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Abstract:

Major depression (MD) is a common and disabling disorder but knowledge of its pathophysiology is still incomplete. In the last
years, degenerations or dysfunctions of glial cells, especially astrocytes, have been postulated to play a critical role in the pathogene-
sis of depression. Glial loss in prefrontal and limbic brain regions was observed in depressed patients and in animal models of stress
and depression. Degeneration of astrocytes resulted in an excess glutamate in the synaptic cleft and glutamate/GABA imbalance in
the affected structures. This review presents an up-to-date information concerning the role of glial cells in maintenance of gluta-
mate/GABA balance in the brain tripartite glutamatergic synapses; discusses the importance of glial pathology and presents models
of depression based on astrocyte impairment. The model of degeneration of astrocytes in the medial prefrontal cortex of the rat, in-
duced by the specific astrocytic toxin a-aminoadipic acid, is presented as a valuable model for studying antidepressant compounds.
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Introduction

Major depression is one of the most prevalent forms
of mental illnesses and is among the leading causes of
disability, affecting about 121 million people world-
wide. Approximately 30% of patients fail to respond
to the present therapies. Low efficacy of treatment is
partially caused by the heterogeneous nature of this
disorder, that is influenced by multiple molecular, en-
vironmental and genetic factors, some of which are
not fully understood. Several hypotheses including
chronic stress, failure of adulthood neurogenesis, al-
tered neuroplasticity, dysfunction of monoaminergic

systems and genetic factors have been studied to elu-
cidate depressive-related behaviors [31, 35].
Monoamine hypothesis of depression has dominated
our understanding of both the pathophysiology of de-
pression and the action of pharmacological treatments
for the last decades and it led to production of several
generations of antidepressant agents [32]. In the last
several years, the focus of research has shifted from
monoamines toward other molecular mechanisms, in-
cluding glutamatergic neurotransmission [10].

In the mammalian brain, glutamate is the most
abundant and major excitatory neurotransmitter, and
glutamic acid-induced excitation is in a balance with
the inhibitory action of g-aminobutyric acid (GABA),
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which is the main inhibitory amino acid neurotrans-
mitter in the brain. An imbalance between excitation
and inhibition has been observed in the brains of pa-
tients with mental diseases, such as anxiety, depres-
sion and schizophrenia. Depression and anxiety have
been postulated to be connected with an increasing
glutamatergic excitation and decreasing GABAergic
inhibition. The increased level of glutamate was ob-
served in the brains and CSF of patients diagnosed
with depression [20]. Glutamatergic neurotransmis-
sion is strongly involved in the pathophysiology of
depression and in the therapeutic action of the major-
ity of antidepressant drugs [17]. It is postulated that
reduced glutamatergic transmission may be an under-
lying mechanism of antidepressant effects of such
drug as phenelzine [57], an antidepressant/antipanic
drug which attenuates glutamatergic transmission.
Thus it has been suggested that antidepressants may
exert their effects by attenuating the release of gluta-
mate and/or postsynaptic excitability [41]. The phar-
macological support for the glutamatergic theory of
depression comes also from studies employing

NMDA receptor antagonists. It was described for the
first time by Trullas and Skolnick [53] that functional
antagonists of NMDA receptor exhibit antidepressant-
like activity. Adaptive changes in NMDA receptors
have been suggested to be the final common pathway
for antidepressant action [51]. The NMDA receptor
antagonist ketamine or the NMDA channel blocker
AZD6765 given in a single dose, can reverse depres-
sive symptoms in treatment-resistant depressive pa-
tients [9].

As glial cells, especially astrocytes, play a very im-
portant role in maintenance of the glutamate/GABA
balance, we focused our attention on the newly intro-
duced experimental model of depression induced by
astrocyte depletion. We verified if such model really
corresponds to behavioral and cellular changes in de-
pression and if it may be useful for studying antide-
pressant drugs.

