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A B S T R A C T

Accumulating evidence indicates that dysfunction in amino acid neurotransmission contributes to the

pathophysiology of depression. Consequently, the modulation of amino acid neurotransmission

represents a new strategy for antidepressant development. While glutamate receptor ligands are known

to have antidepressant effects, mechanisms regulating glutamate cycling and metabolism may be viable

drug targets as well. In particular, excitatory amino acid transporters (EAATs) that are embedded in glial

processes constitute the primary means of clearing extrasynaptic glutamate. Therefore, the decreased

glial number observed in preclinical stress models, and in postmortem tissue from depressed patients

provides intriguing, yet indirect evidence for a role of disrupted glutamate homeostasis in the

pathophysiology of depression. More direct evidence for this hypothesis comes from studies using

magnetic resonance spectroscopy (MRS), a technique that non-invasively measures in vivo concentra-

tions of glutamate and other amino acids under different experimental conditions. Furthermore, when

combined with the infusion of 13C-labeled metabolic precursors, MRS can measure flux through discrete

metabolic pathways. This approach has recently shown that glial amino acid metabolism is reduced by

chronic stress, an effect that provides a link between environmental stress and the decreased EAAT

activity observed under conditions of increased oxidative stress in the brain. Furthermore,

administration of riluzole, a drug that enhances glutamate uptake through EAATs, reversed this

stress-induced change in glial metabolism. Because riluzole has antidepressant effects in both animal

models and human subjects, it may represent the prototype for a novel class of antidepressants with the

modulation of glial physiology as a primary mechanism of action.

� 2009 Elsevier Inc. All rights reserved.
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1. Overview

The initial scientific observation that amino acids could behave
as bona fide neurotransmitters in the vertebrate CNS was met with
incredulity when reported in the late 1950s. Because amino acids
are present in all cells, as both metabolic intermediates and
precursors for protein synthesis, amino acids lacked the distinct
CNS distribution patterns exhibited by the monoamine neuro-
transmitters. In addition, amino acids did not act stereo-selectively
on neuronal physiology, a defining feature of ligand-receptor
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specificity. Today, amino acid neurotransmitters (AANt) are
recognized as the most abundant in the CNS, with glutamate
(Glu) and gamma-aminobutyric acid (GABA) serving as the
principle neurotransmitters for fast excitatory and inhibitory
transmission respectively. Historically, translational research on
glutamatergic neurotransmission has been of primary interest to
the field of neurology where glutamatergic abnormalities are
thought to contribute to the pathophysiology of a variety of
neurological disorders including epilepsy, stroke, Alzheimer’s
disease, amyotrophic lateral sclerosis (ALS) and Huntington’s
disease (HD). However, accumulating evidence now suggests that
disrupted Glu homeostasis may be a more generalized mechanism
of brain dysfunction that also underlies various psychiatric
disorders, including major depressive disorder (MDD). Although
a seminal paper by Olney et al. published in 1971 linked the
neuroexcitatory and neurotoxic properties of ‘cytotoxic amino
acids’ and suggested that ‘. . .the potential role of acidic amino acids
in the pathogenesis of etiologically obscure syndromes of mental
retardation or other forms of aberrant mental functioning warrants
consideration’ [1], a sustained interest in studying the glutama-
tergic contributions to psychiatric disorders only began in the
1990s with a glutamatergic hypothesis of schizophrenia. Recently,
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there has been a surge of interest in the contribution of AANt to the
pathophysiology of mood disorders as the unmet need for true
innovation in their treatment becomes increasingly apparent.

The accumulating evidence for a role of AANt in the
pathophysiology of mood disorders suggests that their clinical
therapeutics might be improved by targeting glutamatergic
neurotransmission. Indeed, several recent clinical trials have
demonstrated antidepressant effects of NMDA antagonists, and
modulators of other classes of Glu receptors have antidepressant-
like effects in preclinical models (See recent reviews [2–5]). While
these findings provide a strong impetus for continued research on
the antidepressant potential of receptor ligands, the mechanisms
regulating the synaptic clearance and metabolism of Glu may also
provide viable drug targets. This commentary will present
emerging evidence implicating dysregulated glutamatergic cycling
in the pathogenesis and pathophysiology of MDD and the novel
pharmacological targets for antidepressant development brought
to light by this work.

