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Abstract

Major depressive disorder affects around 5% of the world’s population. Most antidepressant drugs
have focused mainly on monoamine neurotransmitters synaptic levels in the brain such as
serotonin, noradrenaline and dopamine. However, the delayed latency of the therapeutic actions
of antidepressants and the poor efficacy for some subpopulations of patients suggest that
mechanisms beyond monoaminergic modulation at synapses may be involved in the
antidepressant actions. Several lines of evidence indicate that the pathophysiology of depression
is associated with dysregulation of glutamate system and clearance mechanisms in brain regions
mediating cognitive-emotional behaviors. Chronic stress results in an increase in extracellular
glutamate and dysregulation of the glutamatergic system in cortical and limbic brain areas in
patients with MDD and animal models of depression. However, the mechanisms underlying the
abnormal glutamatergic transmission in depression are incompletely understood. The excitatory
amino acid transporter 3 (EAAT3) - a member of the high-affinity glutamate transporters - which
plays an essential role in transporting glutamate across plasma membranes in neurons, and in
maintaining extracellular glutamate concentrations below neurotoxic levels, may have a pivotal

role in dysregulation of glutamatergic signaling associated to depression.

This study aims to evaluate the consequences of unpredictable chronic mild stress (UCMS) on
the expression of glutamate transporters and ionotropic receptors in the cortical-limbic brain areas
in wild type (WT) mice; and to determine if increased EAAT3 expression in the forebrain in mice
can reduce susceptibility to UCMS. On the other hand, we evaluated the consequences of
psychosocial stress at the behavioral level in WT mice subjected to chronic social defeat stress
(CSDS). WT mice subjected to UCMS and control group were tested to anxiety- and depressive-
like behaviors. Moreover, we evaluated long-term memory using object location and recognition
tasks. Protein levels of AMPA and NMDA receptors subunits and glutamate transporters were
analyzed by western blot. Mice with EAAT3 overexpression driven by CaMKIlla-promoter
(EAAT39°/CMKII) and control (EAAT39°) littermates were assessed to anxiety- and depressive-

like behaviors, and memory tests in baseline and UCMS conditions.

Xi



Longer immobility time was observed in the tail suspension test in WT mice susceptible to CSDS.
However, no significant differences were found between resilient and susceptible individuals in
anxiety-like behaviors and anhedonia. Apparently, social defeat in WT mice would only be

concerning sociability to an unknown aggressive mouse and the despair behavior.

In WT mice, we observed that chronic stress induced anxiety- and depressive-like behaviors and
deficits in memory tests, in addition to increased EAAT1, NMDA receptors GIuN2A and GIuN2B
subunits, and AMPA receptors GluA1 subunits protein levels in the hippocampus. Furthermore, in
baseline conditions EAAT39°/CMKII mice showed anxiety-like behavior in the open field test.
Interestingly, mice with EAAT3 overexpression driven by CaMKIlla-promoter challenged to UCMS

did neither show depressive-like behaviors nor impairment in sociability and memory.

Hippocampal glutamatergic system alterations may underlie the depressive-like behaviors.
Moreover, we suggest that EAAT3 overexpression in the forebrain in mice may be linked to a

resilient phenotype to chronic stress.
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1. Introduction

1.1. Major depressive disorder

Major depressive disorder (MDD) affects approximately 5% of the worldwide population (World
Health Organization, 2017). MDD is a debilitating mood disorder characterized by depressed
mood, loss of interests and pleasure, impaired cognitive function and vegetative symptoms.
According to the Diagnostic and Statistical Manual of Mental Disorders 5th edition (DSM-5), an
individual to be diagnosed with depression must show five or more of the symptoms described for
MDD in the same 2-week period and including at least one of the core symptoms, which are
depressed mood for most of the day and markedly diminished interest or pleasure in all, or almost
all, activities (anhedonia). Other symptoms that may be experienced by depressed patients
include change in weight or appetite, insomnia or hypersomnia, psychomotor agitation or
retardation, fatigue or loss of energy, feelings of worthlessness or guilt, diminished ability to
concentrate or indecisiveness, thoughts of death, recurrent suicidal ideation or a suicide attempt.
The symptoms cause clinically significant distress or impairment in social, occupational or other
important areas of functioning. The depressive episode is not attributable to the physiological
effects of a substance or to another medical condition (American Psychiatry Association, 2013).
As for other neuropsychiatric disorders, decades of research on MDD has unveiled genetic and

environmental factors; nevertheless, its etiology remains unclear.

1.2. Genetics of depression

Genetic epidemiology considers MDD a complex trait, meaning that multiple DNA sequence
variations must be influencing risk in the population, along with nongenetic factors that interact
with genes. Although MDD is the most common neuropsychiatric disorder in adults, it is the least
heritable (Charney et al., 2017).

In a large-sample twin study, the heritability of MDD was estimated at 38%, and also evidencing
that the heritability of liability to depression was significantly higher in women than men (Kendler
et al., 2006). A family-based population study showed higher heritability for recurrent than single
episode MDD, and a strong genetic correlation between early- and late-onset of depression. Also,
in this study the heritability of MDD was estimated at 28% (Fernandez-Pujals et al., 2015). Even
though these studies found a relevant genetic contribution to the etiology of MDD, to date no
candidate genes have been found (Bosker et al., 2011), and no associated specific genetic
variants have been significantly identified by genome-wide association studies (GWAS) (Sullivan
et al., 2013; Levinson et al., 2014).



GWAS-based research has shown that psychiatric disorders are polygenic, with multiple common
genetic variants, each in combination and with a summative effect that could be influencing more
than one phenotype, suggesting an overlapping genetic etiology between psychiatric disorders
(Mistry et al., 2018; Smeland et al., 2020). In a large trans-ancestry meta-analysis analyzing
European and Han Chinese studies of MDD was identified a partially shared, common polygenic
basis of MDD between these populations (Bigdeli et al., 2017). One replicated genome-wide
significant locus associated with adult-onset MDD has been identified, and by polygenic score
analysis it has been suggested that the genetic susceptibility to MDD differs between adult- and
earlier-onset MDD, with earlier-onset cases having a greater genetic overlap with schizophrenia
and bipolar disorder (Power et al., 2017). Nonetheless, another study found no age of onset MDD
associated with polygenic risk for depression as measured by common genetic variants (Docherty
et al., 2017). The shared heritability MDD with commonly comorbid psychiatric disorders could be
one of the factors that influence the difficulty of finding a gene related to the susceptibility to

manifest depression.

One of the assumptions of the multifactorial-polygenic model considers a single set of genetic and
non-genetic risk factors for each MDD case (Levinson et al., 2014). This assumption could be
generating difficulties in finding a candidate gene and single-nucleotide polymorphisms (SNPs)
associations in MDD, because the heterogeneity present in mood disorders reduces both the
statistical power as well as the observed risks attributed to susceptibility alleles or genotypes
(Manchia et al., 2013). The lack of a robust and reliable biological marker for MDD diagnosis is a

considerable factor that could contribute to the increase in heterogeneity in this type of research.

