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Abstract
Several structural and cellular changes, including marked glial anomalies, have been observed in
association with major depressive disorder. Here we review these cellular alterations and highlight
the importance of glial cell pathology, especially astroglial dysfunction, in the pathophysiology of
neuropsychiatric disorders with a particular interest in major depressive disorder. The functional
role of astrocytes in glutamate uptake and glutamate/glutamine cycling is discussed as is the
deleterious effects of chronic stress on glial cell function. Lastly, we discuss the effect of
antidepressants on glial cell function and the possibility of targeting glial cells in the quest to
develop novel therapeutics.

Keywords
depression; stress; glia; astrocytes; prefrontal cortex; antidepressant; EAAT

Mounting evidence now suggests that structural as well as functional changes are present in
the brains of many individuals suffering with mood disorders. Numerous studies have
demonstrated significant reductions in cerebral blood flow, metabolism and volume of
limbic brain structures including hippocampus, prefrontal cortex and amygdala in MDD
patients(1). Other studies have further identified specific cytoarchitectural abnormalities,
especially reductions in glial cell number and density in individuals afflicted with mood
disorders (2). Could this evidence of glial cell pathology afford us insight into some of the
pathophysiological processes contributing to mood and other psychiatric disorders, and
ultimately suggest new targets for drug development?
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Introduction to glial cells
Since their discovery more than 150 years ago (3), glial cells have largely been considered
relatively unimportant in brain physiology, serving primarily as the “glue” of the brain.
However, relatively recent discoveries elucidating glial cells critical role in a host of
physiological processes implicate glial cell pathology as a potential contributor to many
different neuropsychiatric disorders.

Historically, glial cells have been classified into three major subgroupings, astrocytes,
oligodendrocytes and microglia. Astrocyte and oligodendrocyte lineage cells are derived
from neural stem cells, whereas microglia originates from the immune system. Each of these
classes of glia is now known to serve a broad range of physiological roles ranging from
regulation of brain energy supplies and amino acid neurotransmitter metabolism to driving
aspects of synaptic remodeling. Disrupted function of any of these cell types is likely to alter
normal brain function and possibly contribute to the development of neuropsychiatric
disorders (4).

Oligodendrocytes ensheath long axons in the CNS with myelin and provide trophic support,
allowing for rapid impulse propagation and the maintenance of normal axon transport and
long-term survival. Recent findings suggest these cells may also play critical roles in the
pathogenesis of several neuropsychiatric disorders (5). Microglia, the resident tissue
macrophages in the CNS, provide immunomodulatory functions in response to injury or
disease (6). More recently, it has also been appreciated that the microglia serve additional
roles related to neural plasticity, including removal of apoptotic cells and inappropriate
neural connections, and sculpting and modifying both the developing and mature CNS (7).
Other recent work has implicated microglial dysfunction in a variety of neuropsychiatric
disorders (8).

Astrocytes are the most abundant form of glial cells and are commonly further divided into
protoplasmic and fibrous subtypes based on their presence in the grey or white brain matter
respectively. However, it is now clear that there is a much greater level of heterogeneity
included in this general class of astrocytes (9). The broader class of astrocytes are known to
serve a large number of CNS functions, including regulating regional blood flow and energy
metabolism, immune defense, amino acid neurotransmitter clearance, neurotrophin
production, regulation of D-serine and glycine that serve as co-agonist in NMDA receptor
excitation, stabilization and stripping of synaptic connections and adult neurogenesis (10,
11)(see figure 1). More recently, the unique complexity of higher primate and human
astrocytes has been appreciated (12) and there is increasing evidence to suggest that
disruption of astroglial development or function is a potential contributor to a range of
neuropsychiatric disorders (13).

