaling. Although glutamate receptors in the nervous system are present in highest density
in postsynaptic membrane, many glutamate receptors
are also present in extrasynaptic membrane (62). Extrasynaptic glutamate receptors seem to play unique roles
in development and disease (62-66), but they are very
understudied compared with synaptic receptors, which
might also be somewhat “protected” from ambient
extracellular glutamate due to high EAAT activity near
the synaptic cleft.
In part, the presumed protection of synaptic receptors by EAATs is why changes in drug-seeking behavior

Figure 1. A canonical (but probably atypical) glutamatergic synapse.
Cytoplasmic glutamate is put into synaptic vesicles by vesicular glutamate transporter (VGlut) proteins and eventually released into the
synaptic cleft when the vesicles fuse with the presynaptic plasma membrane. After being released into the synaptic cleft, glutamate may bind
to and activate glutamate receptor proteins. The postsynaptic density
(PSD) contains by far the highest concentration of glutamate receptor
protein, but receptors are also found in presynaptic terminals, in the
neuronal membrane outside the synapse, in astrocytes, and in other cell
types. There are two main types of glutamate receptor: ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs). Glutamate secreted into the extracellular space is transported
back into cells by excitatory amino acid transporters (EAATs). Most
EAATs are present in astrocytes, although EAATs also exist in neurons
and other cell types. Glutamate taken up by astrocytes is recycled by
being converted to glutamine and exported into the extracellular space,
where it is then transported into neurons and converted back into glutamate. Glia, neurons, and (to a lesser degree) other cell types also express xCT cystine-glutamate antiport proteins, which comprise the xcsystem of amino acid transport. xCT proteins export glutamate from
cells and import cystine; they are the largest source of ambient extracellular glutamate in the nervous system. Ambient extracellular glutamate modulates synaptic transmission via constitutive activation of
mGluRs or constitutive desensitization of iGluRs (see text).

one-half normal (43, 51), and genetic elimination of cystine-glutamate transporters in Drosophila and mice also
show significantly less extracellular glutamate (ref 52
and unpublished work). Cystine-glutamate proteins,
although also expressed in neurons, are most highly
expressed in glia (53, 54). Thus, most extrasynaptic
glutamate in the nervous system likely comes from glia.
This is interesting because, as mentioned above, glia also
express the majority of EAATs. The continual “give and
take” of glutamate into the extracellular space likely
allows glial cells to shape the form and intensity of
extracellular glutamate pools to a remarkable degree
and for various modulatory purposes. It would be
interesting to visualize and study the ebb and flow of
r 2009 American Chemical Society
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spatially and temporally (73-77). For example, changes
in extracellular glutamate in the nervous system are
associated with circadian rhythms and sleep/wake states
(78, 79). Melatonin alters glial glutamate uptake and
thereby ambient extracellular glutamate (80). It is not
clear whether synaptic suppression by ambient extracellular glutamate might contribute to the particular
quiescence of sleep but is easy to imagine that modulation of mGluRs or synaptic receptor availability by
ambient extracellular glutamate might contribute to
various behavioral states, including hunger, anxiety,
depression, or other moods (62, 81, 82). Alterations in
cystine-glutamate transporter expression are also
linked to schizophrenia (68).
Despite increasing evidence that ambient extracellular glutamate profoundly affects brain function, the idea
is still quite controversial. In part, this is due to a
pervasive belief that nonpathological ambient extracellular glutamate levels are extremely low, too low to have
any significant biological effect. This belief is based
mainly on the idea that the specificity of synaptic
glutamate signaling requires virtually nonexistent background levels of glutamate. Specificity of glutamate
signaling does not, however, require extraordinarily
low extracellular glutamate. Indeed, the idea that ambient extracellular glutamate secreted by cystineglutamate transporters alters behavior by constitutive
desensitization of glutamate receptors relies on the
assumption that ambient extracellular glutamate does
in fact interfere with synaptic transmission. The situation is not unlike that found in voltage-gated ion
channels, which are to a large degree constitutively
inactivated at resting membrane potential (83). There
is intense interest in the voltage dependence of voltagegated ion channel inactivation precisely because the
steepness of inactivation curves means that the functional number of ion channels can be efficiently modulated by slight changes in resting membrane potential or
channel voltage sensitivity. The same principles apply to
ligand-gated receptors.
