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Abstract
Half a century after the first formulation of the monoamine hypothesis, compelling evidence
implies that long-term changes in an array of brain areas and circuits mediating complex
cognitive-emotional behaviors represent the biological underpinnings of mood/anxiety disorders.
A large number of clinical studies suggest that pathophysiology is associated with dysfunction of
the predominant glutamatergic system, malfunction in the mechanisms regulating clearance and
metabolism of glutamate, and cytoarchitectural/morphological maladaptive changes in a number
of brain areas mediating cognitive-emotional behaviors. Concurrently, a wealth of data from
animal models have shown that different types of environmental stress enhance glutamate release/
transmission in limbic/cortical areas and exert powerful structural effects, inducing dendritic
remodeling, reduction of synapses and possibly volumetric reductions resembling those observed
in depressed patients. Because a vast majority of neurons and synapses in these areas and circuits
use glutamate as neurotransmitter, it would be limiting to maintain that glutamate is in some way
‘involved’ in mood/anxiety disorders; rather it should be recognized that the glutamatergic system
is a primary mediator of psychiatric pathology and, potentially, also a final common pathway for
the therapeutic action of antidepressant agents.

A paradigm shift from a monoamine hypothesis of depression to a neuroplasticity hypothesis
focused on glutamate may represent a substantial advancement in the working hypothesis that
drives research for new drugs and therapies. Importantly, despite the availability of multiple
classes of drugs with monoamine-based mechanisms of action, there remains a large percentage of
patients who fail to achieve a sustained remission of depressive symptoms. The unmet need for
improved pharmacotherapies for treatment-resistant depression means there is a large space for the
development of new compounds with novel mechanisms of action such as glutamate transmission
and related pathways.
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1. Introduction. Do we need a glutamate hypothesis of depression?
The fields of neuropsychopharmacology and biological psychiatry have been dominated for
over half a century by the monoamine hypothesis, which has driven the research on
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pathophysiology of neuropsychiatric disorders, in particular mood/anxiety disorders, as well
as the development of therapeutic drugs. The basic version of the hypothesis, with regard to
depression, speculated that pathology was due to (or accompanied by) reduced availability
of monoamines, particularly serotonin and noradrenaline, and that antidepressants exerted
their therapeutic action by increasing extracellular availability of monoamines, particularly
at synaptic level (Bunney and Davis, 1965; Schildkraut, 1965). The early hypothesis was
intrinsically tautological, in that the main evidence was based on the mechanism itself of
monoamine oxidase inhibitors and tricyclic antidepressants, drugs that acutely increase the
availability of monoamines.

In subsequent years and decades the hypothesis has registered several modifications in the
attempt to solve its inherent inconsistencies, the main one being the temporal discrepancy
between the immediate effects of drugs on monoamines availabilty (minutes, hours) and
their therapeutic effects (several weeks) (Heninger et al., 1996; Hyman and Nestler, 1996;
for a historical perspective, see: Racagni and Popoli 2008). The roots of a ‘glutamate
hypothesis’ can be traced back to the early 1990s, when early findings showed that N-
methyl-D-aspartate receptor (NMDA-R) antagonists possess antidepressant-like action
(Trullas and Skolnick, 1990). More recently, the hypothesis has again evolved, integrating
research results from many different fields, including intracellular signaling/mechanisms of
gene expression, neurotrophic mechanisms, neurogenesis, synaptic function/plasticity,
remodeling of neuronal cells/circuitry, into what has been referred to as ‘neuroplasticity
hypothesis’ (Pittenger and Duman, 2008; Racagni and Popoli, 2008; Sanacora et al., 2008).
Incidentally, a corollary of this hypothesis is that neuroplasticity can be biphasic: adaptive
and beneficial, such as that induced by physical exercise and antidepressants, vs
maladaptive, such as that observed in neuroimaging brain studies of depressed patients or in
animal models of stress and mood disorders (see sections 5–6). An additional corollary, as
evidenced by a number of studies, is that maladaptive plasticity in animal models can at
least partly be reversed by therapeutic treatments, including antidepressants (Norrholm and
Ouimet, 2001; Hajszan et al., 2009; Bessa et al., 2009).

Curiously, although most of the neuroplastic changes have been detected in the neurons and
circuitry of the predominant glutamatergic neurotransmitter system (see section 2), we still
by default refer to a ‘monoamine hypothesis’, not a ‘glutamate hypothesis’ of depression. As
we will briefly summarize in the next few sections, a vast majority of brain neurons and
synapses are glutamatergic, and glutamate synaptic transmission largely mediates both
cognition and emotion, two brain functions that seem to be inextricably linked (Pessoa,
2008). Moreover, compelling evidence from clinical studies suggest that glutamate
transmission is abnormally regulated in a number of limbic/cortical areas in the brains of
depressed individuals. Furthermore, increasing evidence suggests the aberrant glutamatergic
signaling is associated with maladaptive changes in the structure and function of excitatory
circuitry, e.g., the cytoarchitectural and volumetric changes measured by postmortem
histopathology and magnetic resonance imaging (MRI) (Campbell and MacQueen, 2006;
Konarski et al., 2008; Koolschijn, 2009; Lorenzetti et al., 2009). Concurrently, a wealth of
data from animal models of stress have shown that different types of environmental stress
enhance glutamate release, reduce glial mediated glutamate cycling, and alter synaptic
transmission in limbic/cortical areas. Stress also induces powerful effects on structure and
morphology in the rodent brain, inducing dendritic remodeling, synaptic spine reductions,
glial loss, and possibly volumetric reductions resembling those observed in depressed
patients (Gorman and Docherty, 2010; Holmes and Wellmann, 2009; McEwen, 2005;
Musazzi et al., 2011; Pittenger and Duman, 2008; Shansky and Morrison, 2009).

Therefore, while it is well-established that monoaminergic transmission has a primary role
in the modulation of emotion and cognition (Pralong et al., 2002; Robbins and Arnsten,
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2009), the time has come to recognize and posit that excitatory transmission plays a central
role in mediating the complex emotional/cognitive changes associated with depression, and
also likely represents the actual final common pathway of therapeutic treatments for
depression and other mood/anxiety disorders. It should be noted that while all antidepressant
agents available on the market have a monoamine-based mechanism or at least a
monoamine-based component in their mechanism (Racagni and Popoli, 2008; Sanacora et
al., 2008), there are no approved antidepressant agents directly targeting the glutamatergic
system. Currently only 50–60% of depressed patients respond to first antidepressant
treatment (less than one third of the subjects achieved remission in the largest open-label
study conducted so far; Trivedi et al., 2006). This means there is a large space for
improvement in antidepressant treatments if non-monoamine targets are taken into account
and new compounds are developed that target directly glutamate transmission or related
pathways.

2. Brain is in good part a glutamatergic/GABAergic machine
Although it was not readily recognized as a neurotransmitter until the early 1980s, much
later than the monoaminergic transmitters, the amino acid glutamate is now accepted as the
major excitatory neurotransmitter in the nervous system (Orrego and Villanueva, 1993).
Glutamate mediates the vast majority of fast excitatory transmission in the brain, while γ-
aminobutyric acid (GABA), another amino acid neurotrasmitter, mediates the vast majority
of fast inhibitory transmission. As an example, it has been estimated that, in the whole brain,
there are approximately two to three hundred thousand serotonergic neurons out of a
hundred billion total neurons (Baker et al., 1991). In humans, neocortex represents about
85% of the total brain mass. Modern stereological methods have estimated that about 80%
of neurons in neocortex are spiny and excitatory and form 85% of all synapses, while about
20% of the neurons are smooth and inhibitory, forming 15% of the synapses (Douglas and
Martin, 2007). These data indicate that glutamate neurons and synapses by far outnumber all
other neurotransmitter systems in the brain, with the only exception of GABAergic system.
In other words the brain, under the point of view of chemical neurotransmission, is largely a
glutamatergic excitatory machine, regulated by a relatively smaller GABAergic inhibitory
component and modulated by a much smaller number of neurons releasing a variety of other
neurotransmitters (including monoamines). It is well-known that monoamines, by regulating
fast chemical neurotransmission, modulate all forms of brain function, including sleep/
wakefulness, biological drive-related activities mediated by the hypothalamus, emotional/
motivational activities mediated by limbic circuitry and value-based behaviors in the
neocortex (Othmer et al., 1998; Pralong et al., 2002). However, it is ultimately the changes
in excitatory transmission, counterbalanced by the inhibitory component, that actually
mediate these functions, in particular cognition and emotion which, as we discuss in the
following section, are inextricably intermingled.