Evidence of Glial Pathology Associated with Mood Disorders
Human data

Following up on initial neuroimaging studies showing that the volume of the subgenual part
of Brodmann’s area 24 (BA24) is reduced in familial forms of major depressive disorder
(MDD) and bipolar disorder (BD), Ongur et al. (14) used unbiased stereological techniques
to demonstrate that the numbers of glia were reduced in both MDD and BD. The most
prominent reductions were evident in subgroups of subjects with familial MDD or BD who
exhibited marked (24% and 41%, respectively) reductions in the number of glial cells
compared to control subjects. Similar reductions in BA24 glial cell density were also
reported by Cotter et al. (15) and most recently by Gittens and Harrison (16). Early
observations of prominent glial density reductions in the orbitofrontal region and both supra-
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and infragranular layers of dorsolateral prefrontal cortex in depressed subjects were also
reported by Rajkowska et al. (17). Later studies continued to show reductions in glial cell
number and density in the dorsolateral frontal cortical regions (18–20), as well as the
subgenual cingulate cortex grey matter (21) and the amygdala (22, 23). While several
studies provide evidence that the reduced glial cell numbers and density are not unique to
mood disorders, but also common to schizophrenia, other studies have failed to find
differences between mood disorder and control cases. Table S1 provides a more
comprehensive outline of the postmortem studies examining glial cell pathology in several
brain regions associated with mood disorders (see Supplement).

Additional studies have provided information suggesting selective pathologies in
subpopulations of glial cells. A few analyses have found evidence of significant
oligodendrocyte pathology to mood disorders. A recent review by Edgar and Sibille
specifically discusses the potential role impaired oligodendrocyte structure and function may
have on neural circuitry, and how this potentially contributes to mood regulation in human
psychiatric disorders (24). Evidence of microgliosis has also been observed in the
dorsolateral PFC (DLPFC), anteriocingulate cortex, and thalamus of suicide patients (25),
suggesting that there may be abnormalities of microglial function associated with MDD. A
recent review thoroughly discusses these findings and the potential role of activated
microglia in the pathophysiology of mood and other neuropsychiatric disorders (26).

Other studies suggest astrocyte pathology is a prominent feature of mood disorders, and this
will serve as the primary focus for the remainder of this review. Glial fibrillary acidic
protein (GFAP) is an intermediate filament protein that is expressed by several cell types in
the body. In the CNS, it has traditionally been considered a marker of astrocytes that can be
induced by degeneration, damage or aging. However, it is now known that the expression of
GFAP is in fact much more complicated, with various isoforms of GFAP expressed in
different cell types and unique subsets of astrocytes (9). With these caveats in mind, several
studies have identified reduced levels of GFAP expression in postmortem brain tissue from
regions of the hippocampus (27), prefrontal cortex (28, 29), PFC (30), anterior cingulate
(16), amygdala (31) and even cerebellum (32), suggesting specific astrocyte involvement in
the disorder. The fact that the reduced DLPFC levels of GFAP were most prominent in
MDD subjects less than 60 years old suggests the astrocyte pathology may be an early
contributor to the underlying pathophysiology of mood disorders (33).