1.3. Hypothesis of depression

1.3.1.  Monoamine hypothesis

It has been suggested that depression is caused by a deficiency in levels of one or more of the
monoamines, including the indolamine serotonin (5-hydroxytryptamine, 5-HT), and the

catecholamines norepinephrine (NE), dopamine (DA) and epinephrine.

In the midd-20th century, the monoamine hypothesis of depression was proposed after it was
discovered that patients treated for hypertension with reserpine developed depression. The effects
of this antihypertensive drug were associated with decreased levels of brain monoamines by
blocking the neuronal vesicular monoamine transporter 2 (VMAT2), which inhibits uptake and
reduces stores of the monoamine neurotransmitters in the synaptic vesicles of neurons, and non-
stored neurotransmitters are metabolized by monoamine oxidases in the cytosol of the axon
terminals (Schildkraut, 1965; Eiden and Weihe, 2011; Yaffe et al., 2018). As a result, reserpine

increases removal of monoamine neurotransmitters from neurons, decreasing the size of the



neurotransmitter pools, and thereby decreasing the amplitude of neurotransmitter release.
Moreover, at about the same time, imipramine, an experimental antihistamine with a tricyclic
structure, and iproniazid, a drug used for the treatment of tuberculosis, were found to have
antidepressant effects. Based on different mechanisms, both drugs were found to increase the
extracellular levels of 5-HT and NE in the brain: imipramine by blocking their reuptake back to
presynaptic endings, and iproniazid by inhibiting the enzymatic activity of monoamine oxidase

(MAO) (Castrén, 2005), enhancing the effects of the neurotransmitters.
1.3.1.1. Serotonin

Evidence involving the serotonergic system in depressed patients includes the findings of both
reduced 5-HT metabolites (Dencker et al., 1966; Owens and Nemeroff, 1994; Placidi et al., 2001)
and its precursor, the amino acid tryptophan (Cowen et al., 1989). Individuals with one or two
copies of the short allele of the serotonin transporter (SERT) promoter polymorphism have
decreased SERT levels and enhanced susceptibility to exhibiting depressive symptoms in relation
to stressful life events compared to individuals homozygous for the long SERT allele (Caspi et al.,
2003; Clarke et al., 2010; Costafreda et al., 2013; Duman and Canli, 2015). However, GWAS-
based research have found a poor association between SERT polymorphisms and MDD (Bosker
et al., 2011). Moreover, anxiety-like behavior and hypolocomotion, but not depressive-like
behaviors, have been observed in SERT-deficient mice (Lira et al., 2003; Kalueff et al., 2006,

2007).

Accumulating evidence also suggests a role for 5-HT receptors in the pathophysiology of
depression. In MDD patients and suicidal cases, enhanced expression of the 5-HT1a autoreceptors
in the raphe nuclei has been associated with a polymorphism in the promoter region of the gene
(Stockmeier et al., 1998; Lemonde et al., 2003). Positron emission tomography (PET) studies in
MDD patients showed low 5-HT1s receptor binding potential in the anterior cingulate cortex,
hippocampus (Hpc) and ventral striatal/ventral pallidal region (Murrough et al., 2011; Tiger et al.,
2016) and decreased 5-HT4 receptor binding in the striatum (Madsen et al., 2015). In suicide
victims diagnosed with depression, an altered editing of the mRNA encoding 5-HT2c receptors in
the prefrontal cortex (PFC) (Gurevich et al., 2002) and an increase in 5-HT4 receptors in the frontal

cortex and caudate nucleus (Rosel et al., 2004) were found.

In addition, preclinical studies in 5-HT1a (Heisler et al., 1998), 5-HT1s (Nautiyal et al., 2016), 5-HT3
(Martin et al., 2017) and 5-HT7 (Guscott et al., 2005) knockout (KO) mice exhibited antidepressant-
like responses. Attenuated responses to stress were observed in a mouse model deficient in 5-

HT4 receptors (Compan et al., 2004).



1.3.1.2. Norepinephrine

Although the research into the pathophysiology of MDD related to the monoamine hypothesis
have focused primarily on 5-HT signaling, there is vast evidence that points to a role of the
noradrenergic system in depression. Noradrenaline genetic markers such as T182C
polymorphism in the NE transporter (NET) gene have been associated with depressive disorders,
although with opposite allele frequencies and genotypes related to susceptibility between Korean
and Japanese populations studied (Inoue et al., 2004; Ryu et al., 2004). However, studies
conducted in a European population (Zill et al., 2002) and in Chinese populations (Chang et al.,

2007a; Cao et al., 2018) did not find an association between NET polymorphisms and MDD.

An increase in B-adrenergic receptor binding in the frontal cortex has been found in depressed
suicide victims (Mann et al., 1986). Moreover, an upregulation of the aza-adrenoceptor has been
observed in the frontal cortex and locus coeruleus from depressed patients (Garcia-Sevilla et al.,
1999; Ordway et al., 2003; Escriba et al., 2004). Additionally, downregulation of NET has been
reported in the locus coeruleus of postmortem samples from MDD patients (Klimek et al., 1997).
Furthermore, NET KO mice showed antidepressive-like behavior (Perona et al., 2008) and
resistance to the stress-induced depression-like phenotype (Haenisch et al., 2009). On the
contrary, aza-adrenoceptor-deficient mice were found to have increased stress-induced behavioral
despair (Schramm et al., 2001).

1.3.1.3. Dopamine

Anhedonia, a core symptom seen in depression, is associated with dysfunctions in the DA system.
Several investigations have revealed associations between susceptibility to depression and
various DA neurotransmitter system, such as DA transporter (DAT) (Dong et al., 2009), tyrosine
hydroxylase (TH) (Souery et al., 1996) and catechol-O-methyltransferase (COMT) (Funke et al.,
2005). Studies on polymorphisms or genetic markers in DA receptors do not support a major role
in contributing to susceptibility to MDD (Cusin et al., 2002; Hibino et al., 2006; Koks et al., 2006).

Postmortem studies of the DA system in depressed patients demonstrated reduced DAT density
and elevated D2/D3 receptor binding in the amygdala (Amy) (Klimek et al., 2002). Neuroimaging
findings have showed reduced DAT (Meyer et al., 2001) and D1 receptor (Cannon et al., 2009),
and increased D2 receptor (D’haenen and Bossuyt, 1994) binding potential in the striatum of
depressed subjects. Preclinical studies have shown that DAT deficiency (Perona et al., 2008) and
enhanced TH expression (Fu et al., 2006) elicit antidepressant-like effects in mice. Optogenetic
selective inhibition and activation of ventral tegmental area (VTA) DA neurons induced depressive-

like behaviors and rescued stress-induced depression-like phenotype in mice, respectively (Tye



et al., 2013). Moreover, the depression-related response to the inhibition or activation of VTA DA

neurons depends on the specific projection targets (Chaudhury et al., 2013).
1.3.2.  Neurotrophic hypothesis

This hypothesis proposes a key role for the reduction of neurotrophic factors in the vulnerability to
manifest depression. Clinical and preclinical research in depression indicating volumetric loss in
cortical and limbic brains regions in patients suffering from MDD and animal models of depression
led to the emergence of the neurotrophic hypothesis of depression (Magarifios et al., 1996;
Bremner et al., 2000; Banasr et al., 2007; Zhao et al., 2017). Different classes of antidepressants
increase trophic factors expression and signaling, which could induce hippocampal neurogenesis
and reverse stress-induced changes in the brain (Malberg et al., 2000; Duman and Monteggia,
2006; Licznerski and Duman, 2013).