There are other more interesting arguments against
paracrine glutamate signaling. For example, recent
experiments using baseline NMDA receptor activity as
an indicator of ambient glutamate have argued that
baseline synaptic cleft glutamate is approximately
25 nM (41). This is much less than the 1-5 μM typically
measured by microdialysis. Why the discrepancy? First,
there is no doubt that microdialysis probes damage cells
as they penetrate brain tissue. As described above,
glutamatergic neurons contain very high levels of cytoplasmic glutamate. Therefore, it is easy to imagine that
probe-based glutamate measurements might be artifactually high due to glutamate leakage from cells, though
it is more difficult to imagine how such an “artifact”
would persist several hours (or days) after probe

regulated by cystine-glutamate transporters are
thought to be due to altered activation of extrasynaptic
mGluRs. Specifically, loss of cystine-glutamate transporters and reduced ambient extracellular glutamate is
thought to reduce tonic activation of extrasynaptic
group 2 and group 3 mGluRs, leading to increased
synaptic transmission and altered drug-seeking behavior (60). Consistent with this, drug-seeking behavior is
altered in expected ways by mGluR antagonists and
agonists (59-61, 67, 68). mGluR antagonists simulate
loss of “ambient extracellular glutamate tone” and
mimic addiction, while mGluR agonists promote constitutive mGluR activity and ameliorate the effects of
chronic dug administration. Ambient extracellular glutamate and cystine-glutamate transporters might modulate many other behaviors in a similar manner, since
mGluR activity regulates many aspects of cell biology
(29, 69). mGluR activation in a variety of synapse types,
for example, leads to reductions in synaptic transmission or “long-term depression (LTD)” (70). In other
synapses or under other conditions, mGluR activation
leads to synaptic strengthening (LTP) (71). LTP and
LTD both underlie various forms of learning.
Ambient extracellular glutamate might also regulate
brain function by altering the number of functional
ionotropic glutamate receptors in the synapse. Specifically, it has been proposed that ambient extracellular
glutamate causes constitutive desensitization of ionotropic glutamate receptors, and subsequent receptor
protein loss from the synapse (44). Ionotropic receptors
are desensitized at glutamate concentrations of a few
micromolar or less, well within the ambient range
measured in vivo (44). Desensitization itself effectively
removes receptors from the functional pool, but because
desensitization affects receptor trafficking and localization, high ambient extracellular glutamate can also
remove receptors from the synapse (44, 52, 56, 57). This
idea was tested explicitly in Drosophila, which showed
dramatic changes in the number of synaptic receptors
and behavior after genetic reductions in cystineglutamate transporter function (52, 56, 72). These
changes were desensitization dependent and appeared
to involve alterations in the number of both ionotropic
and metabotropic receptors (56). The mechanism by
which receptors are lost from the synapse after desensitization remains unknown.
In a way, glutamate in the nervous system might be
thought of as noise at a party. Synaptic glutamate
signaling can be compared with individual conversations between people, spatially isolated, fast, and information-rich. Ambient extracellular glutamate, on the
other hand, is like background music; it can drown out
(and thus modulate the effectiveness of) conversation
between individuals, but it also sets the mood. Like
music at a party, ambient extracellular glutamate varies
r 2009 American Chemical Society
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(94, 100). Rat osteoblasts in culture contain mGluRs
that modulate functional NMDA receptors whose activation leads to biologically significant increases in intracellular calcium (101). These NMDA receptors have
electrophysiological properties similar to NMDA receptors in neurons (102), and NMDA receptor blockers
inhibit bone formation (103, 104). AMPA receptor
blockade, meanwhile, alters osteoblast precursor cell
fate (105). Mutant mice without the primary vesicular
glutamate transporter (VGLUT1) develop osteoporosis (99).