3. Emotion vs cognition. The role of glutamate transmission
The last three decades of neurobiological research have clearly associated cognitive
processes in the brain with functional and structural changes in glutamate
neurotransmission. A wealth of studies (particularly in the hippocampus) have shown that
activity-dependent changes in the synaptic strength of central glutamate synapses correlate
with the processes of learning and memory, and that interfering with these changes impairs
the fixation of memories (Citri and Malenka, 2008; Diamond et al., 2004; Neves et al., 2008;
Wong and Ghosh, 2002). The most extensively studied and prototypic forms of synaptic
plasticity at glutamate synapses are long-term potentiation (LTP) and depression (LTD),
described in different cell fields of hippocampus and in other areas, including amygdala and
prefrontal cortex. Therefore, it is widely accepted that plasticity occuring at glutamate
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synapses allows the encoding of new information, a hypothesis further validated by the
findings that both sensory stimulation and learning processes in vivo induce LTP in the
hippocampus (Holtmaat and Svoboda, 2009; Whitlock et al., 2006).

However, a similar linkage of emotional processes with glutamatergic transmission has been
less firmly established. For a long time a popular view has been that a remarkable degree of
functional and evolutionary specialization in the brain allows us to classify areas with
predominant ‘affective’ vs ‘cognitive’ function. Early manifestations of this dualistic
emotion/cognition view were the ‘circuit of emotion’ by Papez and the definition by
McLean of limbic system, an evolutionary more ancient emotional part of the brain that is
integrated and regulated in a top/down fashion by the more recent ‘cognitive’ brain (Papez,
1937; MacLean, 1949). As an example, in line with this scheme, it was found that subjects
with lesions of the amygdala (a key area for emotional processing) do not show conditioned
response in a classic fear conditioning paradigm, while being able to acquire explicit
memory. Conversely, subjects with lesions to the hippocampus (a key area for the encoding
of explicit memory) show a normal response to fear conditioning but impaired explicit
memory of the events (Bechara et al., 1995; LaBar et al., 1995). Interestingly, as
exemplified by the hippocampus (originally included in the limbic system), the same area
has been with time assigned to either emotional or cognitive circuits, showing an inherent
weakness of this dualistic scheme (Pessoa, 2008). This view was further elaborated in a
popular top/down scheme stating that cognitive processes are subserved by a ventral neural
system, mainly in charge of identification of salient emotional tags and production of
affective responses, and a dorsal system that exerts control and regulation of affective states
(Phillips et al., 2003a). According to this view, distinct patterns of structural and functional
abnormalities in these neural systems are responsible for specific symptomatology of
different neuropsychiatric disorders (schizophrenia, major depression, bipolar disorder)
(Phillips et al., 2003b).

However, in the last two decades much evidence has accumulated that makes this kind of
view increasingly problematic, including structural connectivity data that suggest a
remarkable potential for integration of information among brain areas, and functional
neuroimaging studies showing that large portions of both cortical and subcortical areas are
engaged during emotional information analyses (Kober et al., 2008; Pessoa, 2008; Phelps,
2006; Taylor and Liberzon, 2007). A primer on this was the ‘somatic marker’ hypothesis by
Damasio and coworkers, which proposed that bodily states work as marker signals that
influence reasoning and participate to decision-making (Damasio, 1994; Bechara et al.,
2000). Therefore, it has been proposed that complex cognitive-emotional behaviors have
their basis in dynamic coalitions of networks of brain areas, none of which should be
conceptualized as specifically affective or cognitive (Pessoa, 2008; Phelps, 2006; Taylor and
Liberzon, 2007).

Again, most connections between and within these brain areas are glutamatergic, which
suggest that both maladaptive changes that have been accurately described in depressed
subjects and restorative changes induced by antidepressant treatments mainly affect
glutamate neurotransmission. In the following sections we will briefly summarize the
different clinical studies that showed changes in glutamate and glutamatergic circuitry in
mood disorders.

4. Clinical evidence of glutamatergic dysfunction in mood disorders
4.1. Glutamate levels: plasma, cerebrospinal fluid, tissue studies

There is now rapidly growing evidence that pathophysiological changes within the amino
acid neurotransmitter systems are associated with mood and cognitive dysfunction. Similar
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to reports of wide ranging abnormalities in GABA content in individuals with mood
disorders (Brambilla et al., 2003; Tunnicliff and Malatynska, 2003; Sanacora and Saricicek,
2007), glutamatergic abnormalities have been demonstrated in the plasma, cerebrospinal
fluid (CSF) and brain tissue of individuals afflicted with mood disorders. Multiple studies
have reported findings of elevated glutamate content, and a trend for decreased plasma
glutamine/glutamate ratios in the plasma of depressed patients compared to healthy
comparison subjects (Kim et al., 1982; Altamura et al., 1993; Mauri et al., 1998; Altamura et
al., 1995; Mitani et al., 2006; Kucukibrahimoglu et al., 2009). Other studies have provided
evidence that treatment with antidepressant agents may decrease the plasma glutamate levels
in depressed individuals (Altamura et al., 1995; Kucukibrahimoglu et al., 2009; Maes et al.,
1998). The origins of the plasma glutamate and the pathophysiological mechanisms
accounting for the different levels in the depressed patients have not yet been determined.
However, platelets possess a high affinity glutamate uptake system and are known to
express the same glutamate transporters that are present in the brain (Zoia et al., 2004; Begni
et al., 2005). The fact that glutamate transport by human platelets appears to serve as a
marker for a variety of neurovegetative diseases associated with impaired glutamate
transport (Tremolizzo et al., 2004), suggests that altered platelet glutamate uptake in
depressed individuals could contribute to the findings. Yet, seemingly inconsistent with this
hypothesis, a study of bipolar subjects in a manic state showed the subjects to have
increased rates of glutamate uptake into platelets (do Nascimento et al., 2006), and a single
study of depressed subjects showed platelet glutamate levels to be numerically, but not
significantly, higher in depressed subjects compared to healthy controls (Mauri et al., 1998).
There have been few attempts to directly compare central nervous system tissue glutamate
content between mood disordered patients and comparison subjects. Studies examining CSF
from mood disordered patients are extremely limited. A single study reported reduced CSF
glutamate content in a mixed sample of individuals with major depressive and bipolar
disorder (Frye et al., 2007) and an earlier study of CSF samples was unable to effectively
measure glutamate levels but did report significantly higher CSF glutamine concentrations
in subjects with major depression (Levine et al., 2000). The sole study examining
neurosurgical samples from chronically depressed subjects failed to find any significant
difference in frontal cortex glutamate concentrations (Francis et al., 1989), yet a more recent
postmortem study of the frontal cortex showed a significant increase in tissue glutamate
levels in individuals with major depressive and bipolar disorders after controlling for
postmortem interval (Hashimoto et al., 2007). Consistent with this finding, a recent analysis
of postmortem dorsolateral prefrontal cortex tissue also revealed elevated glutamate levels in
bipolar individuals (Lan et al., 2009).

4.2. Glutamate levels: magnetic resonance spectroscopy studies
In vivo proton Magnetic resonance spectroscopy (1H-MRS) measures of brain glutamate and
glutamine can avoid many of the confounding variables such as loss of region specificity
and post mortem changes, restricting the interpretation of the peripheral and postmortem
tissue measures. Although this approach remains somewhat technically challenging, an
increasing number of studies employing in vivo 1H-MRS to investigate potential
abnormalities in brain glutamate content have been completed over the last decade. As it is
difficult to assign unequivocal resonance peaks to individual resonances using standard 1H-
MRS methods at lower field strengths, a combined measure termed Glx, which
predominantly reflects glutamate content but also contains glutamine and GABA
components, has been used in the majority of studies.