The role of glial cells in glutamate/GABA

balance in the brain

It is generally assumed that glia are very numerous
cells in the mammalian brain and the neurons/glia ra-
tio fluctuates depending on the species and brain
structure (in the cerebral cortex between 0.3 to 4.4 de-
pending on cortical layer) [43]. Glial cells, first de-
scribed in 1860 by Virchow and named neuroglia,
were for a long time thought to be only supporting
elements for neurons. However, over the years, re-
searchers have found that glial cells interact with neu-
rons much more actively. Glial cells in the central
nervous system (CNS) can be divided into three main
types: astrocytes, oligodendrocytes (both of ectoder-
mal origin and called macroglia) and microglia (of
mesodermal origin belonging to the monocyte-
macrophage lineage). Microglia perform immuno-
modulatory functions in response to injury or disease.
Oligodendrocytes ensheath long axons with myelin
mainly in white matter or play a role in trophic and
nutritional support as a perineuronal oligodendrocytes
in gray matter. Astrocytes, the most numerous type of
glial cells, transfer nutrients and other substances be-
tween the neurons and the bloodstream, play a central
role in building and maintaining the blood-brain bar-
rier, guide the migration and differentiation of neu-
rons, take part in the regulation of energy metabolism,
regional blood flow, neurotrophin production and,
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Fig. 1. A schematic drawing of glutamatergic tripartite synapse
formed by presynaptic glutamatergic terminal, postsynaptic GABA
neuron and astrocyte processes (Glia) surrounding the synapse.
Only some, chosen elements of bidirectional communication be-
tween glia and neuronal elements were shown. In the glutamatergic
synapse astrocytes remove the excess glutamate (Glu) from the syn-
aptic cleft through the specific membrane transporter GLT1, modu-
lating Glu concentration in the cleft. Glutamate released from the glu-
tamatergic terminals is taken up by glial cell, where it is metabolized
to glutamine (GLN) and released. Then, GLN may be taken up by Glu
or GABA terminals where it is converted to an appropriate neuro-
transmitter. Besides being taken up, Glu released by nerve terminals
activates receptors on the glial cell membrane which induces mobili-
zation of calcium ions and release of gliotransmitters: Glu, ATP,
D-serine, and others



moreover, they take up many transmitters from the
extracellular fluid and possess receptors for them
[43]. The regulation of the local concentration of ions
and neuroactive substances is a very important func-
tion of astrocytes [25] which is crucial for keeping
CNS homeostasis. Bidirectional communication be-
tween neurons and astrocytes was revealed by many
research groups during 1990s and term „tripartite syn-
apse” was proposed because the astrocytes are the
third element of the synapse [2, 45] (see Fig. 1).

Astrocytes are an integral part of tripartite synapse
where they regulate neuronal excitability. In the gluta-
matergic synapses, the most abundant type of syn-
apses in the CNS, astrocytes control the levels of ex-
tracellular glutamate, the main excitatory neurotrans-
mitter in the mammalian brain [56], so they maintain
the balance between the excitatory and inhibitory neu-
rotransmission therein.

Glial cell pathology in depression

Postmortem studies of brains of depressed patients
showed a decrease in the density of glial cells in corti-
cal regions, especially in the prefrontal and cingular
areas, which was one of the most consistent findings
[47]. Among glial cells, astrocyte pathology is
a prominent feature of mood disorders. Reduced lev-
els of glial fibrillary acidic protein (GFAP), a marker
of astrocytes in the CNS, was found in some cortical
and limbic structures of depressed subjects [33, 50]
and in animal models of depression [18]. The increase
in the level of S100B protein, a marker of glial degen-
erations in blood serum of patients correlated with ex-
acerbation of depressive symptoms and was inhibited
by antidepressants [49]. Also gene expression studies
of human postmortem tissue provided additional evi-
dence for the astrocytic pathology in depression [47].
Most of evidence indicated that in patients suffering
from mood disorders, the strongest glial cell pathol-
ogy was seen in the prefrontal cortex [34, 42, 54]. The
decrease in the density of astrocytes or reduced GFAP
level was also found in the amygdala and cerebellum
of patients suffering for major depression in compari-
son to bipolar disorder, schizophrenia or control
brains [1, 7, 16]. However, there are also studies
which do not confirm glial degeneration in affective
disorders [14], but those results concern the other cor-
tical structure, entorhinal cortex. It has been postu-