Similarly, NMDA receptor blockade in human keratinocytes induces signs of differentiation (106, 107).
Glutamate in this case probably comes from the direction of the basal lamina, since glutamate receptors are
expressed basally. This form of glutamate signaling may
play an important role in wound healing (94).
Plants also apparently contain glutamate receptors
and rely on intercellular glutamate signaling for a
variety of purposes, including light signal transduction
and growth (108-110). Thus, intercellular glutamate
signaling is not even specific to animals.
Until recently, synaptic glutamate signaling was generally assumed to comprise the entirety of intercellular
glutamate signaling. However, it is important to remember that glutamate was only reluctantly accepted as a
neurotransmitter, in part because of its ubiquity. When
one considers the diversity of intercellular glutamate
signaling and abundance of apparent glutamate signaling under circumstances previously thought unlikely
(high extracellular glutamate), synaptic glutamate signaling does not seem quite so special anymore. For those of
us interested in glutamate signaling without being hung
up about neurons, this is good news. It means there are
vast unexplored worlds ripe for exploration.

insertion, which is when measurements are typically made.
It is also possible that EAATs in close proximity to the
synaptic cleft keep synaptic glutamate levels extremely
low relative to glutamate levels outside the synaptic
cleft. However, this would preclude synaptic modulation by constitutive desensitization of glutamate receptors and leave certain observations unexplained (44). It
will be difficult to know for sure what the relative
extracellular glutamate concentrations are in vivo until
optical glutamate sensors are applied to the problem
and studied with high-resolution microscopy. A daunting task to be sure, but one of fundamental importance.
What about glutamate signaling outside the synapse?
Astrocytes (the most abundant glial subtype) release
vesicular glutamate in response to high intracellular
calcium, just like neurons do (85). They also contain
glutamate receptors and participate in local glutamate
signaling (86-88), like neurons. For example, glutamate
release from neurons activates NMDA receptors in
astrocytes, triggering calcium-dependent release of glutamate which in turn activates neuronal NMDA receptors and modulates synaptic transmission (89). This
glutamate signaling between neurons and glia is thought
to modulate drug behavior, and glutamate secretion by
astrocytes in hippocampal slices also potentiates GABAergic transmission between interneurons and pyramidal cells (90), to presumably affect memory or
cognition.
Finally, what about glutamate signaling outside the
brain, where plasma glutamate levels are 30-50 μM and
can vary wildly depending on diet, metabolism, and
protein turnover (91-93)? Surely intercellular glutamate signaling cannot exist in such an environment,
even allowing for substantial receptor desensitization
and perhaps some local glutamate sequestration. But it
apparently does. Bone, skin, pancreas, heart, intestine,
lung, and liver also all contain proteins associated with
interneuronal glutamate signaling, including vesicular
glutamate transporters, AMPA receptors, kainate receptors, NMDA receptors, and EAATs (94-98).
Furthermore, these components seem to play active
roles in intercellular glutamate signaling.
For example, the islets of Langerhans are pancreatic
micro-organs containing several types of endocrine
cells, which include alpha, beta, delta, PP, and epsilon
cells. Glutamate secreted from alpha cells activates
AMPA receptors on beta and delta cells, which stimulates them to secrete GABA and somatostatin, which in
turn inhibits secretion of glucagon and glutamate from
alpha cells (99). Glutamate also autoregulates alpha cell
secretion directly via mGluRs (99).
Glutamate signaling outside the nervous system most
often seems to regulate cell differentiation. Several
studies, for example, strongly suggest that intercellular
glutamate signaling regulates bone formation in vivo
r 2009 American Chemical Society
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