2. Glutamate metabolism and neuron–glia interactions

In order to consider a potential role for glutamatergic
dysregulation in the pathophysiology of depression, it is
important to review several basic aspects of glutamate
metabolism. Upon depolarization of glutamatergic neurons,
vesicular Glu is released in a calcium-dependent manner into
the synapse and removed from the extracellular space by
transport through transmembrane proteins, the same mechan-
ism used at monoaminergic synapses. However, unlike mono-
amine transmitters that are transported into presynaptic nerve
terminals, Glu is cleared predominately by glial cells through the
activity of highly efficient excitatory amino acid transporters
(EAAT1-2). In addition, while monoamine metabolism results in
excreted waste products, Glu is efficiently recycled through a
Glutamate/Glutamine (Glu/Gln) metabolic cycle. After uptake by
EAATs, Glu is rapidly converted into the ‘inert’ intermediate Gln
within glia by the enzyme glutamine synthetase. Gln is then
transferred to neurons where it is converted back into Glu and
packaged into synaptic vesicles through vesicular glutamate
transporters (VGLUT1-3). Consequently, there are two primary
modes of Glu production within neurons, (1) de novo synthesis
from glucose through transamination of the tricarboxylic acid
(TCA) cycle intermediate alpha-oxoglutatrate, and (2), the
conversion of glutamine (Gln) into Glu by glutaminase located
in neuronal mitochondria. Therefore, glial cells are not only
responsible for protecting neurons from the deleterious
effects of elevated Glu levels, they are also the principle source
of this synaptically released Glu as a key participant in the Glu/
Gln cycle.

3. Alterations in glutamatergic neurotransmission in
depressed subjects

Dysfunction in glutamatergic neurotransmission has been
implicated in the pathophysiology of various psychiatric disorders
including schizophrenia, obsessive-compulsive disorder, and
alcohol dependence [6–8]. In addition, multiple lines of clinical
evidence suggest that the glutamatergic system plays an important
role in the pathophysiology of major depressive disorder (see Ref.
[2] for more complete review). First, glutamatergic abnormalities
have been identified in the peripheral tissues of MDD subjects with
several, but not all, studies reporting increased plasma levels of Glu
in MDD (see Ref. [9] for review). Furthermore, postmortem
assessments of Glu concentrations in brain tissue from depressed
subjects have also been performed, in addition to a study on brain
biopsy specimens. While no clear differences were observed in
neurosurgical samples of frontal cortex obtained from chronically
depressed subjects [10], a more recent postmortem study
demonstrated significantly elevated Glu content in the frontal
cortex from individuals with MDD [11].

Additional evidence for glutamatergic abnormalities in MDD is
provided by gene expression studies on brain tissue from
depressed subjects where a downregulation of GLUL, the gene
that codes for glutamine synthetase, and SLC1A2 and SLC1A3, the
genes that code for the EAAT2 and EAAT1 transporters respec-
tively, has been identified [12]. In fact, abnormal expression of
genes associated with the regulation of glutamate clearance and
metabolism has consistently been found to be associated with
several neuropsychiatric disorders (please see Ref. [13] for review).

Unfortunately, the numerous complications surrounding post-
mortem studies places major limitations on the interpretation of
these data. Many confounds in postmortem studies can be
overcome by using proton magnetic resonance spectroscopy
(1H-MRS), a technique that measures the concentration of specific
molecules in the living brain. The basic technology for obtaining
this chemical information is similar to that used for constructing
visual representations of brain structure through magnetic
resonance imaging (MRI). In 1H-MRS, differences in the chemical
environment of protons, both between and within compounds, are
detected as differences in the frequency of response to experi-
mentally applied electromagnetic energy. This ‘chemical shift’ is a
result of differences in the amount of shielding experienced by
protons from the surrounding electron clouds of other atoms. At
high magnetic field strengths, amino acids that are unambiguously
resolved by 1H-MRS include Glu, aspartate, GABA, and glutamine.
Using standard clinical field strength magnets (1.0–3.0 T), the
unique identification of these metabolites is limited by multiple
factors making it difficult to assign unequivocal resonance peaks to
particular amino acids. This has led to the use of a combined
measure termed Glx containing overlapping resonance signals
from Glu, Gln, and GABA, the greatest proportion of which reflects
Glu concentration.

To date, there have been several reports of increased Glu or Glx
concentrations in the occipital cortex of MDD patients [14,15], and
elevated levels of Glx have also been found in the frontal lobe and
basal ganglia of depressed bipolar children [16]. In addition,
several studies have observed decreased Glx levels in the anterior
cingulate and PFC of depressed subjects that appeared to increase
following treatment with ECT [17,18]. In one of the more unique
1H-MRS studies, decreases in Glx levels were observed to coincide
with the transient experience of suicidal depression in patient’s
receiving Taxol and Neupogen chemotherapy [19].

While 1H-MRS has many advantages over postmortem and
plasma analyses of Glu levels, most in vivo MRS studies have been
confounded by indirect measurements of Glu through Glx,
incomplete accounting of all macromolecular contributions to
resonance peaks, and inadequate characterization of the relative
contributions from gray and white matter. In addition, even at
higher magnetic field strengths, 1H-MRS studies cannot differ-
entiate among intracellular and extracellular Glu pools and
provide only static measures of total tissue Glu.