Cousins et al. were the first to report an association between mood and 1H-MRS determined
Glx measures, demonstrating temporary decreases in Glx levels coinciding with a patient’s
transient experience of suicidal depression (Cousins and Harper, 1996). Since the time of
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this initial study there have been more than 50 publications examining the relationship
between glutamate related metabolites (Glx, glutamate or glutamine) and mood (for recent
reviews, see Yuksel and Ongur, 2010; Kondo et al., 2011). While results of these studies
varied, a few strong trends are emerging from the literature. A large majority of studies have
provided evidence of reduced glutamate metabolite levels in the frontal cortex and cingulate
regions of patients with major depressive disorder in the midst of a current depressive
episode (Auer et al., 2000; Michael et al., 2003a; Michael et al., 2003b; Hasler et al., 2007).
Reduced Glx content was also found in the anterior cingulate cortex in pediatric depression
(Mirza et al., 2004; Rosenberg et al., 2004; Rosenberg et al., 2005). In contrast to the
reductions in frontal and cingulate regions, glutamate metabolite measures in the occipital
and parietal/occipital regions have been found to be elevated in medication-free major
depression subjects in an active depressive episode (Sanacora et al., 2004), in remission
(Bhagwagar et al., 2007), and most recently in young people with increased familiar risk for
major depression (Taylor et al., 2011). In other related studies, higher glutamate metabolite
measures were reported in the frontal cortex of patients experiencing late life depression and
post-stroke depression (Binesh et al., 2004; Glodzik-Sobanska et al., 2006; Wang et al.,
2011). In bipolar disorder the findings most consistently showed elevated Glx content in the
various brain regions studied in adults (Bhagwagar et al., 2007; Michael et al., 2003c; Dager
et al., 2004; Frye et al., 2007; Ongur et al., 2008) and in children (Castillo et al., 2000).
However, there are other studies showing either decreased or no significant change in
glutamate metabolites in similar populations of bipolar subjects (Port et al., 2008; Michael et
al., 2003a; Davanzo et al., 2003). In summary, these studies seem to show glutamate
metabolite MRS measures vary significantly by brain region, subtype of mood disorder,
course of illness progression and state or phase of illness.

Before attempting to draw any pathophysiological meaning from the MRS findings it is
important to clearly understand what is being measured in these studies. 1H-MRS provides
measures of total tissue metabolite content. The overwhelming majority of the metabolites
being measured are intracellular, with an exceedingly small fraction reflecting synaptic
glutamate. Thus, it is very difficult to draw any conclusions about glutamatergic
neurotransmitter function directly from these findings. However, the fact that tissue
glutamate, glutamine and even GABA content appear to be abnormal in several brain
regions, and likely even in plasma of individuals afflicted with various forms of mood
disorder, suggests that dysregulation of amino acid neurotransmitter system metabolism in
some form is likely to be associated with the disorders. As glial cells are central to the
clearance and metabolism of these metabolites within the brain, they have increasingly
grown in interest.

5. Cytoarchitectural and morphological correlates to mood disorders
Consistent with the idea that changes in glial cell function may be related to the reports of
abnormal levels of glutamate and glutamine in patients with mood disorders, reduced
numbers and density of glial cells have been reported in a number of postmortem studies
(Rajkowska, 2000; Rajkowska et al., 1999; Bowley et al., 2002; Rajkowska et al., 2001;
Miguel-Hidalgo et al., 2002; Webster et al., 2001; Cotter et al., 2001; Miguel-Hidalgo et al.,
2000; Ongur et al., 1998; Hamidi et al., 2004) (see Rajkowska and Miguel-Hidalgo 2007 for
review). Although there is some evidence suggesting the glial abnormalities are
predominantly due to reduced numbers of oligodendrocytes (Hamidi et al., 2004), reports of
reduced GFAP levels in several brain regions from mood disorder patients suggest that
astrocytes are also involved in the glial pathology (Muller et al., 2001; Si et al., 2004;
Fatemi et al., 2004; Toro et al., 2006; Miguel-Hidalgo et al., 2010; Altshuler et al., 2010).
Studies demonstrating reduced expression of excitatory amino acid transporters (EAAT1,
EAAT2) responsible for the majority of glutamate uptake and glutamine synthetase, the
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enzyme responsible for the conversion of glutamate to glutamine within glia, in several
brain regions from depressed individuals, suggest the glial changes are associated with
impaired glutamate uptake and metabolism (Altshuler et al., 2010; Bernard et al., 2010;
Choudary et al., 2005; Miguel-Hidalgo et al., 2010; Sequeira et al., 2009). Reduced
astrocytic function can result in impaired glutamate clearance from the extrasynaptic space
and altered rates of glutamate/glutamine and GABA/glutamine cycling. Thus, many of the
observed differences in amino acid neurotransmitter content between mood disorder and
healthy comparison subjects could be related to glial pathology.

The last decade has also generated a large body of neuroimaging studies identifying regional
volumetric changes in the brains of mood/anxiety disorder patients (Campbell and
MacQueen, 2006; Konarski et al., 2008; Koolschijn, 2009; Lorenzetti et al., 2009).
Interestingly, the results of a large comprehensive meta-analysis show in depressed subjects
consistent structural abnormalities in brain regions closely associated with stress-
responsiveness and emotional/cognitive processing in depressed subjects (Koolschijn, 2009)
(Fig. 1). Specifically, depressed patients had large volume reductions in frontal regions
including the anterior cingulate and orbitofrontal cortex with smaller reductions in the
prefrontal cortex. Other brain regions such as the hippocampus and striatum also showed
moderate volume reductions. Overall, no significant difference was detected in the
amygdala, however the large degree of variability in the studies of this region highlight the
technical difficulties and the fact that studies of this region may be complicated by other
confounding variables. Interestingly, many of the regions showing volumetric reductions
overlap with the regions demonstrated to have significant reductions in glial cell numbers
and density, and neuronal atrophy (Rajkowska, 2002).

Considering the evidence suggesting that increased activation of extrasynaptic relative to
synaptic glutamate receptors results in cellular toxicity and neurodegeneration (Hardingham
and Bading, 2010), it is possible that reduced extracellular glutamate clearance, especiallly
in the face of excessive glutamate release, could provide a mechanism linking the observed
glutamate abnormalities to the growing evidence of regional volume reductions in the brains
of mood disordered patients (Koolschijn et al., 2009). A recent report demonstrating a strong
correlation between extracellular hippocampal glutamate content measured by in vivo
microdialysis, and reduced hippocampal volumes in individuals with seizure disorders
(Cavus et al., 2008) provides support to this hypothesis. Additional work showing early
evidence of a correlation between structural changes determined by diffusor tensor imaging
measures and glutamate metabolite levels lends further support to this hypothesis (Gupta et
al., 2010; Modrego et al., 2011). The hypothesis has also received support from the
numerous studies reporting structural remodeling in animal models of stress (in the
following section).