Most research has focused on brain-derived neurotrophic factor (BDNF). In humans, BDNF
Val66Met polymorphism has been associated with poorer episodic memory, reduced activity-
dependent BDNF release and impaired hippocampal function (Egan et al., 2003), and
development of MDD as well (Verhagen et al., 2010; Hosang et al., 2014). In mice models of the
Val66Met polymorphism impaired responses to antidepressants were found (Chen et al., 2006;
Bath et al., 2012). Evidence based on preclinical studies does not reach consensus as to whether
decreases in BDNF signaling induce depressive-like behaviors in mice due to the variability
present in different studies (Lindholm and Castrén, 2014). Additionally, stress-evoked reduction or

increase of BDNF is brain region-specific (Jaggar et al., 2019).
1.3.3. Gut microbiome hypothesis

The brain-gut-microbiota axis is a bidirectional communication system enabling gut microbes to
communicate with the brain through the vagus nerve, short-chain fatty acids, cytokines, and
tryptophan (Dinan and Cryan, 2017). In preclinical studies, chronic treatment with lactic acid
bacteria reduced stress-induced deleterious effects and depressive-like behavior, and these
effects were not found in vagotomized mice (Bravo et al., 2011). Moreover, in a maternal
separation model in mice the presence of microbiota is required for the induction of behavioral
despair (De Palma et al., 2015). Human studies have characterized the differences in the fecal
microbiota composition in healthy subjects and MDD patients (Jiang et al., 2015; Chung et al.,
2019).

1.4. Stress and hypothalamo-pituitary-adrenocortical axis

The hypothalamo-pituitary-adrenocortical (HPA) axis is required for stress adaptation (McEwen,

2007). Activation of the HPA axis is mediated by neurons localized in the medial parvocellular



portion of the hypothalamic paraventricular nucleus (PVN), and causes secretion of
glucocorticoids (GCs), which act on multiple organ systems to redirect energy resources to cope
real or anticipated demand. Homeostatic imbalance directly activates the PVN (Ulrich-Lai and
Herman, 2009). Conversely, anticipatory HPA axis responses are indirectly mediated by limbic
forebrain circuits (Herman et al., 2003). PVN neurons release corticotropin-releasing hormone
(CRH) onto cells of the anterior pituitary inducing the secretion of adrenocorticotropin (ACTH) into
systemic circulation. At the adrenal cortex, ACTH stimulates synthesis and release of GCs; cortisol
in humans and corticosterone in rodents. Then, GCs can rapidly inhibit CRH release from PVN
neurons by acting on membrane-associated receptors (Myers et al., 2012). In acute stress the
feedback mechanisms effectively terminate the response after the stressor become extinct. In
contrast, chronic stress generates changes in the basal activity of the HPA axis and in the
responsiveness to stress (Herman et al.,, 1995). The HPA axis responds to each stressor,
increasing the cumulative GCs burden. In addition, increased basal GC release triggered by
chronic stress may be related to impairment of GC feedback control of the HPA axis (Herman et
al., 2016).

1.5. Animal models in depression

Because the etiology of human depression is highly heterogeneous, modeling depressive
disorders in animals is a complex challenge. In addition, symptoms such as feelings of guilt and
sadness, depressed mood and suicide cannot be modelled in animals (Cryan and Holmes, 2005).
Despite this, the risk of developing depression due to stress episodes is the basis of animal models

of depression (Kessler, 1997; O’Leary and Cryan, 2013).
1.5.1. Validity criteria

The validity of an animal model is usually assessed through three classical criteria: predictive
validity, face validity and construct validity (Planchez et al., 2019). Predictive validity is based on
a pharmacological correlation of therapeutic results in humans which should be replicated in
animals. The effects of chronic, but not acute, antidepressant administration is effective in
reversing depressive-like behaviors in rodents is a good example of predictive validity (Nollet et
al., 2013). Face validity refers to the phenomenological similarities between the human condition
and the animal model. This criterion is evaluated by comparing the symptoms between the human
condition and alterations of specific behavioral endpoints resulting from experimental
manipulations related to the animal model of MDD (Belzung and Lemoine, 2011). Face validity
attempts to simulate the diagnostic criteria of the psychiatric condition. For example, if anhedonia
is considered one of the core symptoms of depression is, then a behavioral test should be used

to assess anhedonia in the animal model of depression. Construct validity corresponds to the



equivalence of the triggering factors of the pathological condition (i.e. genetic vulnerability and
environmental factors), and of the underlying neurobiological mechanisms (Planchez et al., 2019).
For example, in the UCMS model in rodents, as in human depression, the depressive phenotype

results from environmental and psychological stressors.
1.5.2. Behavioral models that trigger depressive-like behaviors

Behavioral paradigms that induce depressive phenotypes in animals have good predictive validity

and attempt to model behavioral and biological domains of human depression.
1.5.2.1. Learned helplessness

This model aims to model one of the most common sentiments that patients suffering depression
report, the feeling of diminished survival effort due to previous exposure to uncontrollable aversive
stimuli (Pryce et al., 2011). In this behavioral paradigm, animals are placed in an closed chamber
and receive several electric shocks on their feet repeatedly without the ability to escape the shock.
After several conditioning periods, the animal is given opportunity to push a lever to stop the shock
or given access to a neutral chamber allowing the animals to leave the aversive compartment
(Vollimayr and Gass, 2013). Rodents that have not been previously exposed to the unescapable
shock are commonly able to escape quickly from the shock, whereas animals previously exposed

to the learned helplessness paradigm frequently fail to acquire shock avoidance.
1.5.2.2. Chronic social defeat stress

Chronic social defeat stress (CSDS) consists of subjecting defeated rodents to the home cage of
an aggressive rodent on a daily basis. Physical contact between the two rodents is allowed for 5
— 10 min and then sensory contact for 24 h. This paradigm of depression has the advantage of
not all rodents become susceptible to daily psychosocial stress. A percentage of defeated animals
are resilient, assessing as a behavioral endpoint the social interaction with an unknown aggressive
rodent (Golden et al., 2011). In addition to the validity of the construct, due to the individual
differences of each individual to manifest a depressive phenotype, CSDS allows to study resilience

mechanisms.
1.5.2.3. Unpredictable chronic mild stress

UCMS is a paradigm commonly used to induce depressive-like behaviors. Variations of this
behavioral model are referred as chronic mild stress, chronic unpredictable stress, chronic
unpredictable mild stress, and chronic variable stress, although essentially describe the same
process (Willner, 2017). Daily exposure at least four weeks of stress exposure is capable of reliably

inducing maladaptive phenotype (Monteiro et al., 2015). Generally, animals are exposed to one or



two stressor per day in a randomized fashion. Common stressors include disturbances in light
cycle, cage flooding, stroboscope light, restraint, cage tilting, and shaking (Burstein and Doron,
2018). The importance of keeping the stressors unpredictable and randomized is crucial, because
controllability or expectation of a stressor can attenuate UCMS-induced maladaptive behaviors,

and usually results in anhedonia and reduced self-care (Nollet et al., 2013).