lated that the discrepancy in the results in such glial
changes may depend on patients’ age. Miguel-
Hidalgo and coworkers [33] demonstrated that the de-
crease in GFAP-ir level was found in younger (30–45
years old) but not in older (46-86 years old) patients.
The lack of a significant decrease in astrocytic density
when we compare old MDD patients with old control
subjects may arise from the fact that in old patients as-
troglial marker GFAP has much higher level than in
young subjects as a result of aging-related appearance
of many reactive astrocytes. Similarly, no changes in
glial density was found in the orbitofrontal cortex and
anterior cingulate cortex in elderly MDD patients.
Therefore, aside from some discrepant results con-
nected with aging, inflammation and other neuropa-
thological states, it is generally accepted that the re-
duction in astrocytes and related markers (GFAP,
S100B, connexin 40, 43, aquaporin, glutamate trans-
porters) is a key features in the pathology of MDD
(for review see [44]). Besides of astrocytes, a few
studies evidenced a significant oligodendrocytic pa-
thology in mood disorders [15, 19, 54, 55].

As mentioned above, the uptake of released gluta-
mate is an important function of astrocytes in the
brain tripartite synapse. Astrocytes account for over
90% of the uptake and metabolism of the glutamate
[23]. Hence, the basic consequence of the loss of as-
trocytes is a reduction in glutamate uptake and thus,
an excessive accumulation of glutamate in the synap-
tic cleft. As mentioned above, the glutamatergic pre-
dominance in the excitatory-inhibitory balance is pos-
tulated to be involved in the pathogenesis of depres-
sion. An increase in glutamate level was observed in
the brains and cerebrospinal fluid of depressed pa-
tients [20] and inhibition of glutamatergic function
had antidepressant effects [59]. In addition to the dys-
regulation of synaptic function, loss of glial cells
could also underlie subsequent atrophy of neurons
caused by stress and depression. A reduced number of
GABAergic interneurons in the prefrontal cortex
(PFC) of depressed patients as well as in rat’s chronic
stress model has been found recently [5, 30, 58].
These interneurons provide tonic inhibitory control
over the firing of excitatory glutamatergic neurons,
therefore, their degeneration may enhance gluta-
mate/GABA unbalance induced by glial loss. Indeed,
functional disruption of GABA transmission and de-
creased GABA levels were observed in depressed pa-
tients by magnetic resonance spectroscopy studies
[48].
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The role of astrocytic cell death or dysfunction in
pathogenesis of depression has been confirmed by ex-
perimental studies in animals. A decline in the
number of astrocytes in the prefrontal cortex was
found in rats subjected to chronic unpredictable stress
– one of the generally accepted animal models of de-
pression [3, 4]. Chronic unpredictable stress was also
found to induce a decrease in density of GFAP immu-
noreactive astrocytes and in GFAP protein level in the
rat hippocampus [29] and in the hippocampus and
prefrontal cortex [28]. Moreover, both astrocytic pa-
thology and depression-like behavior were reversed
by antidepressants clomipramine [29] or fluoxetine
and magnolol [28]. Also studies employing others
animal models of depression: psychosocial stress [13]
or maternal deprivation [27] support the hypothesis
that astrocytic pathology is associated with mood dis-
orders.

The cause of glial cell loss in depression and in ani-
mal models of depression is not clear. We can only
hypothesize that it may be the effect of environmental
influence (stress, toxins) or/and genetic predisposi-
tion. The possibility of genetic basis is indicated by
the results of Gosselin et al. [18], who investigated the
expression of astrocytic markers GFAP in various
brain regions in Wistar-Kyoto (WKY) rat strain in
comparison to Sprague-Dawley (SD) rats. It is worth
mentioning that WKY rats are commonly used as
a model for anxiety and depression, as they are espe-
cially susceptible to stress. Those authors found
slightly, but significantly lower density of GFAP-ir
cells in the prefrontal cortical regions, basolateral
amygdala and hippocampus CA3 and dentate area in
WKY rats in comparison to SD rats. No statistical dif-
ference was found in other brain regions analyzed (in-
sular cortex, somatosensory cortex, CA1 and callosal
white matter). On the other hand, S100B level was
similar in both strains of rats but double immunofluo-
rescence studies have shown a good co-localization of
GFAP and S100B expression in SD rats, whereas
some S100B expressing astrocytes were devoid of
GFAP in WKY rats.

