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Abstract: Background: Many studies have been shown an important role of glutamatergic system
as well microglial activation in the pathophysiology of major depressive disorder (MDD). In hu-
mans most resistant to the development of psychiatric disorders, including MDD, are observed a
greater degree of resilience resulting from stress. Less resilience is associated with neuroendocrine
and neuroinflammatory markers, as well as with glutamatergic system dysregulation. Thus, this
review we highlighted findings from literature identifying the function of glutamatergic system,
microglial activation and inflammation in resilience.
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Conclusions: Glutamate neurotransmission, including neurotransmitter synthesis, signalling, and
glutamate receptor functions and expression all seem to be involved with both stress vulnerability
and resilience. Moreover, inflammation and microglial activation mediate individual differences in
resilience and the risk of stress-induced MDD.
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1. INTRODUCTION

Mental illnesses are serious disorders that cause a high
degree of burden around the world, even surpassing coronary
diseases and cancer [1]. Major depressive disorder (MDD) is
a pathology that affects many people worldwide, and is a
major cause of disability [2]. Epidemiological data estimates
that globally, around 121 million people are affected by
MDD, with a prevalence of approximately 17% in the United
States of America [3]. The symptoms of MDD include de-
pressed mood, loss of concentration, anhedonia, as well as
changes in appetite and sleep [4]. Furthermore, around one
million people commit suicide each year, resulting in 3.000
deaths per day [5].
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From the middle of the 21* century, scientists working
within the psychiatric field have been undertaking research
looking for new drugs that can reduce depressive symptoms
by regulating the levels of monoamines, especially serotonin,
norepinephrine and dopamine [6]. The diversified physiopa-
thology of MDD has proven difficult to elucidate, with many
hypotheses being suggested over the years. Historically, the
monoaminergic deficiency theory has been used to explain
the depressive symptoms seen in MDD. This occurs when
the levels of monoamine neurotransmitters are decreased
within the synaptic cleft [6-8]. Van Praag and Korf [9] de-
fended the serotoninergic hypothesis soon after the dopa-
minergic hypothesis was created by Willner ez al. [10]. Evi-
dence suggests that genetic variations within the serotonin
system can affect the stress response and increase the risk of
developing MDD [11]. The critical brain circuitry underlying
stressor reactivity and the regulation of emotion encom-
passes the amygdala, the ventromedial prefrontal corte and
the dorsal raphe nucleus [12].
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Historically, pharmacotherapy with antidepressants
shows an efficacy of only 60-70% in patients that are diag-
nosed with MDD [13]. Even though these drugs have side
effects, delayed actions and low remission rates, antidepres-
sant drugs based on the monoaminergic theory are the first
line of treatment used in MDD therapy. Due to this, there is a
huge need for innovative new antidepressants in the treat-
ment of this disorder [7, 14, 15].

Since the moanoaminergic system presents many limita-
tions in explaining the pathophysiology of MDD, other
pathways and systems have been investigated. Studies have
been undertaken looking at the bioenergetic alterations de-
tected in mood disorders, and this has been used to formulate
a hypothesis based on mitochondrial pathogenetics [16, 17].
This hypothesis gives more evidence to the involvement of
genetic factors being involved in the onset of MDD. The
presence of a dysfunction involving mitochondrial bioener-
getics increases the levels of oxidative stress and damage to
brain tissue. Interestingly, studies have shown the involve-
ment of oxidative stress in the pathophysiology of MDD [18,
19]. However, the pathophysiology of depression cannot be
explained solely by the presence of oxidative stress. Notably,
clinical data has shown that individuals with atypical depres-
sion have higher levels of inflammatory markers in their
circulation when compared to controls and those with mel-
ancholic depression [20, 21]. The molecular mechanisms by
which cytokines may impact behaviour are manifold, and
influence the metabolism and function of noradrenalin, sero-
tonin, dopamine, and neuroendocrine, leading to a flattening
of the cortisol curve and increased evening concentrations of
cortisol. Consequently, evidence indicates the existence of a
link between the inflammatory processes and the hypotha-
lamic—pituitary—adrenal (HPA) axis.