1.6. Neurocircuitry in depression

Main depressive symptoms, including long-lasting low mood and anhedonia, reflect predominant
features of dysfunctional emotion regulation and reward processing. Neuroimaging studies in
depression have shown structural and functional abnormalities in neural circuits involved in implicit
emotion regulation, centered on the Amy and different regions in the medial PFC (mPFC), and
reward neural circuitry, relied on the ventral striatum and mPFC (Phillips et al., 2015). The most
reported volumetric abnormalities in MDD patients have been reduction of gray matter in the
anterior cingulate cortex and PFC early in iliness and in young adults at high familial risk for MDD
(Price and Drevets, 2010), and this decrease is correlated with persistence of illness (Savitz and
Drevets, 2009).

Recently, using PET with a radioligand targeting the synaptic vesicle glycoprotein 2A (SV2A) to
estimate synaptic density, it was found that individuals with high levels of depression exhibited
lower SV2A density in the PFC, anterior cingulate cortex and Hpc compared to controls, as well
as impaired functional connectivity among these areas (Holmes et al., 2019). Additionally,
postmortem studies of depressed subjects reported synaptic loss in the PFC, including lower
expression of synaptic-function-related genes (Kang et al., 2012). In animal models, it has been
observed that chronic stress — a widely used model of depression — decreases spine density and

dendrite complexity of mPFC neurons (Li et al., 2011; Voleti et al., 2013).

In addition to the role in memory and learning processing, the Hpc has also been linked to the
regulation of emotions. Imaging studies revealed greater functional connectivity of the Amy with
the Hpc during negative stimuli recalling in depressed patients (Hamilton and Gotlib, 2008).
Studies based on meta-analytic techniques suggest that hippocampal volume reductions
generally occur after disease onset in MDD patients (McKinnon et al., 2009). Moreover,
hippocampal neurogenesis is necessary for the antidepressant effects of chronic fluoxetine
treatment in mice (Santarelli et al., 2003). Multiple studies have proposed that anhedonia, one of
the core symptoms of depression, is linked to reward processing dysfunction, conceptualizing that
reward comprises several constructs including motivation, salience, anticipation, prediction,
learning, pleasure, and satiety (Heshmati and Russo, 2015). The reward circuit consists mainly of

dopaminergic input from the VTA to the nucleus accumbens (NAc). The mesolimbic DA circuit



predicts and values the reward (Berridge and Robinson, 1998; Schultz, 1998). Nonetheless,
neural reward processing is not unique to the VTA — NAc dopaminergic circuit. A role for the Amy
in reward assessment has also been proposed (Murray, 2007). In addition, optogenetic inhibition
of glutamatergic projections from the basolateral Amy (BLA) to NAc in mice reduced cue-induced
sucrose intake, demonstrating an important role for this specific pathway in controlling reward-
seeking behaviours (Stuber et al., 2011). Moreover, optogenetic stimulation of mPFC had
antidepressant effects, and increased NAc activity associated with reversed social avoidance
behavior in mice susceptible to social defeat (Covington et al., 2010). However, other studies have
shown that attenuation of ventral Hpc (vHpc) — NAc glutamatergic transmission by optogenetic is
pro-resilient and, conversely, acute enhancement of this input is pro-susceptible, whereas
optogenetic stimulation of either mPFC or Amy afferents to the NAc is pro-resilient (Bagot et al.,
2015). These observations suggest that glutamate, among other possible neurotransmitters

involved, may play a key role in reward processing in the cortical-limbic circuit.

1.7. Memory and depression

In addition to deficits in emotional state, mood and enjoyment, depression also commonly affects
attention, memory, and executive functions (Millan et al., 2012; Mcintyre et al., 2015). In this
regard, the DSM-5 identifies cognitive disturbances as symptoms of depression, such as difficulty
thinking and concentrating or making decisions among the diagnostic criteria for MDD (American
Psychiatry Association, 2013). These cognitive impairments are characterized by sudden onset,
memory disorders, rapid progression, and self-report and emphasis of these deficits by patients
(Perini et al., 2019). These signs tend to persist even during remission of depressive symptoms
(Conradi et al., 2011). On the other hand, a rapid remission of depression symptoms is related to
cognitive improvements experienced by patients (Gudayol-Ferré et al., 2015). Moreover, chronic
antidepressant treatment in animal models of depression prevented (Bondi et al., 2008) and

reversed (Danet et al., 2010) stress-induced cognitive deficits.

It is well known that stress is one of the factors that is involved in the etiology of mood disorders,
and can have different consequences in the acquisition, consolidation, and retrieval of information.
Stressful experiences may affect learning and memory processes, although both enhancing
(Domes et al., 2002; Smeets et al., 2007) and impairing (Elzinga et al., 2005; Vogel and Schwabe,
2016) effects have been reported. The impact of stress on memory depends on multiple factors,
such as the magnitude and intensity, timing, duration and controllability of the stressors. Acute
stress frequently facilitates the consolidation of information, however impaires retrieval

(Roozendaal, 2002; Joéls et al., 2006). Conversely, exposure to chronic stress can have negative



effects on decision-making, behavioral flexibility, and memory (Roozendaal, 2002; Myers et al.,
2012; Wirkner et al., 2019).

Neuroimaging-based human studies have reported reduced PFC and hippocampal volumes in
patients suffering from stress-related disorders (Bremner et al., 2000; Bremner, 2002; Lindauer et
al.,, 2006; Lupien et al., 2007). Chronic stress in animal models impaired both structural and
functional plasticity in the PFC (Radley et al., 2004, 2006; Zheng et al., 2011; Shansky and Lipps,
2013) and Hpc (Alfarez et al., 2003; Conrad, 2008; Krugers et al., 2010). Depressed patients with
reduced Hpc volume showed deficits in memory tasks (Hickie et al., 2005). In MDD patients and
animal models of depression were found dysfunction on Hpc-PFC circuit linked to memory deficits
(Cerqueira et al., 2007; Genzel et al., 2015).