In sum, although there is now strong reason to believe that
abnormalities in the glutamatergic neurotransmitter system are
associated with MDD, there remains no clear understanding of the
mechanism responsible for the abnormal Glu levels in the brain
tissue of depressed patients or even the physiological mean-
ingfulness of the findings. The remaining sections will outline the
evidence supporting the hypothesis that disrupted glutamate
cycling contributes to the pathophysiology of MDD and other
stress-related neuropsychiatric disorders, and how the mechan-
isms regulating glutamate cycling are viable targets for anti-
depressant drug development.
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4. Glutamate as a mediator of stress-induced neural change

A primary assumption of preclinical depression research is
that of a ‘stress–depressive diathesis’ in which the neurobio-
logical effects of stress exposure simulates the conditions
promoting depressive illness in humans. Stress has long been
implicated in the pathogenesis of mood disorders [20,21] with
numerous identified mediators including alterations in various
hormones, neurogenesis, angiogenic factors, neurotrophic fac-
tors, and monoaminergic transmission. However, multiple lines
of preclinical evidence suggest that Glu is an additional
mediator of a stress–depressive diathesis. While initial studies
examining brain levels of Glu following exposure to stressors
yielded inconclusive results, more recent studies have demon-
strated a rapid efflux of Glu into the extrasynapatic space of the
frontal cortex, hippocampus and amygdala of rodents following
exposure to a variety of acute stressors including saline
injections, restraint, tail pinch, swim, and beta-carboline
administration [22]. The fact that locally perfused tetrodotoxin
was able to block these stress-induced increases suggests that
the elevation in Glu levels was secondary to increased neuronal
release. Surprisingly, little attention has been given to the
effects of repeated stress on glutamatergic neurotransmission.
At least one preclinical microdialysis study has examined the
effect of repeated tail pinches on Glu efflux in the prefrontal
cortex (PFC) and hippocampus. A rapid increase in extracellular
Glu was observed (within 1 min of the initial tail pinch) but the
effect was attenuated, especially in the frontal cortex, upon
subsequent pinches over a 3-h period [23]. This may represent a
compensatory response to stress-induced increases in extra-
cellular Glu that reduces the probability of excitotoxic effects
from excessive Glu receptor activation. Under normal condi-
tions, glia cells are a biologically plausible cellular mediator of
this compensation to repeated stress as they are the primary
means of removing Glu from excitatory synapses. However,
under conditions of prolonged stress, the capacity of glial cells to
clear Glu may be diminished secondary to decreases in glial
number and/or decreases in the activity or expression of EAATs.

5. Stress and glia

Decreases in glial cell number and density have been repeatedly
observed in postmortem analyses of brain tissue from ‘fronto-
limbic’ regions of depressed patients (see Ref. [24] for complete
review). Given the reproducibility of this finding, these glial
alterations likely reflect an important neurobiological aspect of
MDD. However, postmortem studies cannot determine whether
the glial changes are a cause or consequence of the disease and, the
glial subtypes involved remain poorly characterized. Therefore,
preclinical studies on the molecular, cellular and behavioral
consequences of glial dysfunction might improve the modeling
of the etiological and pathophysiological processes underlying
MDD. The possibility that glial dysfunction is an etiological factor is
supported by observations of glial loss after exposure to a variety of
environmental stressors. For example, chronic psychosocial stress
(5 weeks) in the tree shrew is associated with a 25% reduction in
the number and volume of hippocampal astrocytes, changes that
correlated with the hippocampal volume loss identified in this
study [25]. In addition, chronic social stress in rats is associated
with decreased gliogenesis in the mPFC [26] and chronic
unpredictable stress is associated with both a decrease in glial
proliferation in the mPFC and hippocampus and a decrease in glial
fibrillary acidic protein (GFAP) mRNA expression in the mPFC of
adult rats [27]. Furthermore, a recent study demonstrated that the
infusion of the astrocyte-specific gliotoxin, L-alpha-amino-adipic
acid (L-AAA), directly into the prefrontal cortex of adult rats
induced depressive-like behaviors in several models of depression
[28].

Given that up to 90% of extracellular Glu clearance in rodents is
performed by astrocytes through the activity of excitatory amino
acid transporter GLT1, the decreases in both glial number and in
astrocytic markers observed in animal studies, combined with the
decreases in the astrocytic marker GFAP [29,30] found in the brains
of depressed subjects implicate decreased Glu clearance as a
stress-induced neural change underlying MDD [29,30]. That
astrocytic dysfunction is involved in the neurobiology of MDD is
further supported by the recent finding of reduced EAAT1, EAAT2,
and glutamine synthetase gene expression in frontal brain regions
of postmortem tissue from depressed individuals [12]. In addition,
chronic blockade of Glu uptake through infusion of the EAAT
antagonist L-trans-pyrrolidine-2,4-dicarboxylic acid (L-trans 2,4
PDC) into the rat amygdala results in a dose-dependent reduction
in social exploratory behavior and disrupts circadian activity,
behavioral states consistent with those observed in patients with
MDD. Finally, injection of the selective GLT-1 blocker dihydro-
kainic acid (DHK) into the amygdala also reduces social interaction
[52]. Collectively, these studies suggest that stress-induced
changes in glial physiology contribute to the pathophysiology of
depression.