Gene expression studies using postmortem tissue provide additional evidence that astrocytic
pathology is associated with mood disorders. Reduced expression of several components
critical to the function and regulation of astrocytes have been reported in studies of
depressed subjects and completed suicides. Microarray analysis of anterior cingulate cortex
(area 24) and left DLPFC (areas 9 and 46) from individuals diagnosed with MDD
demonstrated significant down-regulation of SLC1A2, SLC1A3, and GLUL, the genes
coding for the two excitatory amino acid transporters (EAATs) that are predominantly
expressed in astrocytes and the key enzyme responsible for converting glutamate to
glutamine in the astrocyte (34). In a follow up study, the group later demonstrated
significant reductions in the mRNA expression of several astrocyte specific transcripts,
including those coding for GFAP, S100 calcium binding protein, fibroblast growth factor
receptor 3, gap junction proteins (connexins) Cx30 and Cx43 and aquaporin-4 in the locus
coeruleus of MDD subjects (35). Similar findings of downregulated CX30 and CX43
expression, as well as reduced expression of the astrocyte-specific tropomyosin-related
kinase-B receptor (TrkB.1) isoform were recently reported in the orbitofrontal cortex and the
dorsolateral prefrontal cortex of suicide completers (36, 37).
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In sum, this growing series of postmortem studies suggest that glial cell pathology,
especially astrocyte pathology, is associated with mood disorders. Although not without
contradiction, the evidence for glial cell pathology appears strongest for the prefrontal cortex
of mood disorder patients (Table S1 in the Supplement). Somewhat less consistent results
are seen in the ACC, dorsolateral PFC and amygdala and little support for significant glial
pathology in the hippocampus is provided by these postmortem reports. Some of this
inconsistency could be related to differences in the age of the subpopulations studied and the
methods of cell counting employed. The literature also suggests that the pathology is not
unique to MDD, but is possibly shared by BD and SCH. However, it is important to note
that there are major limitations to these small postmortem studies, including differences in
medication exposure between sample populations, potential lifelong differences in substance
and alcohol exposure, and varying causes of death. Further limiting the ability to draw
strong conclusions from the existing reports, multiple studies were conducted on tissue
samples from the same cases, thereby limiting the generalizability of the data.
Unfortunately, the differences in methods employed in the various studies make
comparisons between studies and meta-analyses combining studies extremely difficult.

Animal model data
A number of studies employing animal models of depression support the hypothesis that
astrocyte pathology is associated with mood disorders. Decreased number and somal volume
of hippocampal astroglia were observed after 5 weeks of psychosocial stress in the adult tree
shrew (38). Similar findings of reduced astrocyte numbers and density were also recently
reported in the rodent chronic stress (39–41) and maternal deprivation models of depression
(42). As the stress-induced decreases in astrocyte GFAP expression appear to be correlated
with hippocampal volume reductions, questions can be raised regarding a potential causal
relationship between glial pathology and neuronal atrophy, or whether these effects are due
to the same mechanism and occur in parallel.

In the PFC, GFAP expressing cells were reduced following 5 weeks of chronic stress (43,
44). Similar GFAP reductions were seen in the genetically stress susceptible Wistar Kayoto
rat (45) and in maternal deprivation models (42). Significant decreases in the expression of
Cx43 and the diffusion of gap junction channel-permeable dye, as well as abnormal gap
junctional ultrastructure were also observed in the rat PFC following exposure to CUS (46).
Providing direct evidence that astrocyte damage in the PFC could be related to the
behavioral deficits associated with rodent models of depression, Banasr demonstrated that
local infusion of the astrocyte specific toxin, L-alpha-aminoadipic acid (L-AAA), in the PFC
region of rats was sufficient to induce depressive-like behaviors similar to those seen after
prolonged periods of stress (43). A more recent study provided additional evidence by
demonstrating that pharmacological blockade of gap junctions in the PFC also induces
depressive-like behaviors (46). Other studies are now extending the findings by showing
astrocytes in regions beyond the hippocampus and PFC could be affected by chronic stress.
Indeed, GFAP protein levels in the periaqueductural gray matter were found reduced after
chronic restraint stress (47).