Studies have also indicated that decreased levels of brain
derived-neurotrophic factor (BDNF) and neurogenesis are
found in patients suffering from stress and MDD, and these
changes are connected in part to the induction of innate im-
mune cytokines [22-24]. The involvement of inflammatory
processes could justify the alterations found in the microglia
cells and glutamatergic system, as reported in patients with
MDD [25-27]. Thus, this review also aims to highlight the
roles that the glutamatergic system and microglial activation
play in the brain’s vulnerability or resilience to stress, which
could be key factors in the development of MDD.

2. RESILIENCE

Although many studies have managed to demonstrate
some of the pathological mechanisms involved in the devel-
opment and progression of MDD, the neurobiological
mechanisms involved in this disorder are still far from being
understood. Combinations of multiple genetic factors may be
related to the development of MDD, since a defect in a sin-
gle gene does not normally induce the expression of the de-
pressive symptoms [28]. In addition, several non-genetic
factors, such as stress, affective trauma and viral infections
increase the complexity of the pathogenesis of MDD [29].
Some individuals, even after exposure to several stressors,
do not develop MDD, presenting a condition known as resil-
ience.
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Resilience is defined as the adaptive maintenance of
normal physiology, development and behaviour in the face
of stress and adversity [30, 31]. In the literature, there are
innumerable examples of adults and children, who despite
significant psychological stress, present minimal changes in
their emotional well-being or behavioural disorders [32-35].
Resilience is probably the result of the body’s successful
response to adaptive stress, allowing it to maintain the status
quo. The biological processes underlying resilience are often
collectively termed "alostase", and constitute variations in
body systems which maintain homeostasis in response to a
stressor [36]. However, for different reasons, some individu-
als do not maintain the capacity to develop resilience. Like-
wise, resilience probably results from successful allosteric
mechanisms within the HPA axis, autonomic nervous sys-
tem, immune system and brain [36]. In fact, in vulnerable
individuals, stress can lead to monoaminergic dysfunction,
decreased levels of BDNF and changes in the HPA axis [37,
38]. However, other brain regions and neurotransmitters are
also being studied to elucidate the relationship between
MDD and resilience. In a recent study with rats which were
exposed to chronic stress, the vulnerability of gabaergic neu-
rons to stress was evaluated [39]. The results showed that
there was an involvement of gabaergic neurons in the nu-
cleus accumbens, with a decrease in gabaergic release and
expansion capacity as well as excitatory function, all of
which are associated with MDD [39]. On the other hand, the
invulnerability of these structures to chronic stress may be
related to resilience [39].

An adequate response to stress involves the coordinated
activity of the autonomic nervous system and the HPA axis,
as well as the neural circuits in the hypothalamus, brainstem
and prefrontal regions [40]. The association between MDD
and changes in the HPA axis has been described over the
years, as well as its involvement in neurogenesis [41]. The
hypothalamus secretes a corticotrophin releasing hormone
(CRH) which is transported to the anterior pituitary, where it
stimulates adrenocorticotrophic hormone secretion (ACTH).
This is then released and transported to the adrenal gland,
where it stimulates the production and release of the gluco-
corticoid cortisol. Cortisol interacts with its receptors in the
HPA axis, being responsible for negative feedback, so inhib-
iting CHR and ACTH and helping to maintain the body's
homeostasis and its response to stress. Studies have shown
that in depressed patients, the HPA axis may be affected by
hyperactivity or hypoactivity, thus resulting in increased or
decreased basal concentrations of hormones. Its activity may
also be dysregulated, and this change may occur due to in-
creased concentrations of one of the hormones at different
times of the day, and unchanged or decreased levels of oth-
ers [41, 42].