6. Role of glial EAATs in excitatory synaptic physiology and
plasticity

In the vertebrate CNS, the extracellular levels of Glu are
primarily controlled by five different EAAT isoforms. The first three
subtypes identified were the glial transporters GLAST and GLT1 (in
rodents) and the neuronal transporter EAAC1 (in rabbit). The
human homologues of these transporters are EAAT1, EAAT2 and
EAAT3 respectively. EAAT4 is primarily restricted to cerebellar
Purkinje cells while EAAT5 is restricted to retinal neurons and
Muller cells. In contrast, EAATs 1–3 are enriched in the forebrain
regions of mammals, and consequently have the highest prob-
ability of modulating neural systems implicated in the pathophy-
siology of MDD. EAATs use sodium and potassium gradients to
concentrate Glu intracellularly to levels 10,000 times higher than
found extracellularly under resting conditions (less than 1 mM).
This high capacity is necessary to prevent triggering excitotoxic
signaling cascades that can occur when extracellular Glu levels
exceed 1–3 mM [31]. In addition to excitotoxic effects of excessive
extracellular Glu, even relatively small changes in Glu concentra-
tion outside the synaptic cleft can effect a variety of additional
physiological functions including the induction of hippocampal
long-term depression (LTD) [32] and activation of several signal
transduction pathways involved in the regulation of neurotrophic
factor expression, neuroplasticity, and cellular resilience [33–35].
Under normal conditions, intrasynaptic Glu is rapidly cleared by
EAATs. However, under pathological conditions of excessive Glu
release and/or impaired EAAT activity, Glu can ‘spillover’ from the
synaptic cleft, a situation that both reduces the input specificity of
neural signaling and activates extrasynaptic receptors. If elevated
extrasynaptic Glu levels chronically activate presynaptic group II
mGlu receptors, Glu release into synapses might be reduced
thereby amplifying the reduction in neuroplasticity and cellular
resilience associated with decreased synaptic activation of NMDA
[33–35] and AMPA [5] receptors (see Fig. 1). However, this scenario
creates an inconsistency between MDD models of glutamatergic
dysfunction that are based on pharmacological studies. Both
preclinical and clinical studies have shown that NMDA antagonists
(such as MK-801 and ketamine) have antidepressant properties
[9,36,37] suggesting that MDD is associated with a hyper-

glutamatergic state. In contrast, other studies have shown that
both AMPA potentiators [38] and mGlu2/3 antagonists, com-



Fig. 1. Potential targets for drug development based on a hypothesis of impaired glutamate clearance and cycling.(1). AMPA receptor modulation – Enhancing signaling

through AMPA receptors using AMPA receptor potentiators, ARPs (Aniracetam, Ampalex, LY392098, LY 451616, and S18986) is associated with antidepressant-like properties

in preclinical studies [5,38].(2). NMDA receptor modulation – Acute administration of NMDA receptor antagonists such as ketamine rapidly produce antidepressant-like

responses in both clinical and preclinical studies [36,37,42]. The development of agents targeting NR2 subunits may provide the ability to selectively modulate extrasynaptic

(2a) and synaptic (2b) NMDA receptors and thereby improve the side effect profile of this class of medications. A recent study has demonstrated antidepressant effects

secondary to NR2B subunit antagonism [78].(3). Group I metabotropic receptor modulation – mGluR1/5 antagonists such as 2-methyl-6-(phenylethynyl) pyridine (MPEP), 3-

[(2-methyl-1,3-thiazol-4-ylethynyl]pyridine (METP), and several others have been shown to have anxiolytic and antidepressant-like activity in preclinical animal models

[4,79]. However, to date there are no clinical studies demonstrating the effectiveness of this drug class.(4). Voltage dependent Na+ channel modulation – Inhibition of

stimulated Glu release via actions on the voltage dependent sodium channel is believed to be the primary mechanism related to the mood stabilizing action of lamotrigine

that is currently indicated for maintenance treatment of bipolar I disorder [80]. This mechanism may also be related to the antidepressant and anti-anxiolytic effects of

riluzole in clinical and preclinical studies.(5). Group II metabotropic receptor modulation – mGluR2/3 receptor agonists have been shown to have anxiolytic properties [81,82]

while mGluR2/3 receptor antagonists have demonstrated antidepressant activity ([4,39,79] for reviews). Early phase clinical trials have recently been initiated examining the

effectiveness and safety of this drug class for the treatment of neuropsychiatric disorders [81].(6). Facilitation of Glutamate Clearance by EAATs – Evidence suggests that