Considering the central role of astrocytes in mediating amino acid neurotransmitter
clearance and metabolism (10) (figure 1), a relationship between the astrocyte pathology
observed in association with mood disorders, and the emerging evidence of abnormalities
within the glutamatergic neurotransmitter systems of mood disorder subjects has been
postulated (48). In fact, reduced expression (34, 35) and content (49) of glial specific
EAATs and glutamate synthetase (34, 35) in the brains of MDD patients suggests glutamate
clearance and metabolism are likely to be impaired in some regions of the depressed brain.
Evidence of reduced glutamate transporter expression and activity, especially GLT1 (rodent
homologue of EAAT2), has been reported in the hippocampus of a mouse model of
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depression using chronic corticosterone exposure (50). GLT1 expression was also decreased
in the hippocampus as well as the other two cortical regions (occipital and retrosplenial
cingulate) that were examined in animals bred for the learned helplessness trait (51). The
relatively strong correlation between the GLT1 expression levels with the failure to escape
rates in the animals suggests a possible causative relationship. In a series of related studies,
spinal cord GLT1 expression has also been shown to be decreased in stress-induced animals
models of visceral hyperalgesia (52, 53). This emerging evidence showing various regions
within the CNS to undergo stress-related changes in GLT1 expression, make it tempting to
hypothesize that changes in glial mediated glutamate clearance could contribute to
pathophysiology underlying several of the common symptom complexes commonly
associated with mood, anxiety and other stress-related disorders. Supporting this hypothesis,
work demonstrating that impaired glial glutamate transport can result in depressive-like
behaviors is starting to emerge. Indeed, animals subjected to low doses of L-AAA, known to
impair glutamate transport and glutamine synthetase activity, exhibited anhedonia-like
deficits when exposed to acute stress (43). Similarly, central or cortical administration of
selective inhibitors of GLT1 transporters induced anhedonia in a rodent model of
intracranial self-stimulation (54, 55). Administration of DHK in the amygdala reduced social
interaction (56), suggesting that glial glutamate transport impairment is involved in the
expression and the development of anxiety and depressive-like symptoms (figure 2).

At the synaptic level, the impaired ability to effectively clear extracellular glutamate is
likely to result in an altered ratio of synaptic to extrasynaptic glutamate content, and an
altered ratio of synaptic and extrasynaptic NMDAR activation. Several lines of evidence
highlight the potentially detrimental effects of altering the ratio of synaptic and
extrasynaptic NMDAR activation. Excessive activation of extrasynaptic to synaptic NMDA
receptors has been linked to various forms of excitotoxicity, and has been implemented in
the pathophysiology of multiple neurodegenerative disorders (57). Considering synaptic and
extrasynaptic NMDAR activation have differing effects on hippocampal LTP and LTD
formation (58), it is also quite possible the impaired regulation of glutamate uptake and the
resulting shift in the ratio of synaptic to extrasynaptic activation could have dramatic effects
on synaptic plasticity. As the transporters are generally highly efficient in clearing glutamate
from the extracellular space (59), any effects of altered EAAT function could alter the
balance of extrasynaptic to synaptic activation and shaping synaptic currents. Studies
specifically relating GLT1 expression with LTD induction appear to demonstrate this case
(60). Considering that individual astrocytes serve large numbers of synapses with minimal
overlap in the synapses served by neighbouring astrocytes, the failure of a single astrocyte
could impair glutamate removal at thousands of synapses (61), having large effects on
glutamate neurotransmission.

In general the rodent models provide strong evidence of stress-related effects on astrocyte
function. The parallel between the rodent and human postmortem findings is intriguing, but
the findings must be considered in light of the fact that many of the rodent studies focused
on the hippocampus, one of brain regions where the human findings are less than consistent
(Table S1 in the Supplement). However, the increasing number of studies demonstrating
reduced astrocyte number and function in brain regions similar to those most consistently
altered in the brains of depressed patients, and studies showing targeted impairment of PFC
and amygdala astrocyte function to be associated with anxious and depression-like
phenotypes, suggest the findings are relevant to human disease states.

Antidepressant effects on glial cells
Data also suggests that glial cell function could be a target of existing antidepressant
medications (figure 2). Observations of fluoxetine-sensitive 5-HT uptake were first reported
in rat cortical astrocytes in situ nearly two decades ago (62). More recently, fluoxetine was
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shown to promote gliogenesis during neural differentiation in mouse embryonic stem cells
(63). Studies demonstrating fluoxetine treatment prevented the stress-induced decrease in
hippocampal GFAP positive astrocytes in tree shrews, suggest glioprotective effects may be
relevant to the drug’s antidepressant properties (38). Although a separate study failed to find
significant increases in rat PFC GFAP expression in rodents, it did show a large increase in
CX43 protein expression following chronic treatment with fluoxetine (64). Another recent
study reported similar findings, showing fluoxetine, as well as duloxetine and mifepristone,
to reverse CUS-induced ultrasturctural alterations of astrocyte gap junctions including CX43
decreases, in prelimbic cortex (46).