The relationship between childhood trauma and increased
peripheral and central inflammation seems to be associated
with epigenetic changes in FKBP5, a gene associated with
MDD, as well as glucocorticoid sensitivity. Decreased acti-
vation of glucocorticoid receptor sensitivity and increased
activation of regulated NF-kB genes are both a constant in
the effects of chronic stress [43]. NkB is a nuclear transcrip-
tion factor that transcribes DNA precursors and pro-
inflammatory molecules.
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Administration of glucocorticoids after exposure to a
trauma has emerged as a potential treatment for individuals
who are vulnerable to post-traumatic stress disorder (PTSD),
since it appears to control the overactive response of fear, as
well as the memory consolidation of fear [44]. This strategy
has shown positive results in hospital patients and veterans
exposed to combat [45, 46].

The alteration of the sex hormones also seems to be in-
volved in MDD and stress resilience. In fact, oestrogen
seems to play a part in the cognitive processes, affecting the
neurotransmission and metabolism of monoamines, as well
as in the expression of transcription factors and neurotro-
phins [47, 48]. Perimenopause associated with fluctuations
of estradiol is thought to contribute towards a vulnerability
for MDD. On the other hand, testosterone has emerged as a
potential pro-resilience factor in men [49]. In addition, the
levels of testosterone in the blood and saliva decrease after
stress [47, 50] and low levels of testosterone are often found
in individuals suffering with PTSD [51].

Several factors have shown to be involved in resilience.
The identification of the characteristics involved in this con-
dition can help to understand the pathophysiology of MDD
and to suggest new perspectives for treatments.

3. GLUTAMATERGIC SYSTEM

Glutamate is the main excitatory neurotransmitter in the
central nervous system (CNS), and under regular conditions,
plays a role in synaptic plasticity, learning and memory [52].
Glutamate can be synthesized by the Krebs/ tricarboxylic
acid cycle using glucose [53], or recaptured by surrounding
astrocytes, where it is catalyzed into glutamine by the glu-
tamine sinthetase enzyme, after which it can return to neu-
rons to be resynthesized in glutamate [54, 55].

Recent studies have proposed that increased levels of
extracellular glutamate are associated with MDD [7, 14, 56],
which can cause neuronal damage or death by excitotoxicity
[57, 58]. However, the response of the glutamatergic system
to classical antidepressants and modulators can be related to
the low levels of glutamine and biochemical cascades that
are associated with glutamatergic signaling [26].

Vesicular glutamate transporters (VGLUTS) store gluta-
mate in vesicles that are activated by Ca’" binding [59], and
then release glutamate via exocytosis into the synaptic cleft
with the support of the soluble N-ethylmaleimide-sensitive
factor-attachment protein receptor (SNARE) complex pro-
teins [60]. Glutamate interacts with ionotropic (iGluRs) and
metabotropic (mGluRs) receptors. mGluRs are receptors that
are coupled to G proteins. On the other hand, iGluRs are ion
channels that promote depolarization of the neuron through
the influx of Ca’" and Na', IGluRs being subdivided into N-
methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid (AMPA), and kainate [61].

Glutamate binds to AMPA and kainate receptors induc-
ing a conformational alteration and subsequent influx of Na',
promoting a fast synaptic transmission [62, 63]. The NMDA
receptor is blocked by a magnesium ion during cell resting.
The removal of the magnesium ion requires the depolariza-
tion of the cell that happens after the binding of glutamate to
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the AMPA or kainate receptors [64, 65]. The activation of
NMDA receptor requires the binding of the co-agonist gly-
cine or D-serine [66, 67].

Several mental illnesses and neurological disorders such
as schizophrenia, MDD and stroke, are related to a dysfunc-
tion in NMDA receptor activity, which is due to extrasynap-
tic NMDA receptor activation [68]. The glutamatergic sys-
tem has proven to be an extremely important novel target for
the antidepressant drugs that are used in the treatment of
monoamine treatment-resistant patients. In fact, studies have
shown that a partial agonist of the NMDA receptors, D-
cycloserine, exhibited antidepressant effects [69, 70]. Keta-
mine, a dissociative anaesthetic which has high affinity for
the NMDA receptor, acts as a non-competitive antagonist
that avoids excessive entry of extracellular Ca’ and cellular
damage [71]. In preclinical studies, ketamine has shown a
rapid antidepressant-like behaviour in animal models of de-
pression [72-75]. In human studies, a single intravenous in-
jection of ketamine (0.5 mg/kg) leads to a decrease of de-
pressive symptoms in treatment-resistant patients when
compared to standard antidepressants [76-79]. The mecha-
nisms by which ketamine achieves its rapid antidepressant
effects have been discussed and reported by several studies.
BDNF, a neurotrophin which is important in both antide-
pressant responses and MDD, was found to have increased
within the hippocampus after acute treatment in rats [73].
Additionally, the administration of ketamine reversed the
low levels of BDNF and high levels of corticosterone caused
by CMS [80].