facilitation of glutamate clearance can protect against neurotoxicity [83]. Recent studies suggest that this mechanism may also be associated with antidepressant-like effects,

as seen with the b-lactam antibiotic ceftriaxone [49], and possibly riluzole [65,76]. Exploratory clinical trials are now underway to further explore the utility of this approach

to treating treatment resistant mood disorders [84–88].(7). Modulating extrasynaptic glutamate release – Recent studies have shown the importance of extrasynaptic

mGluR5 receptors in regulating Ca (2+)-dependent release of excitatory transmitters from glia [89], and in the actions of the cystine–glutamate antiporter in controlling

extrasynaptic glutamate content [90]. Agents modifying glial and extrasynaptic release of Glu such as N-acetyl cystine [91,92] and mGluR5 antagonists (see above) have

recently gained attention as potential treatments of neuropsychiatric disorders.(8). Post synaptic density (PSD) proteins – There is increasing evidence suggesting that

abnormalities exist in the PSD of individuals suffering with mood disorder (see Ref. [2] for review). Other work suggests the interaction between Glu receptors and the PSD

proteins is critical in determining Glu receptor trafficking, stabilization, and signaling. While remaining largely a theoretical mechanism to date, it is possible that agents

capable of modifying the expression or function of PSD proteins could be used to treat mood disorders.(9). Modulation of presynaptic vesicular glutamate release – There is

increasing evidence that chronic antidepressant treatment results in modulation of presynaptic glutamate release [93]. Some evidence suggests this is the result of effects on

the soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE) complex that controls the structural and biochemical aspects of synaptic vesicle

exocytosis [94]. Targeting the expression and function of these SNAREs may prove to be a useful tool in the development of novel biomarkers and therapies [95].(10).
Modulation of presynaptic vesicular loading of glutamate – Synaptic vesicle loading is mediated by transport proteins known as vesicular glutamate transporters (vGluTs).

Evidence suggests that vesicular Glu content is increased following stress secondary to increases in vGluT levels [96]. Recent studies on vGluT1-deficient mice have informed

models postulating roles for vGluTs in synaptic physiology, such as presynaptic regulation of quantal size and activity-dependent short-term plasticity [97]. Mice

heterozygous for VGluT1 (VGluT1+/�), exhibit decreased cortical and hippocampal levels (35–45%) of the inhibitory neurotransmitter GABA as well as decreased activity in

the forced swimming test [98]. Repeated antidepressant treatment increases VGluT1 protein expression [99]. Controlling the activity of these transporters could potentially

modulate the efficacy of glutamatergic neurotransmission and serve as a mechanism of action for antidepressant and mood stabilizing drugs [100].
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pounds that increase presynaptic Glu release, also possess
antidepressant-like properties [39] suggesting MDD is associated
with a hypo-glutamatergic state. A model of MDD centered on the
deleterious consequences of excessive extrasynaptic glutamate
secondary to insufficient intrasynaptic clearance by EAATs resolves
this apparent contradiction. In this model, Glu spillover will
increasingly activate extrasynaptic mGlu2/3 receptors, and
thereby pathologically dampen stimulated presynaptic release
of Glu. Consequently, the antidepressant effects of mGlu2/3
antagonists and AMPA potentiators may be secondary to promo-
tion of excitatory activity at synapses. In addition, this model
accounts for the antidepressant properties of ketamine, a drug
with mixed effects on glutamatergic signaling. The potential for a
preferential blockade of extrasynaptic NMDA receptors by
ketamine in the prefrontal cortex would be neuroprotective with
attendant antidepressant effects secondary to blocking the over-
activation of NMDA receptors that promotes excitotoxicity and
decreases cellular resilience. In addition, multiple studies have
demonstrated that many of the effects of NMDA receptor
antagonists are actually related to an increased presynaptic Glu
release [40], similar to the effects of mGlu2/3 antagonists. This
enhanced presynaptic Glu release might acutely increase the ratio
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of AMPA/NMDA activity, a mechanism implicated in the anti-
depressant effects of several different compounds [41]. Finally, a
recent study has demonstrated that AMPA receptor activation is
associated with antidepressant actions of ketamine [42]. As shown
in Fig. 1, the mechanisms regulating Glu signaling at excitatory
synapses represent a variety of targets for developing novel
pharmacological agents for MDD and other psychiatric disorders.
While the rationale behind some mechanisms are currently
speculative, other targets, such as the EAATs, are showing great
promise in both preclinical and clinical studies.