Further suggesting classic antidepressants mechanism of action may involve effects on glia
function, paroxetine induced a prominent up-regulation of hippocampal GFAP expression
by microarray and in situ analyses (65), and both fluoxetine and paroxetine increased the
expression of specific astrocyte-derived neurotrophic factors and glucose metabolism in
cultured astrocytes (66, 67). Moreover, mice lacking aquaporin-4 show reduced GLT1
expression and a blunted response to fluoxetine treatment (68, 69). More directly related to
glutamate uptake, treatment with fluoxetine also significantly induced GLT1 expression in
hippocampus and cortex of rats, while the tricyclic desimpramine and the monoamine
oxidase inhibitor tranylcypromine applications showed trend level effects (70). Chronic
treatment with another tricyclic antidepressant, clomipramine, reversed the stress-induced
effects on glial cell GFAP expression and GDNF (Glial-Derived Neurotrophic Factor) levels
while also reversing the behavioral deficits of CUS (71, 72). The notable changes in
astroglial structural plasticity in response to stress and the effects of antidepressant
treatments further support the notion that astroglial changes may contribute to the
pathophysiology of affective disorders as well as to the cellular actions of antidepressants.

Targeting Astroglial Function in the Development of Novel Antidepressant
Treatments

Together, these findings suggest astrocytes, especially astrocytic glutamate uptake and
metabolism, may serve as a viable target for mood and anxiety disorder drug development.
Riluzole, a benzothiazole drug that is currently approved by the USFDA for the treatment of
amyotrophic lateral sclerosis and shown to have neuroprotective actions in a broad range of
conditions (73), has been shown to facilitate glial mediated glutamate clearance. Several
studies have now demonstrated the ability of riluzole to increase GLT1 (EAAT2) expression
and the clearance extracellular glutamate in several regions of the CNS (74, 75). The
increase in GLT1 expression and uptake has been shown to be involved in the riluzole’s
cytoprotective effects, and may be mediated through a mechanism involving Heat Shock
Factor 1 activation of GLT1 expression (76). However, other effects of riluzole on glial cell
function, such as modulation of microglia activity and activation of neurotrophic growth
factors located in glial cells, as well as the previously reported effects on pre and post-
synaptic neurons, (i.e. inhibition of certain voltage-gated sodium channels and actions on
glutamate receptors), could also contribute to the drug’s mechanism of action (77).

In addition to producing antidepressant-like effects in rodent models, riluzole attenuated
and/or reversed the GLT1 reducing effects of chronic unpredictable stress and chronic
elevated corticosteroid exposure (44)(50). Riluzole also protected against the CUS-induced
reductions in GFAP expression in the PFC of rats (44), suggesting that the glioprotective
effects and the enhanced capability of maintaining effective glutamate clearance under these
conditions could be related to the antidepressant-like properties of the drug. In different
rodent models, riluzole was also shown to have rapid anxiolytic effects (78), and to reverse
the hyperemotionality and decrease the extracellular glutamate levels seen in bulbectomized
animals (79).
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Open label human studies and case series have repeatedly found riluzole to have
antidepressant and anxiolytic activity in a broad range of psychiatric disorders including BD,
MDD, general anxiety and obsessive compulsive disorders (see review (80)). These reports,
outlined in Table S1 in the Supplement, consistently found riluzole, at doses between 100–
200mg/day, to decrease depression and anxiety severity when used as monotherapy or
augmentation therapy. However, two randomized placebo controlled studies exploring
riluzole’s ability to extend and enhance the transient antidepressant effects of ketamine did
not find the drug to be statistically more effective than placebo in maintaining or enhancing
the antidepressant response to a single ketamine infusion (81, 82). Although the studies were
neither intended nor designed to specifically examine riluzole’s antidepressant efficacy
directly, the larger of the two studies performed a post hoc analysis on the subgroup of
subjects that did not meet the antidepressant response criteria ketamine, comparing riluzole
to placebo. This analysis failed to demonstrate a significant antidepressant effect related to
riluzole. However, the authors provide several factors such as the extreme refractoriness of
these subjects, the limited sample size and the concomitant exposure to ketamine that may
have impacted the results. The first larger placebo controlled trial specifically designed to
investigate riluzole’s antidepressant efficacy is currently underway (clinicaltrials.gov
identifying number; NCT01204918).