6. Dendritic remodeling in the brain. Evidence from preclinical stress
models

The effects of stress on structural remodeling in the brain have been investigated by a
number of studies (for a review see: Gorman and Docherty, 2010; Holmes and Wellmann,
2009; McEwen, 2005; Musazzi et al., 2011; Pittenger and Duman, 2008; Shansky and
Morrison, 2009). The largest number of studies have been carried out in hippocampus, but
prefrontal cortex and amygdala were also analyzed (Tab. 1). Different forms of stress have
been shown to induce atrophy, retraction and consistently reproduced remodeling of
dendrites in pyramidal neurons of CA3 hippocampal region (Magarinos and McEwen, 1995;
Watanabe et al., 1992). Quite similar effects of stress have been described in medial
prefrontal cortex (Radley et al., 2004). The remodeling of apical dendrites induced by stress
in medial prefrontal cortex was found associated with a significant decrease in the density of
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dendritic spines (Michelsen et al., 2007; Radley et al., 2008; Silva-Gomez et al., 2003).
Interestingly, a few studies analyzed the correlation between these effects of stress on
dendritic morphology and concomitant impairment of cognitive functions. It was found that
6 days or 4 weeks of chronic unpredictable stress impaired spatial working memory (water
maze), reduced plasticity in hippocampal-medial prefrontal cortex synapses (a glutamatergic
pathway) and caused dendritic atrophy in medial prefrontal cortex (Cerqueira et al., 2007).
In a different study it was found that chronic restraint stress (21 days) induced selective
impairment in attentional set-shifting task (a function mediated by medial prefrontal cortex),
accompanied by concomitant retraction of apical dendritic arbors in anterior cingulate cortex
and extension in lateral orbitofrontal cortex (Liston et al., 2006).

Interestingly, dendritic remodeling induced by stress has been shown to be reversible after
cessation of stress in both hippocampus and medial prefrontal cortex, (Conrad et al., 1999;
Radley et al., 2005). In addition, it has been shown that pharmacological treatments may
reverse the structural changes induced by stress or present in animal models of depression.
Lithium treatment was able to prevent stress-induced dendritic remodeling in hippocampus
(Wood et al., 2004); amytriptiline reversed the reduction in spine density in an animal model
of depression (Norrholm and Ouimet, 2001). Recently it was found that 6 days fluoxetine
treatment at the same time rescued the loss of synaptic spines in hippocampus and the
escape deficit in the stress-induced Learned Helplessness model of depression (Hajszan et
al., 2009). Moreover, various monoaminergic antidepressants and non-monoaminergic
putative antidepressants were shown to reverse the reduction in dendritic arborization and
spine density induced by chronic mild stress (Fig. 2) (Bessa et al., 2009).

Opposite changes were observed in amygdala. The same stress paradigms, that induced
reduction of dendrite arborization and spine density in hippocampus and medial prefrontal
cortex, increased dendritic length and spine density in amygdala, at the same time enhancing
behavioral measures of anxiety (Vyas et al., 2002; 2004). Different from other areas, these
structural changes were not reversed several weeks after cessation of stress (Vyas et al.,
2004). Interestingly, a single immobilization stress episode caused a gradual increase in
spine density 10 days later, without any effect on dendritic arbors, in basolateral amygdala
(Mitra et al., 2005). Therefore, somewhat in line with neuroimaging measures from clinical
studies, the effects of stress on brain morphology and function in rodents seem to be area-
and circuit-dependent.

It appears from rodent studies that different forms and lengths of stress have powerful
effects on synaptic connections and circuits, mostly glutamatergic in nature, in the same
brain areas that showed volumetric changes in depressed patients. Therefore, it has been
suggested that changes in glutamate release and synaptic transmission are responsible for
dendritic remodeling and, in turn, for tissue morphological changes. However, other
mechanisms have also been involved, including loss of glial cells, particularly in PFC
(Raikowska et al., 1999), which impacts on glutamate homeostasis (see below), and
inhibition of neurogenesis in hippocampus (Duman, 2004). The nature of changes induced
by stress and glucocorticoids at synapses, which may in turn be responsible for
morphological and volumetric changes, will be analyzed in the following section.

7. The effects of stress and glucocorticoids on glutamate synapses and
neurotransmission

A remarkable feature of glutamate synapses is their ability to undergo structural, as well as
functional change, in response to environmental stimuli (Sudhof and Malenka, 2008; Wong
and Ghosh, 2002). Accordingly, synaptic terminals, spines and dendritic branches are
constantly remodeled as a result of experience, learning and memory, emotion processing.
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As outlined above, environmental stress has a heavy impact on brain tissue morphology and
is considered a risk factor for mood/anxiety disorders. However, the stress response is a
complex physiological mechanism and, although much of this mechanism has been unveiled
in recent years (deKloet et al., 2005; McEwen, 2010; Sorrels et al., 2009), the way whereby
an incorrect stress response is linked to pathophysiology is still far from being completely
understood. As often observed in pathophysiology, it can be envisaged that a continuum
exists between physiological mechanisms of plasticity and more robust changes in structure
and function, leading to pathological changes. It is well-known that higher than normal
extracellular concentrations of glutamate cause excitotoxicity, neuronal degeneration and
death, a phenomenon that is central to pathophysiology of neurodegenerative diseases
(Hardingham and Bading, 2010). Considering that glutamate transmission is tightly
regulated in the brain, if one or more of its regulatory aspects are endangered by stress this
may in turn produce alterations in synaptic connections and circuits that, particularly in the
presence of a genetic background of vulnerability, may play a relevant role in
pathophysiology of mood/anxiety disorders. In this section we will briefly analyze the
effects of stress on presynaptic release of glutamate, on postsynaptic ionotropic receptors for
glutamate, and on glutamate clearance and metabolism at synapses (Fig. 3).

7.1. The effects of stress and glucocorticoids on presynaptic release of glutamate
Many studies have characterized the effect of acute environmental stress on presynaptic
release of glutamate. Early in vivo microdialysis studies showed that exposure of rats to
different stressors (tail-pinch, restraint, forced swim) or administration of corticosterone (the
main stress hormone in rodents) rapidly and transiently induce a marked increase in the level
of extracellular glutamate in different areas, including hippocampus, amygdala and
prefrontal cortex (Bagley and Moghaddam, 1997; Lowy et al., 1993; Moghaddam, 1993;
Venero and Borrell, 1999). Although the nature and origin of extracellular glutamate
measured by microdialysis has been questioned (van der Zeyden et al., 2008), these results
have been substantially confirmed by more recent works that used different methodologies
measuring exocytotic release of glutamate (Cazakoff and Howland, 2010; Hascup et al.,
2010; Karst et al., 2005; Musazzi et al., 2010; Reznikov et al., 2007; Satoh and Shimeki,
2010; Wang and Wang, 2009). Prefrontal cortex seems to be the area where stress induces
the highest increase in glutamate release, although this effect is attenuated when stress is
repeatedly applied over a short period of time (Bagley and Moghaddam, 1997; Moghaddam,
1993; Musazzi et al., 2010). The rapid effect of acute stress (or corticosterone) on glutamate
release was shown to be mediated by membrane-located receptors of different types
(mineralocorticoid receptor in hippocampus, glucocorticoid in prefrontal cortex) coupled to
non-genomic (e.g., protein synthesis-independent) mechanisms. Related changes in
molecular presynaptic mechanisms were shown in the two areas above (Olijslangers et al.,
2008; Musazzi et al., 2010). For a detailed discussion of the effects of stress on glutamate
release see Musazzi et al. (2011).

Much less is known on the effects of chronic stress on glutamate release, although this
information is crucial in order to understand how environmental stress contributes to
pathophysiology of mood/anxiety disorders (Fontella et al., 2004; Yamamoto and Reagan,
2006). Future studies should investigate how the response of glutamate synaptic terminals to
acute stressors is modified by a previous period of chronic stress, possibly using different
protocols for chronic stress and for the acute challenge (Armario et al., 2008).