The antidepressant effects of ketamine are also associated
with the activation of AMPA receptors. The effects of a sin-
gle injection of ketamine (10 mg/kg) in combination with the
antidepressant fluoxetine and the antipsychotic olanzapine
enhanced AMPA and NMDA-induced currents, but it was
more noticeable on AMPA receptors [81]. On the other
hand, using the 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo|[f]
quinoxaline-7- sulfonamide (NBQX), an AMPA receptor
inhibitor, abolished the antidepressant effects of ketamine
[82, 83]. The mammalian target of rapamycin (mTOR) has a
role in both the pathophysiology of MDD and the antide-
pressant properties of ketamine [84-88]. Indeed, mTOR sig-
naling in the prefrontal cortex was stimulated by the admini-
stration of ketamine [88]. Ketamine also induces synapto-
genesis and glutamate transmission, leading to an activation
of AKT and extracellular signal regulated kinase signaling,
elevated levels of cAMP response element-binding protein
(CREB), and elevated levels of the BDNF receptor, tropo-
myosin receptor kinase B (TrkB) [89].

4. MICROGLIA

Around 10% of the brain is composed of microglial cells,
and these play a pivotal role in the normal development and
regulation of structural and functional processes, from indi-
vidual synapses to neural circuits and behaviour [90, 91].
The microglia are created in the peripheral mesodermal tis-
sue during embryonary development, which in contrast to
neurons, astrocytes, and oligodendrocytes, are derived from
the neuroectoderm [92]. In the developing CNS, microglia
regulate neuronal precursor cell sets, as well as synaptogene-
sis and the formation of neural networks [93, 94]. The “rest-
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ing” microglia processes are highly mobile even under nor-
mal inactive conditions within the adult CNS. Frequently,
the brief contacts that microglial processes have with pre-
synaptic and postsynaptic neuronal elements contribute to
the regulation, formation and elimination of synapses (prun-
ing) [90, 91].

In conditions of disrupted brain homeostasis, such as:
infection, injury, neurodegeneration, or markedly altered
neuronal activity, the structure and function of microglial
cells are rapidly and profoundly altered, and they assume an
‘activated’ status which is characterized by (I) fast and tar-
geted movement of microglial processes in the direction of
the site of infection or injury; (II) a proliferation and increase
in the density of microglial cells; (III) morphological altera-
tions, including enlargement of the soma, increase in the
diameter of primary processes, shortening of distal proc-
esses, and, in fully activated microglia, complete retraction
of all processes and seizure of an amoeboid morphology;
(IV) enhanced phagocytic activity; and (V) production and
secretion of inflammatory cytokines and other mediators
[95]. It is now evident that microglial activation is not an ‘all
or none’ process; in other words, microglia can undergo mul-
tiple functional alterations or programs, which confer spe-
cific adaptation for coping with diverse pathological condi-
tions [95].

The microglia can be active or inhibited, these processes
are controlled by exogenous and endogenous ‘alarm’ mole-
cules (‘on’ signals) or (‘off” signals) [96]. Neuroinflamma-
tion activates the microglia in an adaptive process that al-
lows the elimination of pathogens. However, under many
circumstances, including neurodegenerative diseases such as
Alzheimer's and Parkinson's, activated microglia become
neurotoxic to neurons and other glial cells [97, 98].

The intervention of microglial functioning can also occur
in conditions that induce microglial suppression, decline, and
senescence. These interferences produce changes in behav-
iour, cognition, and mood. They are usually transient and
may be long lasting, for example, in association with chronic
infections, stroke, trauma, neurodegenerative diseases, or
chronic psychiatric disorders [99].