The hypothesis that enhanced glutamate uptake and metabolism contributes to riluzole’s
mechanism of antidepressant action is further supported by a human imaging study showing
rapid increases in the glutamine:glutamate (Gln/Glu) ratio following riluzole treatment of
bipolar depressed patients (83). The study specifically reported that the mean Gln/Glu ratio
increased markedly in the anterior cingulate cortex and parietal-occipital cortex two days
after starting riluzole treatment, but was largely diminished by the end of the sixth week of
treatment. The rilzuole’s transient impact on the Gln/Glu ratio was postulated to reflect an
increased flux through the glutamate/glutamine cycle, resulting in an early shift in the
relative levels of glutamine and glutamate that returns to baseline as the cycle reaches a new
steady-state. Two rodent studies employing 13C-magnetic resonance spectroscopy
methodologies support this claim, demonstrating that chronic riluzole treatment enhances
glucose oxidative metabolism and glutamate/glutamaine cycling (84) and blocks or reverses
the effects of stress on glial cell metabolism and glutamate/glutamine cycling (44).
Additional work is now being done to determine the role of the glutamate transporters,
glutamate uptake and changes in glutamate/glutamine cycling in the generation of the
antidepressant-like response in rodent models. As riluzole has a broad range of effects on the
brain, human studies showing a strong association or causative effect of riluzole’s functional
target engagement with glial cells would ultimately be required to definitively demonstrate
this as the primary mechanism of the drugs antidepressant action.

Ceftriaxone and the β-lactam antibiotic class in general, have also been shown to increase
GLT1 (EAAT2) expression and function (85). The increased expression and/or function of
GLT1 has been shown to delay or attenuate several pathological consequences of rodent
models of amyotrophic lateral sclerosis, Huntington’s chorea and stroke (85–87).
Ceftriaxone’s effects on glutamate clearance have also been linked to the drugs reported
ability to reduce alcohol intake (88) and prevent relapse to cocaine seeking (89) in rodent
models. This is relevant knowing that both cortical administration of either the gliotoxin L-
AAA or of a gap junction cortical blocker induce alcohol intake (90) within a similar drug
range used for inducing depressive-like behaviors (43), and suggests that states associated
with altered excitatory amino acid transporter could be related to a variety of different
neuropsychiatric disorder. With regards to potential antidepressant effects, sub-chronic
administration of ceftriaxone reduced immobility on the forced swim and the tail suspension
tests in mice (91). Ceftriaxone was also shown to reverse the reduced GLT1 expression in
aquaporin-4 knockout mice as well as the impaired LTP and fear memory reported in these
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mice (69). However, the relative risk associated with sub-chronic ceftriaxone treatment has
limited the ability to test this drug in clinical trials to date.