Astrocytes may be also regulated by neurotransmit-
ters. The effects of monoaminergic transmission on
astrocytes has been postulated, as b-adrenergic recep-
tor activation increases GFAP immunoreactivity and
serotonin decreases them (according to [33]). Pro-
longed stress and chronic corticosterone treatment
were reported to decrease GFAP mRNA in the cortex
and hippocampus [36]. The depression is also con-

nected with decreases in neurotrophic factors such as
brain derived neurotrophic factor (BDNF), fibroblast
growth factor 2 (FGF2) or glial cell line-derived neu-
rotrophic factor (GDNF) [44], but it is not clear if it is
a cause or result of astrocytic pathology. Reduction in
glial density paralleled by an increase in the size of
glial nuclei suggests that some compensatory mecha-
nisms might be taking place. It may be speculated that
if the number of normally functioning glial cells de-
creased, the survivor astrocytes are forced to work
harder to support the metabolic needs and in conse-
quence their nuclei are enlarged and changed (accord-
ing to [42]).

Impairment of astrocytes as a model

of depression

The idea that glial degeneration or dysfunction, espe-
cially evidenced in astrocytes, is very important for
the development of depressive behavior constituted
a starting point for developing new models of depres-
sion based on the dysregulation of Glu/GABA bal-
ance by impairment of the function of astrocytes. As
the uptake of released glutamate by astrocytes in glu-
tamatergic tripartite synapse has a fundamental role in
this balance, some studies were focused on specific
glial glutamate transporters. Postmortem studies of
depressed subjects showed downregulation of genes
coding for two excitatory amino acids transporters
predominantly expressed in astrocytes in the cingulate
and prefrontal cortex [12]. The reduced glutamate
transporter expression and activity, especially GLT1
a specific glutamate transporter in rodents, was re-
ported to occur in the hippocampus in the mouse
stress model of depression induced by corticosterone
exposure and additionally in the occipital and ret-
rosplenial cortex in learned helpless rats, an animal
model of depression [60]. A blockade of astrocytic
glutamate uptake in the amygdala, a limbic structure
engaged in mood regulation and anxiety, has been re-
ported to decrease social exploration and disrupt cir-
cadian rhythms, the behavioral effects characteristic
of depressive-like symptoms [26]. Central, intracere-
broventricular injection of dihydrokainate (DHK),
a specific inhibitor of astrocytic glutamate transporter
(GLT-1) induced in rats signs of anhedonia observed
in the intracranial self-stimulation test and cognitive
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impairment [6]. Similar effects were observed after
DHK injection into the prefrontal cortex but the anhe-
donia in that experiments was measured also in the
sucrose consumption test [23].

Another set of experiments examined astrocyte ab-
lation in the prefrontal cortex (PFC) as a model of de-
pression. Already in 1971 and in later years, it was
shown that a-aminoadipic acid (AAA), a six carbon
homologue of glutamate, is a specific gliotoxic agent
both in vivo and in vitro [21, 38, 39]. The AAA occurs
naturally in the brain as an intermediate product of ly-
sine metabolism and differs from glutamate by a sin-
gle methylene group. When given as an exogenous
molecule, it is taken up specifically by astrocytes and
accumulating in these cells exerts its gliotoxic effect
by interference with protein synthesis [8, 37]. The ex-
act mechanism underlying the AAA-induced gliotox-
icity and its specificity is not known but it is supposed
to be connected with the presence of an extremely po-
tent Na+ dependent carrier system for glutamate in the
astrocytic membrane. This system has been shown to
transport not only L-glutamate but also other related
amino acids, like D- and L-aspartate and might also
transport AAA as a close structural analog of gluta-
mate [22]. The role of the Na+ dependent glutamate
uptake system into glial cells for transporting AAA
into astrocytes was also confirmed by electrophysio-
logical studies in vitro [40]. Studies on the effects of
D- and L-isomers or racemic form of AAA gave con-
flicting, heterogeneous results. When administered
subcutaneously into infant mice, it exerted a toxic ef-
fects in the arcuate hypothalamic nucleus, whereas
D-AAA and D,L-AAA induced, respectively, a mild
to extreme gliotoxic but not neurotoxic damage and
L-AAA induced not only gliotoxic but also some neu-
rotoxic changes, moreover, D-isomer had even anti-
neurotoxic properties [38]. Similar results were ob-
tained in astrocytes or mixed neuronal/astrocyte cul-
tures [22] but additionally D-isomer appeared to be
toxic only for mitotic cells [8]. Summing up all those
results, it can be assumed that D,L-and L-AAA may
be a good specific tool for astrocyte elimination in the
brain tissue. The effect of AAA on astrocytes was also
studied in adult rats after intracerebral injection into
different brain structures. Single L-AAA injection
into the amygdala induced loss of astrocytes and their
markers (GFAP, S-100) in the wide area around the
injection site, while neurons remained undamaged
[24]. Astroglial degenerations were also observed af-
ter L-AAA injection into the striatum [52], substantia