Several studies show that impairments to memory and cognitive performance could be related to
dysregulation in glutamate neurotransmission. Mice with reduced expression of the vesicular
glutamate transporter 1 (VGLUT1) displayed depressive-like behaviour and impaired recognition
memory (Tordera et al., 2007). Loss of NMDA receptors GIuN2A subunit (Brigman et al., 2008;
Marquardt et al., 2014) and conditional deletion of the NMDA receptors GIUN2B subunit on the
forebrain (Brigman et al., 2010; Thompson et al., 2015) led to defective behavioral flexibility and
memory in mice. Moreover, uncontrollable stress and blockade of NMDA receptors in the dorsal
Hpc affect recognition memory in rats (Baker and Kim, 2002). Furthermore, detrimental effects on
recognition memory, associated to reduced AMPA receptors- and NMDA receptors-mediated
synaptic transmission and glutamate receptor expression were found in the PFC pyramidal
neurons in chronic stress animal models (Yuen et al., 2012). Furthermore, acute subanesthetic-
dose administration of ketamine reversed deficits in cognitive flexibility and depressive-like
behavior in chronically stressed rats (Jett et al., 2015), which suggests the participation of NMDA

receptors in mediating stress-evoked cognitive dysfunctions.

Alterations in EAATs have consequences on memory and cognitive performance. SNPs of EAAT1
and EAAT2 have been associated with déficits in working memory and cognitive functions in
patients with psychiatric disorders (Spangaro et al., 2012; Poletti et al., 2014, 2015). Inhibition of
EAATs with TBOA disrupts spatial memory retrieval in mice (Tak et al., 2007). Both
pharmacologically induced EAAT2 upregulation and EAAT2 blockade impaired novel object
recognition in rodents (Matos-Ocasio et al., 2014; Tian et al., 2019). In addition, a study focused
on determining age-related cognitive decline mechanisms in mice reported that astrocytic EAAT2
deletion led to early deficits in spatial learning reference short- and long-term memory, and
neuronal EAAT?2 loss resulted in late-onset spatial reference long-term memory deficit (Sharma et

al., 2019). Moreover, aged EAAT3 KO mice showed impairment in spatial memory related to
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reduced glutathione content, brain atrophy and oxidative stress in the Hpc (Aoyama et al., 2006).
By contrast, the cognitive improvement in learning and spatial memory as well as the increase of
neuronal glutathione content and neuroprotection against oxidative stress could be associated
with upregulation of EAAT3 levels in GTRAP3-18-deficient mice (Aoyama et al., 2012). However,
the role of EAAT3 overexpression in object recognition and object location memory in mice under

chronic stress conditions remains uncertain.

1.8. Glutamatergic system in depression

1.8.1. Glutamate signaling and receptors

Glutamate is the major excitatory neurotransmitter in the central nervous system (CNS) (Orrego
and Villanueva, 1993). Glutamatergic projections participate in almost all circuits in the CNS,
encompassing intracortical circuits, cortical-subcortical connections, and subcortical systems such

as the basal ganglia, cerebellum, thalamus, and brainstem circuits (Pittenger et al., 2011).

Glutamate binds on ionotropic and metabotropic receptors (Reiner and Levitz, 2018). lonotropic
glutamatergic receptors include AMPA, kainate, and NMDA receptors. These receptors are cation-
permeable ion channels and function by allowing the influx of sodium and calcium ions into the
cell, thereby generating depolarization and other intracellular changes (Kew and Kemp, 2005).
NMDA receptors are heteromeric assemblies comprised of three types of subunits: GIuN1, GluN2
and GIuN3. There are eight different GIuN1 subunits, four GIUN2 subunits (A, B, C and D) and two
GIuN3 subunits. Functional expression of NMDA receptors must be composed of at least one
GIuN1 subunit and one GIuN2 subunit (Paoletti and Neyton, 2007). NMDA receptors require
binding of glycine in GIuN1 subunits and binding of glutamate in GIuN2 subunits to be activated
(Furukawa et al., 2005). Besides, NMDA receptors are blocked by Mg?* ions at resting membrane
potentials. A depolarization of sufficient amplitude and duration is required to dislodge and repel
the Mg?* ions from the pore, thereby allowing the flow of permeant ions (Clarke et al., 2013). AMPA
receptors are tetrameric ion channels composed of four types of subunits: GluA1, GIuA2, GIuA3
and GluA4, which combine in different stoichiometries to form distinct receptor subtypes (Greger
et al., 2017). GluA2-containing AMPA recpetors are impermeable to calcium (Huganir and Song,
2002). Moreover, only two agonist molecules are necessary and sufficient for AMPA receptors

activation (Clements et al., 1998).

Metabotropic glutamate receptors (mGIuRs) are divided into Group | (mGIuR1 and mGIuR5),
Group Il (mGIuR2 and mGIuR3), and Group Il (mGluR4 — 8). mGIuRs are G-protein-coupled
receptors (GPCRs). Group | mGIluRs are coupled to Gq, whose activation increases phospholipase
C (PLC) activity. Group Il and Group lll mGIuRs are both are coupled to Gio, decreasing adenylyl

cyclase levels (Crupi et al., 2019).
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Antidepressant strategies development have also focusing on mGluRs. Postmortem studies
showed elevated levels of mGIuR2/3 (Feyissa et al., 2010), and decreased expresion levels of
mGIuR5 (Deschwanden et al., 2011) in the PFC of patients with MDD. Moreover, animal models
of depression showed a decrease in mGIuR2/3 (Matrisciano et al., 2008; Wieronska et al., 2008),
and mGIuRS5 (lyo et al., 2010) expresion levels in the Hpc and PFC, respectively. Administration
of a group Il mGIuRs agonist produced antidepressant-like effect in rats (Patucha et al., 2004). In
addition, mGIuR1/5 (Tatarczynska et al., 2001; Belozertseva et al., 2007) or mGIuR2/3 (Chaki et
al., 2004) antagonists exert antidepressant-like effects in behavioral despair tests in rodents.
Furthermore, in repeated corticosterone-treated rats a mGIluR2/3 antagonist dampened the
increased immobility time during the forced swimming test (Koike et al., 2013). Likewise, the
pharmacological blockade of mGIuR2/3 for one week reduced significantly the escape failures in
the learned helplessness paradigm in rats (Yoshimizu et al., 2006). In chronically stressed animal
models of depression, a single administration with mGIuR2/3 antagonists produced rapid and
sustained antidepressant effects (Dwyer et al., 2013; Dong et al., 2016). Nevertheless, six-week
treatment with negative allosteric modulators of the mGIuR2/3 (Umbricht et al., 2020) or mGIuRS5

(Quiroz et al., 2016) were not clinically effective in MDD patients.