Several bacterial and viral infections are associated with
a variety of depressive symptoms [100]. Many of these in-
fectious pathogens have a special affinity for the brain,
where they induce microglial activation [101]. These patho-
gens also induce the secretion of proinflammatory cytokines
by microglia [102], and many studies have correlated the
plasma levels of cytokines with depressive symptomatology
[103, 104], with the experimental administration of immune
challenges that are known to activate microglia [e.g., endo-
toxin (lipopolysaccharide, LPS) or Salmonella typhi] induc-
ing depressive symptoms. The severity of MDD is highly
correlated with elevated blood levels of inflammatory cyto-
kines [105-107]. In fact, patients with MDD present with
increased serum levels of proinflammatory cytokines, such
as interleukin-1 (IL-1), IL-6, IL-8, IL-12, interferon-y (IFN-
v) and tumour necrosis factor-a (TNF-a)) [108, 109]. In addi-
tion, Dahl and collaborators, [110] showed that patients with
MDD presented with elevated plasma levels of IL-1p, IL-1
receptor antagonists, I1L-5, IL-6, IL-7, IL-8, IL-10, granulo-
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cyte colony-stimulating factor (G-CSF), and IFN-y. Moreo-
ver, the cytokines were shown to have reduced to normal
levels after 12 weeks of treatment with antidepressants
[110].

Many studies have demonstrated that exposure to stress
can induce microglial activation [25, 27]. Both in humans
and in experimental animals, stress is causally related to the
development of MDD [111-113]. Interestingly, a post-
mortem study found an increase in the levels of microglial
activation and macrophage recruitment within the dorsal
anterior cingulate matter from individuals suffering from
MDD [114]. In addition, in individuals who committed sui-
cide, microglial activation was also higher in the ventral pre-
frontal white matter [115].

5. GLUTAMATERGIC SYSTEM IN THE RESILIENCE

Studies have shown that the glutamatergic system plays
an important role in both the vulnerability and resilience to
stress. In fact, chronic stress reduced the levels of glutama-
tergic neurotransmission, decreased the surface expression of
AMPA receptors and induced depressive-like behaviour in
rodents [116]. Additionally, Li ef al. [116] also demonstrated
that the modulation of AMPA receptor trafficking and syn-
aptic plasticity mediated by caspase-1 and IL-1pB was altered,
and this was associated with a vulnerability to stress. Other
studies have also related that the surface expression of
AMPA receptors in the hippocampus is decreased when the
levels of IL-1p are elevated [117, 118].

Chronic mild stress is a widely used animal model. This
animal model induces depressive-like behaviour, including
anhedonia, and changes in the brain structures that are shown
to be involved with MDD [119-123]. Moreover, antidepres-
sant drugs as well as new therapeutic targets with antidepres-
sant properties are able to reverse both the depressive-like
behaviour and neurochemical changes induced by chronic
mild stress [80, 124-126]. Delgado y Palacios et al. [127]
showed that resilient rodents subjected to chronic mild stress
had increased levels of glutamate and an inward displace-
ment in the hippocampus, when compared to anhedonic
animals. Some animals that are subjected to chronic mild
stress develop anhedonic behaviour; however, other animals
are resilient. For example, Toth ef al. [128] found anhedonic
behaviour in an adult within their study, but not in the young
rats following chronic mild stress. In addition, in rats with
depressive-like behaviour, it has been observed that there is a
decrease in neurogenesis and a drop in the levels of BDNF
within the hippocampus, and also altered levels of the
AMPA receptor within the hippocampus and nucleus ac-
cumbens, none of which were reported in young rats with no
depressive-like behaviour [128].