The rapid antidepressant response associated NMDA receptor antagonists may at first
appear contradictory to the model of impaired glial cell glutamate clearance presented
above. However, it is possible that the rapid increase in glutamate release and stimulation of
post-synaptic AMPA receptors following NMDAR antagonist treatment, now believed to be
critical for the antidepressant effects of the drugs (92, 93) (see Krystal et al. in this issue), is
capable of transiently compensating for the decreased synaptic glutamate release and
impaired transmission efficiency associated with impaired glutamate clearance. As
presynaptic group II metabotropic glutamate receptors provide feedback inhibition on
glutamate release when activated by extrasynaptic glutamate, impaired astrocytic clearance
can result in decreased synaptic glutamate release. Consistent with this effect, decreased
rates of glutamate cycling and glial cell metabolism has been demonstrated in the
infralimbic and prelimibic regions in the rodent CUS model (44). Additional evidence
suggesting that the transient increase in glutamate release is critical to the mechanism of the
NMDAR antagonists’ antidepressant action comes from studies showing group II
metabotropic glutamate receptor antagonists to also generate antidepressant effects with
many of the same cellular and physiological effects of the NMDAR antagonists in rodent
models (94, 95). Another postmortem finding showing a robustly elevated expression of the
mGlu2/3 protein in the PFC of depressed subjects relative to non-depressed controls
suggests that the expression and the function of the presynaptic receptor may be up-
regulated as a result of the chronically elevated levels of extracellular glutamate associated
with the disorder (96).

In conclusion, there is now mounting evidence to suggest glial cell pathology contributes to
pathophysiology and possible pathogenesis of several neuropsychiatric disorders including
mood and anxiety disorders. This new appreciation of the glial’s potential contributions to
neuropsychiatric disorders has presented several novel targets for the development of
therapeutic drugs in a range of neuropsychiatric disorders. Recent preclinical studies provide
early evidence suggesting drugs, such as ceftriaxone and riluzole, that increase glutamate
uptake via GLT1, possess antidepressant and anxiolytic activity. Moreover, this model
predicts that drugs capable of modulating the group II metabotropic receptor mediated
inhibitory effects on glutamate release, such as mGluR2 antagonist, or transiently
stimulating glutamate release, such as the NMDAR antagonists could have rapid
antidepressant-like effects. However, considering the hypothesized underlying impairment
in glutamate clearance, the potential long-term adverse effects of these approaches should be
examined carefully in this patient population.

Future preclinical studies should help us understand the mechanisms underlying the
development of the glial cell pathology that are associated with mood and other
neuropsychiatric disorders. However, proof of clinical efficacy for drugs with more selective
actions targeting glial function will be required to ultimately demonstrate the true relevance
of these glial abnormalities to treatment of mood and other neuropsychiatric disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Neuron-Glial interactions within the tripartite synapse
Glutamate is released from vesicles within presynaptic neurons on excitation. Once released
the glutamate can activate a variety of ionotropic and metabotropic receptors on
postsynaptic and presynaptic neurons as well as glial cells. Some additional glutamate is
released into the extracellular space through the cystine/glutamate transporter (xc-) on glial
cells. Glutamate is cleared from the extracellular space via high-affinity excitatory amino
acid transporters (EAATs), which are located primarily on neighboring glial cells
(EAAT1-2) and, to some extent, on neurons (EAAT 3). In glial cells, glutamate is converted
into glutamine by glutamine (Gln) synthetase. Glutamine is then transported back into the
glutamatergic neuron, where it is hydrolyzed into glutamate by glutaminase. Glial cells also
provide metabolic and energy support to neurons through a supply of lactate. Additionally,
Serine racemase, the D-serine-synthesizing enzyme, is expressed by astrocytes. On release,
D-Serine serves as a co-agonist at NMDA receptors. Astroyctes serve additional critical
physiological roles through the synthesis and release of several neurotrophic factors
including glial derived neurotrophic factor and brain derived neurotrophic factor.
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Figure 2.
Stress and depression are associated with altered glutamate release and uptake that maybe be
targeted by antidepressant development. Preclinical and clinical studies demonstrated
atrophy and loss of astrocytes related to depression and animal models of depression.
Astroglial anomalies include reduced EAAT2 (GLT1), glutamate metabolism and glial
function. Some of these changes could be reversed by treatment with drugs that enhance
EAAT2 expression, trafficking or activity such as riluzole or ceftriaxone. Identifying other
drugs able to block or reverse stress-induced glial alterations could open a new avenue for
antidepressant development.
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