Recent preclinical and clinical studies suggest that the glutamate neurotransmitter system may be
involved in the pathogenesis of depression (Pittenger et al., 2007; Sanacora et al., 2012; Murrough
etal., 2017). Elevated brain glutamate levels have been reported in depressive patients (Sanacora
et al., 2008). Furthermore, MDD patients show a positive correlation between increased glutamate
levels and the severity of depression (Mitani et al., 2006). Other studies have demonstrated that
chronic treatment with antidepressants decrease reduce the serum levels of glutamate in
depressed individuals (Maes et al., 1998). Moreover, ketamine, a NMDA receptor antagonist that
is usually used as an anesthetic agent, has been shown to decrease symptoms of depression in
patients with treatment-resistant depression within 2 h postinfusion, and continued to remain
significant for 1 week (Zarate et al., 2006). However, the use of ketamine can induce side effects
in patients (Zarate et al., 2006; aan het Rot et al., 2010). In preclinical studies, chronic exposure
to corticosterone has been found to decrease the NMDA receptors GIUN2B subunits and AMPA
receptors GluA2/3 subunits in the mPFC of rats (Gourley et al., 2009). Besides, repeated stress
decreases the total and surface levels of AMPA receptors GluA1 and GIuA2 subunits and NMDA
receptors GIuN1, GIuN2A and GIuN2B subunits in the mPFC of rats (Yuen et al.,, 2012).
Furthermore, chronic stress leads to maladaptive changes within glutamate synapses, including
reduced extracellular glutamate clearance and the increased activation of extrasynaptic NMDA
receptors GIUN2B subunits (Murrough et al., 2017). Antagonists selective for NMDA receptors

GIuN2B subunits reverse depressive-like behaviors in an animal model of depression in mice
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(Maeng et al., 2008). Collectively, these studies suggest that dysregulation of glutamatergic

signaling is associated with depressive disorders.
1.8.2. Excitatory amino acid transporters

Once glutamate is released into the synaptic cleft, excitatory amino acid transporters (EAATS)
control the diffusion and glutamate content in the extracellular space (Vandenberg and Ryan,
2013), providing a fine-tuning transmission and protecting against excitotoxicity (Bridges and
Esslinger, 2005). In the CNS there are five isoforms of EAATs, EAAT1 and EAAT2, localized in
glial cells (Lehre et al., 1995; Shigeri et al., 2004), EAAT3 expressed in dendrites and cell bodies
of glutamatergic, GABAergic, dopaminergic and interneuron postsynaptic neurons in the forebrain
(Danbolt, 2001; Amara and Fontana, 2002; Holmseth et al., 2012), EAAT4 in Purkinje cells of the
cerebellum (Itoh et al., 1997; Dehnes et al., 1998), and EAATS5 in the retina (Pow and Barnett,
2000). Glutamate transport mediated by EAAT1, EAAT2, and EAAT3 is coupled to the cotransport
of three equivalents of sodium ions and one proton followed by the countertransport of one
equivalent of potassium ions. On the other hand, the transport stoichiometry of EAAT4 and EAATS
has not been determined. In addition, there is a chloride flux coupled to glutamate transport, but
this differs between the different subtypes of EAATs. EAAT4 and EAATS function predominantly
as chloride channels, whereas for EAAT1, EAAT2 and EAAT3 the chloride flux is in a lower

proportion than the ion fluxes associated with transporter function (Vandenberg and Ryan, 2013).
1.8.3. EAAT3

Immunostaining studies indicate that EAAT3 is preferentially expressed in perisynaptic region of
excitatory synapses, localized immediately beside the synaptic specialization space, thus
regulating glutamate spillover (He et al., 2000; Waxman et al., 2007). Despite the glutamate uptake
process is carried out mostly by the astrocytic transporters EAAT1 and EAAT2 (Holmseth et al.,
2012), studies indicate that EAAT3 plays a key physiological role in the clearance of glutamate,
and to regulate the responses of extrasynaptic AMPA and NMDA receptors (Scimemi et al., 2009;
Underhill et al., 2014; Delgado-Acevedo et al., 2019). Additionally, EAAT3 controls GABAergic
neurotransmission by supplying glutamate as a substrate for GABA synthesis in GABAergic

neurons (Mathews and Diamond, 2003).

Changes in the expression levels of EAAT3 have been related to the development of depressive-
like behaviors. In a prenatal stress model in rats, a decrease in EAAT3 mRNA levels was observed
in the Hpc (Zhang et al., 2013). Furthermore, early-life stress induced a decrease in EAAT3
expression levels in the vHpc and in the cerebral cortex of rats (Kim et al., 2020). In the same
study, EAAT3 KO mice exhibited depressive-like behaviors. Moreover, administration of ketamine

to chronically stressed rats alleviated depressive-like behaviors and reversed the stress-induced
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decrease in EAAT3 expression levels, and the increase in extracellular glutamate in the Hpc (Zhu
et al., 2017). These findings indicate a possible correlation between EAAT3 expression levels and
depressive-like behaviors, and suggest that EAAT3 downregulation may contribute to the

manifestation of a depressive phenotype.

1.9. Summary

As mentioned above, in preclinical and clinical studies of depression, an increase in glutamate
and dysregulation of glutamatergic signaling in cortical and limbic brain areas have been
observed. Furthermore, in chronic stress animal models, both decreased glutamate uptake and
reduced expression of EAATs, including EAAT3, were observed. Due to its perisynaptic
localization in postsynaptic neurons, EAAT3 might play a key role in protecting from overactivation
of extrasynaptic glutamate receptors and preventing an aberrant glutamatergic signal associated
with maladaptive changes that could lead to a depressive phenotype. Altogether, the evidence
leads to the hypothesis that upregulation of EAAT3 levels in the cortical-limbic brain circuit could

promote resilience to develop depressive-like behaviors in an animal model of depression.

1.10. Hypothesis

Genetically-induced increased EAAT3 expression in the cortical-limbic circuit confer a
resilient phenotype in the acquisition of the depressive-like phenotype triggered by chronic

stress.

1.11. General goal

To understand the role of EAAT3 in depressive-like behaviors and the consequences of chronic

stress on the glutamate transporters and receptors in the cortical-limbic brain areas.

1.12.  Specific aims

- To evaluate the consequences of UCMS in WT mice at the behavioral level, using a
battery of memory tests and depressive-related behavioral paradigms.

- To determine the consequences of UCMS on the glutamate transporters and ionotropic
receptors expression levels in the cortical-limbic brain areas in WT mice,using western
blot determinations.

- To evaluate the impact of EAAT3 overexpression in the forebrain of mice in the UCMS
model at the behavioral level, using a battery of memory tests and depressive-related
behavioral paradigms.

- To evaluate the consequences of CSDS in WT mice at the behavioral level, using a battery
of depressive-like behaviors.
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2. Materials and methods
2.1. Animals

Animals were male and female WT, and EAAT3 overexpressing (EAAT39°/CMKII) and control
(EAAT39°, no Cre) mice on a C57/BL6J background strain. The animals were experimentally naive
and 2 — 6 months old (25 — 30 g). Animals were weaned at 21 days of age, and group-housed (3—
5 animals per cage) in an animal facility room with controlled temperature (21 + 2°C) and humidity
(40-70%), with ad libitum food and water, in a 12 h light:dark cycle (lights on at 8:00 AM). All

experiments were performed blind to the animal genotype.
2.1.1. Mouse lines with conditional EAAT3 overexpression in the forebrain