AMPA receptor functioning has been shown to be impor-
tant in determining vulnerability to stress. In fact, mice sub-
jected to chronic social stress had lower mRNA expression
of the AMPA receptor subunit GIuR1 in the dentate gyrus
and CA1 region of the hippocampus, with these effects being
reported in vulnerable stressed mice, when compared to the
resilient mice [129]. Interestingly, the fast antidepressant
action of ketamine seems to be mediated by AMPA recep-
tors [130, 131]. The synaptic plasticity induced by NMDA
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receptor expression and activation is also critical in the posi-
tive emotional learning needed to induce resilience to MDD
[132]. In response to acute or chronic stress in rodents with a
history of chronic stress, it was observed that the mGlu2
receptor and the NRI subunit of the NMDA receptor are
important in regulating epigenetic plasticity within the hip-
pocampus, and these effects were associated with depressive
and anxiety-like behaviours [133].

mGluR5—/— mice displayed depressive-like behaviour
following experience of stressful stimulus [134]. In addition,
knockout mice for the Homer I protein, which interacts with
mGlu5 receptors, had more susceptibility to stress [135]. On
the other hand, the activation of mGlu5 receptor in the nu-
cleus accumbens was associated with the development of
stress resilience [134].

Learned helplessness (LH) is an animal model in which
rodents display depressive-like behaviour after repeated un-
controllable stress [136]. In addition, non-LH behaviour is
associated with stress resilience [137, 138]. Muneoka et al.
[139] studied the effects of LH on amino acid levels, and
demonstrated that non-LH models had increased levels of
GABA and glutamine, and LH models had a reduction in
their levels of glutamine, showing that the regulation of
amino acids is required during the recovery from depressive-
like behaviour.

6. MICROGLIA AND INFLAMMATION IN THE
RESILIENCE TO STRESS

Microglia cells have been shown to play an important
role in the pathophysiology of MDD [25, 140]. Additionally,
the status of microglial activation and inflammation also
appear to be associated with stress vulnerability and resil-
ience. The activation of microglia in response to repeated
stress seems to be regulated by inflammatory mediators,
mainly, IL-1B and prostaglandin (PG) E, (PGE,) [141]. In-
flammation and microglial activation have been pointed out
as being involved with individual differences in risk and
resilience to MDD induced by stress [142]. Knockout mice
for soluble epoxide hydrolase (sEH), which plays a role in
inflammation, did not develop depressive-like behaviour
after repeated social defeat stress, showing a resilience to
stress [143]. In addition, it was found that the levels of sEH
were high in chronically stressed rats, as well as in the brain
samples of MDD patients, when compared to control rats or
healthy individuals [143]. Another pathway that is involved
with inflammation is the activation of the transcription factor
Keap1-Nrf2 system. Yao et al. [144] demonstrated that nu-
clear factor erythroid 2-related factor 2 (Nrf2) knockout mice
had an increase in their serum levels of pro-inflammatory
cytokines. On the other hand, pre-treatment with an Nrf2
activator (sulforaphane) and a diet containing a sulforaphane
precursor, reversed the depressive-like behaviour that was
induced by repeated social defeat stress, showing the role of
Nrf2 in stress resilience [144]. Lower levels of BDNF in
those vulnerable to stress were associated with decreases in
Nrf2 translocation and oxidative stress [145]. Contrary to
this, the activation of Nrf2 translocation restored redox ho-
meostasis and induced resilience [145]. In an elegant study
by Brachman er al. [146] isolated lymphocytes from mice
were subjected to chronic social defeat stress and transferred
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to naive Rag2 knockout mice, which have lack of mature
lymphocytes. The results showed that the mice which re-
ceived lymphocytes had less anxiety and an increase in so-
cial behaviour, when compared to the mice that received no
cells or cells from non-stressed mice [146]. Moreover, the
mice that received lymphocytes had an anti-inflammatory
status mediated by microglial cells [146]. Mice susceptible
to anhedonia were found to have an increase in their levels of
pro-inflammatory cytokines, 5-HT transporter (SERT), and
also in the numbers of Iba-1, a marker of microglial cell ac-
tivation, within the prefrontal area, when compared to resil-
ient mice [147]. In rats exposed to chronic unpredictable
stress, ovarian hormones provided resilience against the de-
velopment of depressive-like behaviour as well as changes in
the HPA axis [148]. In the same experiment, fluoxetine
treatment did not have efficacy in reversing the behavioural
impairments and neuroendocrine changes induced by stress;
however, fluoxetine reduced microglial activation, and in-
creased neurogenesis and cell proliferation in the dentate
gyrus of the hippocampus of stressed rats [148].