7. EAAT dysfunction in disease models

Given the crucial role of EAATs in regulating synaptic
physiology, deleterious neurobiological effects might be expected
from disrupted EAAT function. Indeed, studies have demonstrated
an increased sensitivity of brain tissue to Glu-mediated neural
injury when EAAT activty is reduced. For example, injection of L-
beta-THA or L-Trans 2,4-PDC, molecules that inhibit multiple EAAT
subtypes, induce neuronal injury when infused directly into rat
striatum. Furthermore, EAAT2/GLT1 homozygous knock-out mice
are especially vulnerable to acute cortical injury and rarely survive
beyond 3 months secondary to spontaneous lethal seizures.
Additionally, EAAT1-3 antisense knock-down procedures have
been shown to induce excitotoxic effects in both in vitro and in vivo

systems. Collectively, the cellular effects induced by disrupting
EAAT activity complement the well-established findings of
excitotoxic injury induced by brain ischemia. In fact, the two
processes are likely to be interdependent as EAATs are very
sensitive to inhibition by reactive oxygen species that increase
intracellularly as extracellular Glu levels rise [43]. Under normal
physiological conditions, Glu activates synaptic NMDA and AMPA
receptors, activates trophic downstream effectors, including CREB
and BDNF, and preserves neuronal viability, possibly by enhancing
intrinsic antioxidant activity within neurons. In contrast, under
conditions of Glu spillover, extrasynaptic NMDA receptors are
activated which reduces CREB activity and BDNF expression,
opposes trophic effects on neurons, and can lead to atrophy and
cell death [34,44]. Consequently, enhancing EAAT activity may
result in decreased extrasynaptic Glu concentrations and a release
from the tonic inhibition of presynaptic neurons by activated
mGluR 2/3 receptors. Consequently, pharmacologically increasing
Glu clearance by enhancing EAAT activity may be neuroprotective.
Indeed, a recent series of pharmacological studies have demon-
strated that the selective enhancement of GLT1 function is not only
neuroprotective, but is associated with antidepressant effects in
both animals and humans.

8. Effects of enhanced GLT1 function in disease models

The first evidence for the pharmacological facilitation of Glu
uptake as a viable strategy for treating brain disorders was provided
by studies on ceftriaxone, a b-lactam antibiotic that also selectively
induces GLT1 gene transcription and increases GLT1 transport
activity. This activity of ceftriaxone was initially identified by
screening 1040 FDA-approved compounds for the ability to increase
GLT1 protein expression in a spinal cord slice culture assay system.
Ceftriaxone was then shown to have neuroprotective effects in both
in vitro and in vivo models of excitotoxicity. These initial
observations were then extended to other excitotoxicity models.
For example, the treatment of adult rats with ceftriaxone for 5 days
induces protection against neuronal injury from oxygen–glucose
deprivation in the CA1 region of hippocampal slices. Furthermore,
drug treatment was associated with an increase in the uptake of Glu
as revealed by whole-cell patch recordings of CA1 neurons in
hippocampal slices [45]. A neuroprotective effect has also been
observed in an in vivo rodent ischemia model where ceftriaxone both
increased GLT1 expression in the hippocampus and protected CA1
neurons from cellular damage following brief ischemia [46]. In
addition, the upregulation of GLT1 mRNA and protein expression
induced by ceftriaxone has been associated with decreases in infarct
volumes and enhanced ischemic tolerance, an effect that was
blocked by the infusion of the selective GLT1 inhibitor dihydrokai-
nate (DHK) [47]. Collectively, these studies have clearly established
that the pharmacological facilitation of GLT1 can protect against
neural damage in brain ischemia models. However, if disrupted Glu
homeostasis is a more generalized mechanism underlying neurop-
sychiatric disease, then ceftriaxone should have effects in other
disease models. Indeed, a recent study has shown that ceftriaxone-
induced increases in GLT1 expression are associated with a reversal
of the Glu uptake deficit in the striatum of R6/2 mice, a widely used
transgenic model for Huntington’s disease (HD) [48]. In addition,
drug treatment was associated with an attenuation of the HD-like
behaviors exhibited by R6/2 mice. Finally, ceftriaxone has an
antidepressant behavioral profile in the tail suspension and forced
swim tests supporting the possibility that the enhancement of GLT1
activity represents a new pharmacological strategy for treating MDD
[49]. Because ceftriaxone is indispensable to the treatment of
infectious disease, it has significant limitations as a practical
therapeutic for MDD, although it will likely continue to provide
additional insights into the glutamatergic mechanisms underlying
MDD. However, riluzole (Rilutek1), an FDA-approved drug for the
treatment of ALS, also has antidepressant effects in both preclinical
depression models and depressed human subjects. As described
below, recent evidence suggests this antidepressant activity may be
due to the ability of riluzole to enhance GLT activity.