Thesis advisor, Dr. Pablo Moya, generated a line of transgenic mice with conditional EAAT3
overexpression in the forebrain by Cre/LoxP system, using a pCLE-EAAT3 vector (Fig. 1A) as
described Delgado-Acevedo et al., 2019. The main elements of this vector include a constitutive
CMV/B-actin promoter, followed by an enhanced green fluorescent protein (EGFP) sequence,
which contains a 3’ polyA tail as a stop sequence. EGFP is flanked by LoxP regions and a mouse
EAAT3 cDNA construct is located downstream. pCLE-EAAT3 vector was extensively
characterized in vitro (Fig. 1B and C), and subsequently used to generate the EAAT39° mice (Fig.
1D).
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Figure 1. Characterization of pCLE-EAAT3 vector. The pCLE-EAAT3 vector contains a floxed
EGFP gene sequence. Upon Cre recombination, the EGFP gene is released and EAAT3 is
expressed (A). Representative immunoblots for GFP, EAAT3, and beta-actin expression from N2A
cells transfected with pCLE-EAAT3, pCLE-EAAT3, and pCMV-Cre during 24 h (B). [*H]-Glutamate
uptake determinations in N2A cells transfected with pCLE-EAAT3, pCLE-EAAT3, and pCMV-Cre
during 24 h (C). EAAT39° mice visualized under UV light (D).
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To obtain mice with conditional EAAT3 overexpression in neurons in the forebrain we crossed
EAAT39° mice with CaMKIlla-Cre mice. This is transgenic mouse line promotes Cre/LoxP
recombination under the control of the promoter of the alpha-calcium/calmodulin-dependent
protein kinase Il (CaMKIlla) gene (Tsien et al., 1996). Thus, in the presence of Cre recombinase,

EGFP and the stop sequence is deleted and EAAT3 is conditionally expressed (Fig. 2).
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Figure 2. Scheme of crosses to obtain conditional EAAT3 overexpression mice restricted to
CaMKlIla expressing neurons in the forebrain.

2.2. Genotyping

2.2.1. Standard PCR

Our lab developed a triplex PCR assay for GFP (presence or absence of EAAT3 transgene), CRE
(presence or absence of CaMKlla-Cre), and MAO-B (internal control). Primers for promoter-to-
GFP region were PROM-For: 5-CTCTAGAGCCTCTGCTAACC-3"; EGFP-Rev: 5'-
TGATGCCGTTCTTCTGCTTGTC-3', 346 bp amplicon. CRE primers were CRE-For: 5'-
GCATACCTGGAAAATGCTTCTGT-3; CRE-Rev: 5-GGCCCAAATGTTGCTGGATAGTT-3',
amplicon 164 bp. MAO-B primers were MAO-B-For: 5-CTACAAAGCAGATTGCCACGC-3'; MAO-
B-Rev: 5-TACCTGACATCAACTGGTCCC-3', amplicon 292 bp. 2 ul of DNA, 8 pl of primer set (0.4
MM final concentration), and 10 pl 2X Sapphire (RR350A, Takara Bio USA, Inc, Mountain View,
CA, USA) were mixed in each tube. Cycle: 95°C 10 min; [94°C 30 s, 62°C 30 s, 72°C 30 s] X 30

cycles; 72°C 10 min. Amplicons were run on 2% agarose electrophoresis in TBE buffer (pH 8.4).
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In DNA samples from WT mice a single 292 bp band was observed, corresponding to internal
control MAO-B (Fig. 3, lane 2). In EAAT39° control mice, two bands were observed: 346 bp
corresponding to EAAT3 transgene and 292 bp internal control MAO-B (Fig. 3, lane 3). In
CaMKIlla-Cre mice, 2 bands were observed: 292 bp corresponding to internal control MAO-B and
164 bp of Cre Recombinase (Fig. 3, lane 4). In DNA samples from mice with conditional EAAT3
overexpression in principal neurons in the forebrain (EAAT39°/CMKII), three bands were
observed: 346 bp corresponding to the EAATS3 transgene, 292 bp internal control MAO-B, and 164
bp Cre recombinase PCR product (Fig. 3, lane 5).
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Figure 3. Agarose gel electrophoresis with amplicons obtained by standard PCR. Lane 1: 100 bp
DNA ladder (#SM0323, Thermo Fisher Scientific Inc, Waltham, MA, USA). Lane 2: WT, lane 3:
EAAT39°, lane 4: CaMKIlla-Cre, and lane 5: EAAT39°/CMKII mouse.

2.2.2. Genomic DNA extraction

Genomic DNA was extracted from a 0.5 cm long tail segment of each of the mouse litters obtained.
In 400 pl of lysis buffer (0.1 M Tris, 0.2 M NaCl, 5 mM EDTA and 0.4% SDS) supplemented with
proteinase K (Sigma Aldrich Inc., St. Louis, Missouri, USA) 0.2 mg/ml the tail samples were
incubated at 55°C until complete disintegration of the tissues. The disaggregated tissues were
centrifuged at 13000 rpm for 3 min at room temperature. 500 ul of pure isopropanol (Sigma Aldrich
Inc., St. Louis, Missouri, USA) were added to each supernatant. The samples were centrifuged
again at 13000 rpm for 3 min at room temperature. The supernatants were discarded, and 1 ml of
70% ethanol (ethanol for molecular biology, Sigma Aldrich Inc., St. Louis, Missouri, USA) were
added to the pellet. Following vortex, the tubes were centrifuged again at 13000 rpm for 3 minutes
at room temperature. The supernatants were discarded and the pellet inside the tubes were left
to dry at room temperature for 10-15 minutes. Then, 100 ul of sterile double distilled water
prewarmed at 55°C were added to each tube and the tubes were incubated in shaking at 37°C for
10 minutes or until the DNA pellet was completely resuspended. DNA was quantified in a

spectrophotometer, obtaining the sample purity ratio (260 nm/280 nm) ranging from 1.7 to 1.9.
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2.3. Behavior

Animals were transferred to the behavioral room in their home cages, acclimated for at least 1 h
and tested between 10:00 and 16:00 h (during the light cycle). Equipment was cleaned after each
mouse with ethanol 70% to eliminate odor cues. All tests and analyses were done blind to the

genotype of animals.

At the beginning of the experiments, mice of all genotypes were randomly divided into two groups

(Table 1): non-stressed control (baseline conditions) and another group subjected to UCMS.

Table 1. Number of individuals corresponding to each genotype and treatment.

Genotype Group n

WT Control 10

WT UCMS 10

EAAT39° Control 15

EAAT39° UCMS 14
EAAT39°/CMKII Control

EAAT39°/CMKII UCMS 7

2.3.1. Unpredictable chronic mild stress

Mice were daily subjected to one or more stressor according a semi-random schedule for 5 weeks
(Table 2). The stressors used consisted of restraint stress, alterations of the light and dark cycle,
wet bedding, substitution of sawdust with water, removal of sawdust, tilting the cage by 45°,
repeated changes of bedding, replace home cage bedding by the bedding of a CF-1 mouse and

stroboscope light (Table 3).

Over the 5 weeks of stress, body weight and coat state were evaluated twice a week in all animals.
Following the UCMS protocol, WT, EAAT39° and EAAT39°/CMKII mice were tested in anxiety- and
depressive-like behaviors, and compared to their respective non-stressed control groups (Fig. 4).