7.2. The effects of stress and glucocorticoids on postsynaptic ionotropic receptors for
glutamate

Converging evidence has revealed that mechanisms of synaptic plasticity in the
hippocampus (e.g., LTP) are rapidly activated by stress. This initial period of activation is
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followed by a longer period in which the induction of new plasticity is inhibited (threshold
for LTP is increased), probably to ensure the preservation of memory related to the stressful
event and avoid interference of memories formed in the subsequent period of time (for a
discussion see Diamond et al., 2007; Joels, 2008). There is now a wide consensus that the
major mechanism of expression of LTP at hippocampal CA1 synapses (the most studied
form of LTP) involves an increase in the number of α-amino-3-hydroxy-methyl-4-
isoxazolepropionic acid receptors (AMPA-R) within the postsynaptic density, driven
through activity-dependent changes in AMPA-R trafficking (Citri and Malenka, 2008).
Recent studies have analyzed the effect of corticosterone on membrane trafficking at
synapses of AMPA-R, crucial for the establishment of synaptic plasticity (Krugers et al.,
2010). By using single particle tracking, it was shown that application of corticosterone to
primary hippocampal neuronal cultures rapidly increased the lateral diffusion of GluA1/
GluA2 AMPA-R subunits, and increased the synaptic number of GluA2-containing AMPA-
R after induction of chemical LTP (Groc et al., 2008). This rapid effect was dependent on
activation of membrane-located MR acting through non-genomic mechanism, as shown
previously for corticosterone-induced enhancement of glutamate release in hippocampus
(Karst et al., 2005). It is not known whether there is a causal link between the stress-induced
enhancement of glutamate release and the increased trafficking of AMPA-R. This was
shown to be followed by a slower phase of increased membrane recruitment of GluA2-
containing AMPA-R, mediated by activation of GR acting through genomic mechanisms
(Groc et al., 2008; Martin et al., 2009). This long-term stimulatory effect of corticosterone
on GluA2-containing AMPA-R blocked any further attempt at inducing LTP, providing a
possible explanation as to why the long-term corticosterone application hampers LTP.

In prefrontal cortex of juvenile rats, it was shown that both NMDA-R- and AMPA-R-
mediated synaptic currents were markedly increased in pyramidal neurons by a variety of
acute stress paradigms (Yuen et al., 2009, 2011). The effect was observed 1 hour after stress,
was sustained for 24 hours after cessation of stress, and was mimicked by a short-term
corticosterone application in vitro. This was paralleled by an increase in the surface
expression of NMDA-R- and AMPA-R, and was shown to be a slow effect mediated by
intracellular GR. The acute stress facilitated cognitive processes mediated by prefrontal
cortex.

The impact of chronic stress on postsynaptic ionotropic glutamate receptors in prefrontal
cortex has been less characterized. Decreased GluN2B and GluA2/3 subunit expression has
been detected after chronic corticosterone exposure, providing a potential cellular
mechanism underlying the corticosterone-induced impairment in fear extinction (Gourley et
al., 2009). Recently, it was found that repeated restraint stress induced in prefrontal cortex
neurons a significant reduction of AMPA-R- and NMDA-R-mediated synaptic currents,
which was sustained for a few days after stress extinction, and of surface AMPA-R and
NMDA-R subunits (Yuen et al., 2010). In particular the levels of GluA1 and GluN1 were
markedly reduced, in contrast to the unchanged glutamate receptor protein expression by
acute stress (Yuen et al., 2009). Thus, it was speculated that the loss of prefrontal cortex
glutamate transmission in chronically stressed animals is due to a disruption of membrane
trafficking or altered degradation/synthesis of glutamate receptors. For a discussion on the
action of stress on postsynaptic glutamate receptors see Krugers et al., 2010; Yuen et al.,
2011.

7.3. The effects of stress on synaptic clearance and metabolism of glutamate
Glial cells modulate glutamatergic neurotransmission at synapses by rapidly clearing
glutamate from the extracellular space through EAAT1 and EAAT2, limiting the extent of
synaptic transmission and preventing spillover to the extrasynaptic space. Glia also serve a
central role in amino acid neurotransmitter metabolism by converting glutamate to
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glutamine for the glutamate/glutamine cycle, and providing the majority of the glutamine
precursor needed for GABA synthesis. In light of the clinical findings showing marked
reductions of glial density and numbers in mood disorders (see above), and glia’s critical
role in glutamatergic signalling, it is important to consider glial contributions to the stress-
related pathophysiology and potentially the pathogenesis of mood/anxiety disorders.

Stress has been shown to have structural and functional effects on glia. Chronic
unpredictable stress (CUS) resulted in reduced proliferation of glial progenitor cells (Banasr
et al., 2007), decreased numbers of GFAP-positive cells and reduced expression of GFAP in
the prelimbic cortex (Banasr et al., 2007; Banasr and Duman, 2008). In conjuction with
these findings, reduced levels of glutamate/glutamine cycling and GABA synthesis were
seen in the same cortical regions following a 5-week period of CUS (Banasr et al., 2010).
Interestingly, riluzole, a drug shown to modulate both glutamate release and uptake, was
effective in attenuating or reversing the behavioural, structural and metabolic changes seen
with CUS in this study. The chronic social defeat paradigm has also been shown to decrease
gliogenesis in the medial prefrontal cortex of rats (Czeh et al., 2007). Suggesting that some
of the regional stress-induced effects on glial cells are long-lasting, rats exposed to early-life
stress were reported to have a reduced density of GFAP-immunoreactive astrocytes in the
frontal cortex in adulthood (Leventopoulos et al., 2007). Other studies have reported a
reduced density of GFAP-immunoreactive astrocytes in the hippocampus of rats and tree
shrews following exposure to chronic social stress procedures (Fuchs, 2005; Liu et al.,
2010).

Microdialysis findings of sustained increased extracellular glutamate levels in the rat
hippocampus after acute stress following a period of chronic stress (Yamamoto and Reagan,
2006) suggest functional clearance is impaired by chronic stress exposure. A recent study
showing both increased hippocampal glutamate release and decreased glial glutamate uptake
following exposures to a variant of the CUS paradigm provides additional evidence for this
claim (de Vasconcellos-Bittencourt et al., 2011). Yet another study has demonstrated
reduced levels of glutamate uptake in the hippocampus, striatum, and prefrontal cortex 21
days after completing a learned helplessness paradigm (Almeida et al., 2010). This report is
especially intriguing considering the findings of Zink et al. that showed helpless animals
expressed significantly lower levels of EAAT2 (GLT1) in the hippocampus and cortex
compared to littermates that did not exhibit helpless behavior (Zink et al., 2010). However,
evidence of increased EAAT2 expression in the hippocampus shortly following chronic
restraint stress exposure (Reagan et al., 2004) and activation of glucocorticoid receptors
(Zschocke et al., 2005), suggest the relationship between stress, glial glutamate transporter
expression, and glutamate uptake is complex.

8. Antidepressant agents and glutamate: preclinical evidence
The monoamine hypothesis was largely based on the serendipitous discovery of the first
antidepressant agents. However, early findings that these drugs affect synaptic plasticity,
modulate the function of NMDA-R, and that NMDA-R antagonists possess antidepressant
activity, have started a variegated field of research that in time has contributed to disclose
the role of glutamatergic system in mood disorder and in antidepressant action. In this
section, we summarize the known effects of antidepressant agents on the glutamatergic
system.

8.1. Antidepressant agents affect synaptic plasticity
Studies investigating the effect of antidepressant agents on LTP have generated a variety of
results, depending on the brain area (Pittenger and Duman, 2008). However, the prevalent
effect of antidepressant agents has been shown to be a reduction of hippocampal LTP, after
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acute (Kojima et al., 2003; Mnie-Filali et al., 2006; Shakesby et al., 2002; Tachibana et al.,
2004) or chronic administration (Stewart et al., 2000; Ohashi et al., 2002; Ryan et al., 2009).

It has been speculated that antidepressant agents induce an LTP-like process, which
saturates hippocampal synaptic plasticity and reduces capacity for further synaptic change
(Moser et al., 1998; Huang et al., 2005; for a discussion see Pittenger and Duman, 2008;
Popoli et al., 2002). It is interesting that acute administration of antidepressants (fluoxetine,
imipramine, tianeptine) was shown to be able to rescue LTP after acute stress (Rocher et al.,
2004; Shakesby et al., 2002; Von Frijtag et al., 2001). Recently, it has been shown that this
effect of tianeptine (but not imipramine) may be linked to reversal of stress-induced down-
regulation of MEK/ERK-MAPK signaling and activation of Ser831 phosphorylation in
GluA1 AMPA-R subunit (Qi et al., 2009). However, it would be interesting to assess how
chronic antidepressant treatments affect stress-induced impairment of LTP. In two studies it
was shown that chronic antidepressant treatments were able to reverse the effects of
conditioned fear stress and early-life stress, respectively, on LTP (Matsumoto et al., 2005;
Ryan et al., 2009).