9. Riluzole

Riluzole (2-amino-6-trifluoromethoxy benzothiazole) was ori-
ginally developed as an anticonvulsant due to its effects on opposing
glutamatergic activity both in vitro and in vivo [50,51]. While the
initial studies on the basic pharmacology of riluzole indicated that it
acted as an antagonist at a subset of Glu receptors [50], as revealed by
functional antagonism of both NMDA and kainate receptors in vitro

[52] and, noncompetitive antagonism of AMPA receptors in the rat
spinal cord [53] and cortex [54], a direct interaction between riluzole
and Glu receptors has never been observed. This suggests that the
glutamatergic effects of riluzole are mediated by other mechanisms
[55]. For example, riluzole inhibits the release of Glu in vivo [56] and
in vitro [57] and this activity may be secondary to effects on a variety
of ion channels including voltage-activated sodium channels [58],
voltage-gated calcium channels (VGCCs) [59], and voltage-gated
potassium channels [60]. While riluzole appears to have complex
pharmacological effects, most of these were observed at brain
concentrations that are unlikely to be attained in the brains of
patients treated with standard oral riluzole dosing of 50 mg twice a
day [61]. Consequently, the recent demonstration that riluzole can,
at clinically relevant brain concentrations (micromolar), enhance
Glu uptake suggests that an additional mechanism underlying the
therapeutic effects of riluzole is the facilitation Glu clearance. For
example, riluzole reverses the decrease in Glu transport observed in

vivo after nerve injury in the rat spinal cord [62]. In addition, in vitro

studies have shownthatriluzole acutely increasesGlu uptake in both
rat synaptosomal preparations [63,64] and cultured astrocytes [65],
and dose-dependently increases Glu uptake through three rat EAAT
subtypes (GLAST, GLT1, EAAC1) when individually expressed in
clonal cell lines. This effect may be mediated by an increased affinity
of EAATs for Glu in the presence of riluzole [66]. The possibility that
riluzole’s activity at EAATs is a clinically relevant mechanism of
action is supported by its therapeutic benefit in the treatment of ALS,
a serious neurological disease characterized by progressive degen-



G.W. Valentine, G. Sanacora / Biochemical Pharmacology 78 (2009) 431–439436
eration of motor neurons. Multiple lines of evidence suggest this
motor neurodegeneration is caused by Glu-induced excitotoxicity
associated with decreased EAAT activity. Chronic administration of
EAAT inhibitors induces the degeneration of motor neurons in
organotypic spinal cord cultures [67] and ALS patients exhibit
decreased levels of EAAT activity [68]. In addition, a transgenic
mouse model of ALS that expresses a mutant form of the human SOD
gene identified in a familial form of ALS, exhibits neuropathological
changes consistent with increased oxidative stress and reduced
EAAT activity [69,70]. While the most clinically relevant pharma-
cological actions of riluzole remain uncertain, the enhancement of
Glu uptake through GLT1 is a plausible mechanism. One experi-
mental approach to identifying whether the facilitation of EAAT
activity is a clinically relevant mechanism of riluzole’s antidepres-
sant action is through the use of 13C-MRS.

10. 13C-MRS measurements of the glutamate–glutamine cycle

Under normal physiological conditions, the oxidation of glucose
through the TCA cycle is the primary source of energy for the brain.
As depicted in Fig. 2, experiments that combine the intravenous
infusion of 13C-labeled glucose, or other precursors, with MRS
allows for the fate of the 13C label to be followed as the isotoptically
labeled precursors move through metabolic cycles in different
cellular compartments. 13C-MRS has been successfully used in
both rodents and human subjects to provide time-resolved
observations of label incorporation into the carbon backbones of
Glu, Gln, and GABA [71,72] under various physiological conditions.
For example, MRS performed on the resting human cortex after the
infusion of 13C-labeled glucose has demonstrated that up to 80% of
the energy derived from neuronal glucose oxidation is consumed
by processes supporting Glu signaling [94]. This tight relationship
between cellular energy metabolism and amino acid metabolism
Fig. 2. Schematic of Glu/Gln and GABA/Gln cycles that interconnect glutamatergic and GA

line thickness depicts relative rates of metabolic flux. Isotopic labeleing from [1-13C] g

metabolic flux in different cellular compartments. The initial rate of isotopic label trap

Fig. 3. Chronic unpredictable stress (CUS) decreases the rate of glial metabolism as co

decreased rate of Glu/Gln cycling between neurons and astroglia. (b) Reduced labelin