Recently, studies have demonstrated that intestinal mi-
crobiota have an important role in MDD and stress resilience
[149-151]. In fact, there is a communication between gut
microbiota and the brain. Gut microbes could affect brain
functions by altering neurotransmitters and metabolites [152-
154]. Conversely, the brain acts on the gut microbiota and
immune functions by altering the composition of intestinal
microbiota [155, 156]. Yang et al. [157] showed that in resil-
ient mice, more of the probiotic bacterium, Bifidobacterium,
were detected when compared to the control or susceptible
mice, which had low levels of Bifidobacterium. Also, the
oral intake of Bifidobacterium increased the number of resil-
ient mice after chronic social defeat stress [157], suggesting
that an elevation in gut Bifidobacterium may contribute to
stress resilience.

CONCLUSION

Glutamate neurotransmission, including neurotransmitter
synthesis, signalling, and glutamate receptor functions and
expression all seem to be involved with both stress vulner-
ability and resilience. In addition, inflammation and micro-
glial activation mediate individual differences in resilience
and the risk of stress-induced MDD. However, the mecha-
nisms involved in the resilience response mediated by mi-
croglia cells and the glutamatergic system are not fully clari-
fied. It remains unclear whether microglial activation can
lead to the onset of MDD by increasing the levels of in-
flammatory cytokines or by inducing a dysregulation in the
glutamatergic system, or whether a genetic predisposition to
stress or resilience could be a key factor for inflammation
and the changes to glutamatergic system seen in response to
a stressor (Fig. 1). Future studies investigating glutamate and
its receptor, as well microglial activation in resilience could
be important in understanding the pathophysiology of MDD,
as well as in finding new novel therapeutic targets for de-
pressive individuals. Additionally, preclinical studies inves-
tigating ketamine, which is an antagonist of the NMDA re-
ceptor, and other anti-inflammatory drugs, such as mino-
cycline, in stress vulnerability could be noteworthy in help-
ing to prevent MDD in vulnerable individuals.
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Fig. (1). The association of glutamatergic system and microglial activation to promote resilience or stress vulnerability. Vulnerability
to stress is linked to impairment in the glutamatergic system neurotransmission. A decrease in the AMPA expression mediated by increased
levels of IL-1p is associated with stress vulnerability. BDNF levels and neurogenesis that are regulated in part by glutamate receptor activa-
tion are decreased in stress vulnerability. On the other hand, ketamine that acts in NMDA and AMPA receptors increases BDNF levels, thus
promoting resilience. A deficiency of mGlu5 receptors in proteins that regulate mGlu5 receptor, such as Homer I protein, leads to a more
stress vulnerability. Contrarily, mGlu5 receptor activation leads to resilience. The microglial activation mediated by Iba-1 marker and in-
creased levels of IL-1f are associated with stress vulnerability. Classical antidepressants, as fluoxetine, inhibit the microglial activation. The
levels of the transcription of Nrf2 are increased in the stress resilience and decreased in stress vulnerability. Augmented levels of Nrf2 are
associated to a reduction in the BDNF levels. Increased levels of sEH stimulate stress vulnerability, while the inhibition of sSEH promotes
resilience. Probiotic bacterium and lymphocytes from stressed rats display anti-inflammatory effects and resilience. At last a dysregulation in
the glutamatergic system, microglial activation, and an increase in the inflammation mediators are associated with stress vulnerability and the
development of MDD. On the other hand, drugs that modulate the glutamatergic system and reduce inflammation promote resilience and
prevent MDD development. AMPA = a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; BDNF = brain-derived neurotrophic factor;
IL-1P = interleukin-13; MDD = major depressive disorder; NMDA = N-methyl-D-aspartate; Nrf2 = nuclear factor erythroid 2-related factor
2; sEH = soluble epoxide hydrolase.
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