8.2. Antidepressant agents interfere with function of glutamate receptors
Several studies have shown that chronically administered antidepressants from different
classes modulate the function of NMDA-R (Nowak et al., 1993; Paul et al., 1994; Skolnick
et al., 1999), and reduce the synaptic expression of GluN1 subunit of NMDA-R (Boyer et
al., 1998; Pittaluga et al., 2007). In addition, NMDA-R antagonists have been shown to
possess antidepressant activity in animal models of depression (Skolnick et al., 1999).

In line with this rationale, ketamine, a nonselective NMDA-R antagonist mainly employed
as a dissociative anesthetic, has been shown at subanesthetic doses to induce rapid (within
24 hours) antidepressant effects that are sustained for at least several days after a single
infusion, in at least four blinded pilot clinical trials (Berman et al., 2000; Diazgranados et
al., 2010; Valentine et al., 2011; Zarate et al., 2006). Additionally, CP 101–606, an
antagonist of GluN2B subunit containing NMDA receptors was also shown to have
antidepressant effects in previously treatment-resistant depressed patients (Preskorn et al.,
2008). Ketamine has also been consistently shown to possess antidepressant-like properties
in multiple different rodent models of depression and antidepressant action (see section 9)
(Autry et al. 2011; Chaturvedi et al., 1999; Du et al., 2006; Koike et al., 2011; Li et al.,
2010; Li et al., 2011; Maeng et al. 2008: Popik et al., 2008; Yilmaz et al., 2002). However,
while some studies demonstrated sustained effects in rodent models similar to those seen in
depressed patients (Autry et al. 2011; Du et al., 2006; Koike et al., 2011; Li et al., 2010; Li
et al., 2011; Maeng et al. 2008; Yilmaz et al., 2002), others have failed to demonstrate the
enduring effects of an acute ketamine dosing (Popik et al., 2008; Bechtholt-Gompf et al.,
2011). Interestingly, other work has shown similar antidepressant-like effects with zinc, an
inhibitor of NMDA-sensitive glutamate-gated channels, in preclinical and clinical studeis.
(see Szewczyk et al., 2008, for a review).

Perhaps providing some insight into the mechanism of antidepressant action, recent studies
suggest the antidepressant-like effects of ketamine and other NMDA antagonists may be
dependent on enhancement of AMPA-R activation (Autry et al. 2011; Koike et al., 2011; Li
et al. 2010; Maeng et al., 2008). Evidence that drugs such as AMPA potentiators possess
antidepressant-like properties (see Alt et al., 2006) provides additional support to the
hypothesis that a relative increase in AMPA-R activation may be critical to the
antidepressant effects (Du et al., 2006). However, other studies question the universal need
for AMPA activation in relation to NMDA antagonists’ antidepressant properties (Dybala et
al., 2008; Popik et al., 2008). Lastly, a very recent study suggest the effects of ketamine are
mediated through inhibition of spontaneous NMDAR-mEPSCs, leading to a rapid decrease
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in elongation factor 2 kinase activity permitting rapid increases in Brain Derived
Neurotrophic factor (BDNF) translation (Autry et al., 2011).

Additional lines of evidence also support the view that increasing the function of AMPA-R
may result in antidepressant action. First, it has been shown that AMPA-R activation
increases the expression of BDNF (Lauterborn et al., 2000) and stimulates neurogenesis.
Chronic treatments with different antidepressants have been shown to upregulate the
membrane insertion of GluA1, GluA2/3 and synaptic expression of GluA1, and down-
regulate the expression of GluA3 (Barbon et al., 2006; Du et al., 2004; Martinez-Turrillas et
al., 2002). In contrast lithium was shown to reduce the synaptic expression of GluA1. As a
consequence, AMPA-R potentiators (sometimes called AMPAkines) have been in
development for some time as potential antidepressants.

A traditional limitation of strategies based on compounds targeting ionotropic glutamate
receptors has been the presence of considerable side effects. An alternative has been offered
by compounds affecting metabotropic glutamate receptors (mGlu), which are crucial for the
regulation of glutamatergic neurotransmission as well as for other neurotransmitters
involved in mood/anxiety disorders. Limited clinical proof of concept for mGlu receptor
ligands in the treatment of affective disorders has been achieved. In particular, group II
receptor agonists (mGlu2/3) and group I receptor antagonists (mGlu5) have shown activity
in animal and/or human conditions of fear, anxiety, or stress (Wieronska and Pilc, 2009).
Recently, much interest was raised on mGlu7 receptor, a presynaptic receptor at both
glutamate and GABA terminals, highly expressed in hippocampus, amygdala and cortical
regions (O’Connor et al., 2010). It would be interesting to assess whether mGlu7 has a role
in the dampening effect of antidepressants on stress-induced glutamate release (see below).

8.3. Antidepressant agents interfere with the presynaptic release of glutamate
A number of studies have shown that chronic administration of antidepressant agents
reduces the presynaptic release of glutamate. An early study showed that both chronic (3
weeks) and acute imipramine or phenelzine treatments significantly reduced depolarization-
evoked glutamate overflow from slices of prefrontal cortex, while no effect was seen in
striatal slices (Michael-Titus et al., 2000).

In a different work, by using the synaptosome superfusion technique, it was shown that
chronic (2 weeks) treatments with different antidepressant agents (fluoxetine, desipramine,
reboxetine) significantly reduced depolarization-evoked release of glutamate. GABA release
was not modified by chronic treatments and release of neither amino acid was changed by
acute treatments (Bonanno et al, 2005). This long-term adaptation in the mechanism of
glutamate release was accounted for by changes in protein-protein interactions regulating the
assembly of the presynaptic SNARE (soluble N-ethylmaleimide-sensitive fusion protein
attachment protein receptor) protein complex (formed by synaptobrevin-2, syntaxin-1 and
SNAP-25), that mediates fusion of synaptic vesicles with presynaptic membrane. In detail,
in synaptic membranes of antidepressant-treated rats, phosphorylation of α-calcium/
calmodulin-dependent protein kinase II (αCaMKII), a kinase enriched at synapses and
involved in the mechanism of antidepressants (Barbiero et al., 2007; Celano et al., 2003),
was markedly decreased. As a result, the binding of syntaxin-1 to αCaMKII was reduced
and the binding to Munc-18 increased. This shift of interaction limits the participation of
syntaxin-1 into the SNARE complex assembly and reduces depolarization-evoked release of
glutamate (Agid et al., 2007; Bonanno et al., 2005).

A further study showed that chronic administration of imipramine reduced glutamatergic
transmission in rat frontal cortex (Tokarski et al, 2008), with a reduction of the initial slope
ratio of pharmacologically isolated NMDA-R to AMPA-R-mediated stimulation-evoked
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excitatory postsynaptic currents. Changes in postsynaptic glutamate receptors may represent
a homeostatic mechanism compensating for alterations in neurotransmitter overflow. It was
concluded that this depression of synaptic transmission induced by imipramine is likely due
to an attenuation of glutamate release from presynaptic terminals.

In addition, application of fluoxetine in vitro for 10 min to Percoll-purified cerebrocortical
synaptosomes dose-dependently (0.5–10 μM) inhibited 4-aminopyridine–evoked glutamate
release, measured with a standard fluorimetric assay (Wang et al., 2003). This in vitro effect
of fluoxetine was shown to be mediated by inhibition of P/Q-type calcium channels and not
by a direct effect on the exocytotic machinery. Similar effects have been shown also with
bupropion, a weak inhibitor of dopamine and noradrenaline reuptake (Lin et al., 2011),
although it is difficult to correlate these effects in vitro of antidepressants with the outcome
of chronic drug treatments.