reductions of glial metabolism are mitigated by chronic treatment with riluzole.
gives 13C-MRS the ability to measure dynamic, in vivo, changes in
cellular physiology by using labeled TCA cycle precursors. As
depicted in Fig. 2, neuronally released Glu and GABA are taken up
by tightly juxtaposed astro glia through sodium dependent
transporters. When [1-13C] glucose is used as the tracer, it
becomes the source for isotopic labeling of intracellular Glu in all
three cell types. 13C-MRS measurements of changes in the
isotopic-labeling of Glu, Gln and GABA allow for the calculation
of the rates of the TCA cycle in GABAergic and glutamatergic cells,
which are proportional to their rates of energy production. In
contrast to [1-13C] glucose, the infusion of [2-13C] acetate results
in selective uptake by glial cells, thereby allowing a direct
measurement of the rate of glial metabolism [73] (Fig. 2). The
subsequent flow of the isotopic-label from glial-produced Gln into
neuronal GABA and Glu potentially allows for separate measure-
ments of the GABA/Gln and Glu/Gln cycles. This approach has been
validated in vivo [74,75] and successfully used in 13C-MRS studies
of both animals [75] and humans [73]. As described below, the
ability of 13C-MRS to selectively measure the flux of Glu through
the glial compartment under different experimental conditions
allows for hypotheses regarding the effects of stress and
pharmacological modulation of glial targets to be directly tested
in animal models of depression.

11. Effects of chronic stress and riluzole on glial metabolism

Our group has used 13C-MRS to directly test hypotheses
generated from a pathophysiological model of MDD that posits
stress-induced changes in glial function as a core component. As
shown in Fig. 3, the in vivo effects of chronic unpredictable stress
(CUS) and riluzole treatment on glial metabolism and glutamate–
glutamine cycling can be examined by 1H–[13C] MRS after infusion of
[2-13C] labeled acetate. Adult rats exposed to CUS for 5 weeks exhibit
BAergic neurons with astrocytes red lines represent primary labeling pathways, and

lucose (left) and [2-13C] acetate (right) precursors allows for the measurement of

ping at Gln 4 after acetate infusion represents astrocytic TCA cycle flux.

mpared to non-stressed controls (CTR). (a) Reduced labeling of Glu-C4 indicates a

g of Gln-C4 reflects a decreased rate of astroglial TCA cycle flux. Stress-induced
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significant decreases in glial cell metabolism as revealed by
decreases in 13C-labeled Glu-C4 (Fig. 3a) and Gln-C4 (Fig. 3b)
concentrations in ex vivo mPFC extracts [76]. This may be the first
experimental evidence for a stress-induced decrease in glial cell
metabolism and supports the hypothesis that a consequence of the
decreased glial cell proliferation observed in this stress model, is a
reduction in cortical glutamate–glutamine cycling. If correct, this
hypothesis predicts that the pharmacological facilitation of GLT1
activity would attenuate this stress-induced change in amino acid
cycling. Indeed, treatment with riluzole during the final 3 weeks of
the 5-week stress protocol increasedthe percentage 13C- enrichment
of Glu-C4 and Gln-C4 in stressed animals when compared to saline-
treated controls (Fig. 3a and b). Because of the complex pharmacol-
ogy exhibited by riluzole, this increase in amino acid cycling could be
secondary to pharmacological effects other than increased EAAT
activity. However, the finding that riluzole both reversed stress-
induced decreases in GFAP gene expression and increased the
expression of GLT1 in the mPFC is consistent with the possibility that
increased EAAT activity is both neuro- and glio-protective [76]. In
addition, a recent preclinical MRS study has shown that 21 days of
riluzole treatment increases Gln-C4 labeling from [1-13C] glucose in
healthy adult rats [77]. Collectively, these MRS findings suggest that
enhancement of EAAT activity not only increases metabolic flux
through the glial compartment, but also indirectly increases
neuronal metabolism due to the tight metabolic coupling between
glia and neurons. While riluzole has been shown to reduce glutamate
release under some experimental conditions, this mechanism has
not been observed in MRS studies where decreases in cycling would
be predicted instead of the enhancement of glutamatergic metabo-
lism observed in these MRS studies.

Further in vitro and in vivo studies will be required to better
elucidate the pharmacological actions of riluzole at concentrations
achievable in the brains of patients and to provide additional
evidence for the viability of targeting glial physiology in the
development of novel antidepressants.

12. Summary

Despite remarkable advances in the neuroscientific under-
standing of the brain, it has proven difficult to translate this
knowledge into clinically meaningful advances in the treatment
of MDD. This failure to innovate may be due to a reliance on
overly simplistic models of the pathophysiological mechanisms
underlying MDD. Contemporary neurobiological models must
now account for the dynamic interaction between genetic,
psychological and neurobiological factors that mediate the
brain’s response to stressors that threaten homeostasis and
promote mental illness. The development of pharmacological
agents with improved efficacy and/or a more rapid onset of
antidepressant action may be profitably guided by targeting
neural systems with more fundamental roles in the pathophy-
siology of the disorder. While the potential for a model of MDD
centered upon dysregulated Glu homeostasis to guide the
commercialization of antidepressant compounds has not been
realized, it has already contributed to the interpretation of
seemingly disparate pharmacological findings, and fits squarely
within a larger body of biological evidence for the role of
disrupted glutamatergic neurotransmission in brain dysfunc-
tion. Data provided by additional MRS studies might provide
further evidence for the utility of this model in developing novel
psychopharmaceuticals.
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