nigra and locus coeruleus [11]. On the other hand,
Saffran and Crutcher [46] failed to observe gliotoxic
properties of L-AAA or D,L-AAA in the hippocam-
pus and striatum after injections into those structures.

A possibility of using astrocyte ablation as an ex-
perimental model of depression was presented for the
first time by Banasr and Duman [4]. They demon-
strated that a double microinjection of the specific as-
trocytic toxin, L-AAA, into the rat medial prefrontal
cortex was sufficient to induce depressive-like behav-
ior similar to that observed after chronic unpredict-
able stress, a generally accepted model of depression.
A decrease in sucrose preference and increase in im-
mobility time in the forced swim test were found after
the toxin administration/infusion and moreover,
a number of astrocytes stained with GFAP was sig-
nificantly diminished in PFC. No depressive-like be-
havioral changes were observed after neurotoxin ibo-
tenate infusion into the same region of PFC, which in-
dicates that the effects are specifically connected with
glial ablation. The specificity of astrocyte loss in the
PFC after L-AAA toxin was confirmed also by immu-
nohistochemical staining in which NeuN-immuno-
reactive neurons did not disappear after the toxin [4].

In our preliminary study, we have investigated
whether this model may be useful for study of the an-
tidepressant effects (paper in preparation). The doses
and time schedule of our experiments were based on
the paper of Banasr and Duman [4] but we used not
only L-AAA but also the racemic form. The astrocytic
toxin L-or D,L-AAA, was microinjected twice, bilat-
erally into the rat medial prefrontal cortex (PFC).
Depressive-like behavior was assessed by a forced
swim test (FST) on day 5 of the experiment. To verify
whether this glial ablation model may be a useful ani-
mal model of depression, some rats were additionally
treated with the classical antidepressant – imipramine.
In short, imipramine reversed the behavioral effects of
both toxins, which seems to confirm that it may be
a good experimental model of depression.

We also checked astrocyte depletion in the PFC af-
ter the toxins. Histological verifications of the injec-
tion sites and immunohistochemical staining for the
astrocytic marker, GFAP, were carried out. The
stereological counting of the GFAP positive cells in
the medial PFC confirmed the degeneration of astro-
cytes in this structure. Also western blot analysis per-
formed at the same time after toxin injection, showed
a significant decrease in the GFAP level in the PFC of
toxin-treated rats but not in the caudal cortical areas,
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hippocampus and amygdala. A very interesting find-
ing in our study is that the antidepressant imipramine
not only reversed behavioral effects of toxins but also
prevented (or partially inhibited) astrocyte degenera-
tions, which was evidenced both by stereological
counting and by western blot analysis. This parallel-
ism of action of antidepressant both on normalizing
the behavior and expression of astrocytes strengthens
the argument for an important role of the loss of astro-
cytes in the prefrontal cortex in developing of
depressive-like behavioral dysfunction.

Conclusion

The obtained results suggest an important role of as-
trocytes in the prefrontal cortex in mood regulation.
Moreover, they indicate that the degeneration of as-
trocytes in this structure may be a useful animal
model of depression especially for studying antide-
presssant potential of compounds counteracting gluta-
matergic overexcitation. Indeed, our preliminary re-
sults indicate that compounds inhibiting glutamater-
gic transmission either via metabotropic glutamate
receptors or via peptidergic mechanisms, which are
postulated to be effective as antidepressant or anxio-
lytic agents, may prevent depressive-like behavior in-
duced by AAA. However, further studies are needed
to evaluate a potential therapeutic role of the antide-
pressant compounds on the basis of results obtained in
the astrocyte ablation model.
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