8.4. Antidepressant agents prevent the stress-induced increase of glutamate release
The dampening effects of antidepressant agents on glutamate release discussed above
prompted the hypothesis that these drugs may work by limiting the excess of glutamate
overflow induced by stress (see section 7.1), which may also contribute to explain the
anxiolytic action of antidepressants upon chronic treatment (Musazzi et al., 2011). If stress-
induced enhancement of glutamate release and transmission is involved in the induction of
functional changes and anatomical remodeling associated with depression, and
antidepressants are able to reduce glutamate release, investigating whether these drugs are
able to reduce or block stress-induced enhancement of glutamate release/transmission may
reveal new targets for non-monoaminergic drugs. Recent studies analyzed this possibility.

First it was shown, by using microdialysis in vivo, that a single administration of the atypical
antidepressant tianeptine, 30 min prior to acute restraint stress, completely abolished the
increase of extracellular glutamate levels induced in basolateral amygdala by acute restraint
stress (Reznikov et al., 2007). By contrast, acute administration of fluoxetine increased
extracellular glutamate before the application of stress and amplified the glutamate levels
when stress was applied. The stress-induced enhancement of glutamate levels was abolished
by tetrodotoxin, strongly suggesting the procedure measures glutamate release dependent on
neuronal activation. Accordingly, it was suggested that the acute fluoxetine-induced
enhancement of glutamate levels may provide a potential mechanism for the anxiogenic
properties of selective serotonin-reuptake inhibitors, often observed in the initial phases of
treatment.

A second study, already mentioned above, investigated the effects of chronic treatment with
different antidepressant agents on the enhancement of glutamate release induced in
prefrontal/frontal cortex by acute footshock (FS)-stress, by using purified synaptosomes in
superfusion and patch-clamp electrophysiology (Musazzi et al., 2010). The rats were treated
for 2 weeks with four different antidepressants (fluoxetine, desipramine, venlafaxine,
agomelatine), and then subjected to FS-stress, in order to assess the response to stress in
drug-treated animals. All drugs nearly or completely prevented the stress-induced
enhancement of depolarization-dependent glutamate release. Patch-clamp recordings in
prefrontal cortex also showed that chronic desipramine treatment normalized the increase of
sEPSCs amplitude, as well as the significant reduction of paired-pulse facilitation and its
calcium-dependence measured in stressed rats. Interestingly, the different drugs used did not
block the stress-induced rise of corticosterone level, showing the drug action is downstream
of this mechanism. Also, it was shown that the increase of presynaptic SNARE complexes
in presynaptic membranes and the increase in the readily releasable pool (RRP) of vesicles
induced by acute stress were similar in drug- and vehicle-treated rats (Musazzi et al., 2010;
Popoli et al., 2010). These results combined suggest that the action of drugs must be
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downstream of the increase in RRP, perhaps at the level of modulation of the SNARE
complex function.

This work showed for the first time that chronically administered antidepressant agents are
able to modify the response to acute stress (measured as glutamate release). This action
likely represents a component of the therapeutic effect, perhaps with particular regard to the
anxiolytic action of these drugs. It remains to be determined if this kind of action is typical
of antidepressant agents. It is known that benzodiazepines have a similar dampening effect
on glutamate release upon acute administration (Bagley and Moghaddam, 1997), and this,
together with similar effects on noradrenaline, represents a clear n eurobiological substrate
for their rapid anxiolytic action. However, pilot studies investigating the effect of chronic
(21 days) treatment with lorazepam found that, while glutamate release from prefrontal
cortex slices in superfusion was reduced, in hippocampus the same treatment resulted in a
marked and significant increase of glutamate release (Bonavita et al., 2002; 2003). Further
studies are in progress, to understand the long-term action of different psychiatric drugs on
the release of glutamate.

9. Conclusions: future perspectives and novel targets
There is compelling accumulated evidence that long-term changes in an array of brain areas
and circuits mediating complex cognitive-emotional behaviors represent the biological
underpinnings of mood/anxiety disorders. As the vast majority of neurons and synapses in
these areas and circuits use glutamate as neurotransmitter, today it would be limiting to
maintain that glutamate is in some way ‘involved’ in these neuropsychiatric disorders; rather
it should be recognized that the glutamatergic system is a primary mediator of psychiatric
pathology and, potentially, also a final common pathway for the therapeutic action of
antidepressant agents. A framework shift of this kind has already occurred for schizophrenia
and addiction (Kalivas, 2009; Kantrowitz and Javitt, 2010). A limitation of this review
article was that, for reason of space, we could not discuss at length a number of interesting
drug targets in the glutamatergic system, including metabotropic and AMPA receptors.

In a way, this central role of glutamate was already implied in the neuroplasticity hypothesis
of depression and mood disorders but, considering all the evidence that has been
summarized here, openly stating this may represent a substantial progress in the working
hypothesis that drives research for new drugs and therapies. What are the advantages offered
by this research framework, alternative to the classic monoamine hypothesis?

First, despite the fact that ketamine and other NMDA antagonists seem to possess the long
sought after properties of having both rapid and sustained antidepressant effects in
previously treatment resistant patients, there are no drugs currently available for therapy of
mood/anxiety disorders that act primarily on the glutamatergic system (with the possible
exception of lamotrigine). This may suggest that our efforts should be shifted to the pursuit
of new glutamatergic (or other alternative) avenues, rather than remaining on the well
trodden path of monoaminergic drug development if we hope to identify truly novel drugs
with unique and improved therapeutic profiles.

Second, we have registered in recent years a substantial improvement of our knowledge of
neuroplastic changes associated with mood disorders, owing to the concomitant
development of neuroimaging, cellular/molecular, physiological, behavioral technologies.
Summarizing the evidence that was analyzed here from the point of view of a putative
glutamate hypothesis, we know that pathophysiology is associated with dysfunction of the
predominant glutamatergic system, measurable changes in glutamate release/transmission,
malfunction in the mechanisms regulating clearance and metabolism of glutamate, and
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cytoarchitectural/morphological maladaptive changes in a number of brain areas mediating
cognitive-emotional behaviors. Following further along this path is likely to give us a more
detailed knowledge of the biological basis of mental disorders and, possibly, a new
generation of drugs that more directly and specifically target the newly identified
pathophysiological mechanisms and effectors identified.

Third, evidence obtained mostly from preclinical research with rodent models suggest that
environmental stress, in particular through the action of corticosteroids, induces
enhancement of excitatory transmission and possibly extra-synaptic glutamate spillover in a
number of brain areas overlapping with those showing maladaptive changes in human
studies. Viewing the relationship between stress and psychopathology through this lense
may provide important new insights into the pathogenesis of mood and anxiety disorders.
However, there are some gaps here between preclinical research with stress paradigms and
clinical research. It is not clear how an enhancement of excitatory transmission may be
causally related with the dendritic remodeling observed in rodent models, and whether this
actually results in volume loss, as observed in neuroimaging studies in humans. Also, it is
not clear yet if dendritic atrophy and remodeling is strictly a ‘pathological’ consequence of
excessive glutamate transmission/spillover, or it is an adaptive protective strategy to reduce
the excitatory input to postsynaptic neurons (Gorman and Docherty, 2010; McEwen, 2010).
In hippocampus, obviously, the consequences of the inhibitory action of stress on
neurogenesis and neurogenesis-related plasticity should be added to and integrated with the
consequences of stress on structural remodeling (Duman, 2004). Fourth, research with drugs
targeting glutamate release, clearance, or receptors, including riluzole, lamotrigine and
ketamine, has shown that interfering with different sites of glutamate transmission
regulation may result in behavioral changes similar to those elicited by classic
monoaminergic drugs (Pittenger and Duman, 2008; Racagni and Popoli, 2008; Sanacora et
al., 2008; Tokita et al., 2011). An intriguing finding was that a single infusion of a
subanesthetic dose of ketamine was able to induce rapid and sustained antidepressant
efficacy in depressed and treatment-resistant patients (Berman et al., 2000; Zarate et al.,
2006), and rapidly reversed depressive-like behavior in the learned helplessness animal
model with effects sustained for 2 weeks (Li et al., 2010). Recently, acute ketamine
treatment was also shown to reverse behavioral and synaptic deficits induced by 21 days
chronic unpredictable stress; similar effects were observed with a selective GluN2B
antagonist (Li et al., 2011). Based on these results, it is tempting to speculate that drugs
targeting select mechanisms in the glutamate system might bypass the traditional delay in
the action of monoaminergic drugs, and show a much faster onset of action.

However, this strategy is not devoid of limitations and risks. Apart from cognitive and
dissociative effects of ketamine, which limit its widespread application for treatment of
depression, it is not clear yet whether ketamine targets mechanisms that are downstream of
traditional antidepressant targets (whereby speeding up the therapeutic action), or its
mechanism is entirely different from traditional drugs. Ketamine has been shown to affect
rapidly a number of pathways (Autry et al., 2011; Li et al., 2010). Among these, ketamine
activates the mammalian target of rapamycin (mTOR) pathway, leading to increased
expression of some synaptic proteins and increased number and function of new synapses in
the prefrontal cortex of rats, modifications reversing the synaptic deficits that result from
exposure to stress (Li et al., 2010; 2011). Such a mechanism makes sense, if one envisages
that repeated stress brings about a reduction in the number and activity of key glutamate
synapses (e.g., medial prefrontal cortex), while activation of a key regulator of energy
metabolism and cellular growth like mTOR may trigger the additional plasticity required to
rescue synaptic contacts compromised by stress exposure. However, the possible risks
involved in the stimulation of a pathway that is implicated in disease states where growth is
deregulated and homeostasis is compromised, such as cancer, metabolic diseases and aging,
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cannot be underevaluated (Zoncu et al., 2011). It is also intriguing that, counterintuitively,
rapamycin, the main mTOR inhibitor, was shown to exert antidepressant action in the forced
swim test and tail suspension test, while sertraline showed antiproliferative activity due to
the inhibition of the mTOR pathway (Lin et al., 2010; Cleary et al., 2008).

A reason for hope is that different sites of regulation of the glutamate synapse, such as
NMDA receptors, AMPA receptors, glutamate transporters and metabotropic receptors are
all targets of drugs in development: a process that makes the glutamate system a new
frontier of psychopharmacology for depression and mood disorders. Therefore a paradigm
shift in the role of glutamate in mood disorders and antidepressant action might bring new
impulse to a field that, in spite of considerable advancement in the knowledge of
pathophysiology, has not registered a comparable leap forward in available therapeutic
treatments.
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Figure 1.
Summary of MRI studies measuring volumetric changes in hippocampus in major
depressive disorder. Values represent the calculated Cohen’s d effect size of changes from
mean total hippocampal volume. Error bars indicate 95% confidence intervals. From
Koolschijn et al., 2009.
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Figure 2.
Dendritic remodeling in hippocampus (Dentate Gyrus and CA3) and prefrontal cortex in a 6
weeks chronic mild stress (CMS) protocol. These effects were reversed by treatment with
different antidepressant agents (imipramine; fluoxetine; CP 156,526; SSR 149415),
administered during the last 2 weeks of CMS. Three-dimensional morphometric analysis of
Golgi-impregnated neurons using computer-assisted reconstructions of hippocampal and
medial prefrontal cortex neurons. Representative dentate granule (a), CA3 pyramidal (b),
and layer II/III pyramidal neurons from prelimbic area of medial prefrontal cortex (c). Cells
are depicted in the x-y orthogonal plan. Adapted from Bessa et al., 2009.
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Figure 3.
The effects of stress and glucocorticoids on glutamate synapses and neurotransmission.
Several sites/mechanisms of regulation of the glutamate synapse have been shown to be
targets of stress and hormones released in the stress response (glucocorticoids): (1)
presynaptic release of glutamate; (2) postsynaptic ionotropic receptors for glutamate
(NMDA and AMPA receptors); (3) reuptake of glutamate by glial glutamate membrane
transporters; (4) glutamate metabolism and recycling by the glutamate/glutamine cycle.
Major consequences of stress/glucocorticoid exposure on these sites/mechanisms are: (1)
increased glutamate release; (2) altered trafficking/expression/function of ionotropic
glutamate receptors; (3) altered clearing of glutamate from the synapse; (4) reduced
glutamate/glutamine cycling and glial cell density (see section 7). Adapted from Sanacora et
al., 2008.
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Table 1

Animal studies on the effects of stress, glucocorticoids or antidepressant agents on dendrites and synaptic
spines

Stressor/Glucocorticoid/Animal model Drug treatments Changes in dendrites/spines Brain area References

Chronic restraint stress (21 days) -- Atrophy of apical dendrites Hippocampus Watanabe
et al., 1992

Chronic restraint stress (21 days) Cyanoketone, CGP 43487 Atrophy of apical dendrites
(prevented by drug
treatment)

Hippocampus Magarinos
and
McEwen,
1995

Daily corticosterone treatment (21 days) Phenytoin

Chronic restraint stress (21 days) Tianeptine Dendritic remodeling
(reversible after cessation of
stress and prevented by drug
treatment)

Hippocampus Conrad et
al., 1999

Olfactory bulbectomy Amytriptiline
Mianserin

Reduction in spine density
(reversed by drug, mianserin
effect only in dentate gyrus)

Hippocampus and
Dentate Gyrus

Norrhom
and
Ouimet,
2001

Repeated neonatal handling Elevation of spine density Dentate Gyrus

Chronic immobilization stress -- Dendritic atrophy and
debranching
Enhancing arborization

Hippocampus
Basolateral Amygdala

Vyas et al.,
2002

Chronic unpredictable stress Dendritic atrophy Basolateral Amygdala

Postweaning Social Isolation -- Decrease in dendritic length
Decrease in density of
dendritic spines

Hippocampus
Medial Prefrontal Cortex
and Hippoampus

Silva-
Gomez et
al., 2003

Chronic restraint stress (21 days) -- Reduction on the total length
and branch numbers of apical
dendrites

Medial Prefrontal Cortex Radley et
al., 2004

Chronic immobilization stress (21 days) -- Increased dendritic length
and spine density (not
reversed after cessation of
stress)

Basolatera Amygdala Vyas et al.,
2004

Chronic Restraint Stress Lithium Decrease in dendritic length
(prevent by drug)

Hippocampus Wood et
al., 2004

Acute immobilization stress
Chronic immobilization stress

-- Increase in spine density Basolateral amygdala Mitra et
al., 2005

Chronic Restraint Stress (3 weeks or 6
weeks)

Reduction in apical dendritic
length and branch number
(reversible after cessation of
stress)

Medial Prefrontal Cortex Radley et
al., 2005

Chronic restraint stress (21 days) -- Retraction of apical dendritic
arbors
Extension of apical dendrites
arbors

Medial Prefrontal Cortex
Orbital Frontal Cortex

Liston et
al., 2006

Dexametasone and Corticosterone
treatment

-- Reduction in the total length
of apical dendrites
Impoverishing arborizations
in distal portions of apical
dendrites

Medial Prefrontal Cortex Cerqueira
et al., 2007

Corticosterone treatment Increasing branching in
middle portion of apical
dendrites
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Stressor/Glucocorticoid/Animal model Drug treatments Changes in dendrites/spines Brain area References

Chronic Mild Stress -- Decrease in density of
dendritic spines

Medial Prefrontal Cortex Michelsen
et al.,
2007;

Prenatal Stress Decrease the ratio of spines

Chronic Restraint Stress (3 weeks) -- Decrease dendritic spine
volume and surface area

Medial Prefrontal Cortex Radley et
al., 2008;

Chronic mild stress Fluoxetine, Imipramine,
CP 156 CP 526, SSR
1494515 (alone or
methylazoxymeth anol)

Reduction in dendritic
arborization and spine
density (prevented by drug)

Hippocampus and
Prefrontal Cortex

Bessa et
al., 2009

Inescapable Footshock stress
Corticosterone injection

Desipramine Loss of synaptic spines
(reversed by drug)

Hippocampus and
Dentate Gyrus

Hajszan et
al., 2009
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