Mice were stressed once a day over the behavioral testing period.
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Figure 4. Scheme of experimental UCMS timeline. At the end of the 5 weeks of UCMS, behavioral
tests in non-stressed control and stressed animals were initiated. Open field test (OFT), three-
chamber social interaction test (3ChT), sucrose preference test (SPT), tail suspension test (TST),
training (train.), object location memory (OLM), and object recognition memory (ORM). Body
weight and coat state were measured twice a week during UCMS.

Table 2. 5-week schedule of UCMS.

Monday Tuesday Wednesday | Thursday Friday Saturday Sunday
. BW+Coat
BV\SI; (tleoat l;ehStf&]; Restraint state Shaking Restraint Water
Week Light + No Beéding (1h, PM) Dark (1h, AM) (1h, AM) (2h, PM)
1 beddi No bedding (5h, AM) Light Wet bedding Light
edding CF-1 mouse . oy : : :
. (overnight) | Cage tilting | (overnight) | (overnight) (overnight)
(overnight) (5h, PM)
(3h, PM)
BW+Coat BW+Coat Cage tilting
state Cage tilting Restraint state (2.5h, AM) | No bedding Dark
Week | Cage tilting | (2.5h, PM) (1h, AM) Dark Dark (5h, AM) (5h, AM)
2 (4h, AM) Light Wet bedding (5h, AM) (6h, PM) Stroboscope | Cage tilting
Water (overnight) | (overnight) | Stroboscope Light (overnight) (4h, PM)
(2h, PM) (overnight) | (overnight)
BW+Coat BW+Coat
state Dark No bedding state Cage tilting Restraint No bedding
Week Restraint (5h, AM) (5h, AM) Restraint (2.5h, PM) (1h, AM) (5h, AM)
3 (1h, AM) Water Stroboscope (1h, AM) Water Shaking Stroboscope
Shaking (2h, PM) (overnight) Light (2h, PM) (1h, PM) (overnight)
(1h, PM) (overnight)
BW+Coat BW+Coat Bedding
state Cage tilting | No bedding state Cage tilting Dark CF-1 mouse
Week | Shaking (1h, | (2.5h, PM) (5h, AM) Restraint (3h, PM) (5h, AM) (5h, PM)
4 AM) No bedding Water (1h, PM) Stroboscope Light Strob’oscope
Light (4h, PM) (2h, PM) Light (overnight) | (overnight) .
. : (overnight)
(overnight) (overnight)
BW+Coat BW+Coat Cage tilting
state Restraint No bedding state (2.5h, AM) Shaking Cage tilting
Week Dark (1h, AM) (5h, AM) Cage tilting Dark (1h, AM) (4h, AM)
5 (5h, AM) Wet bedding | Stroboscope | (2.5h, PM) (6h, PM) Light Water
Water (overnight) | (overnight) Light Light (overnight) (2h, PM)
(2h, PM) (overnight) | (overnight)

Body weight (BW), morning (AM), afternoon/evening (PM).
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Table 3. Experimental stressors.

Stressor Description
Light/Dark

Mice cages were placed in a dark/light testing room during normal

cycle .

disturbances light/dark hours.

Wet Bedding was moistened with the addition of approximately 100 mL of
bedding water.

No bedding All bedding and enrichment were removed from home cage.

The mice were kept in closed and ventilated tubes (12 cm length x 5

Restraint cm i.d.). Mice had the possibility to turn themselves back into the tube.

The home cage bedding was replaced by the bedding of a CF-1

Bedding CF-1
mouse.

Cage tilting The cages were tilted backwards (45 degrees).

Groups of five mice were placed in a plastic box container and placed

Shaking in an orbital shaker at 150 rpm.

The bedding of each cage was removed and replaced by about 125 ml

Water water at 20-C (about 1 cm water).

Stroboscope Mice cages were placed in a dark testing room and exposed to a
light medium intensity stroboscope light.

2.3.2. Coat state

The coat state of each animal was measured on seven body parts of the mouse: head, neck, back,
abdomen, tail, forepaws and hindpaws (Fig. 5). The coat state score resulted from a qualitative
scoring for each body part, a score 0 was given for good state (smooth and shiny fur), a score 0.5
was given for moderate degradation (fur with no tousled, and some spiky patches) and a score 1
for bad coat state (fluffy fur on with slight staining). The total score was obtained by the sum of the
scores for all seven body parts, with a maximum possible score of 7. Thus, scale from 0 to 7,

means good to bad.
2.3.3. Body weight gain

Body weight gain was calculated by subtracting the body weight measured twice a week over the

UCMS protocol minus the initial weight of the mice prior to exposure to stress (week 0).
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Figure 5. Representative images of fur condition. Non-stressed control mouse (A and C) and
UCMS-subjected mouse (B and D). The coat state score resulted from a qualitative assessment
of different parts of the body including the head, the neck, the forepaws, the back, the abdomen,
the hindpaws, and the tail.

2.3.4. Open field test

An individual mouse was introduced to the center in an open field arena (40 x 40 x 35 cm®) into a
procedural room dimly lit by indirect red lighting (~50 lux). During 5 min, the total distance traveled
(cm), time (s) of permanence or exploration in the center (20 x 20 cm?) or in the periphery (5 cm
from the walls of the arena), and number of entries to center were recorded for each individual.
Between animals, the arena was cleaned with 70% ethanol, to remove olfactory cues. Mouse
behavior was recorded and analyzed using the Noldus Ethovision Video Tracking System (Version

7.0; Noldus, Wageningen, Netherlands).
2.3.5. Sucrose preference test

Sucrose preference test was performed in stressed groups on day 4 after UCMS. Each mouse
was removed from the home cage and place it individually in a cage filled with fresh sawdust with
ad libitum food and, in addition, for non-stressed control mice, nesting material for enrichment.
Mice were habituated to two identical drinking bottles with water for 48 h. After acclimatization,

mice were presented to two drinking bottles: one containing 1% sucrose solution and the other
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water for 2 days in their home cage. The positions of two bottles were changed on the second day
to reduce place preference. Volume intake of water and sucrose were measured once per day.
Sucrose preference was calculated as a percentage of sucrose intake over the total volume of
fluid intake (Eq. 1).

% sucrose _( Vsucrose )x 100
Vi

preference ater — Vsucrose

Equation 1. Calculation of percentage for sucrose preference. Vsucrose and Vwater, volume of
sucrose and water consumed, respectively.

2.3.6. Tail suspension test

Each subject was suspended by its tail from a bar 60 cm above the floor using adhesive tape.
Ambient white lighting (~300 lux) was present in the room throughout testing. The mouse was
positioned such that it had no contact with other objects. To prevent mice from climbing their tails,
clear hollow cylinders (3 cm length, 1.6 cm outside diameter, 1.3 cm inside diameter, 1.5 grams)
were placed around the tails of mice. The trials were conducted for a period of 6 min and were
video recorded. The behavioral measure was the duration of immobility in the last four minutes,

interpreted as behavioral despair.
2.3.7. Three chambered social interaction test

A clear acrylic rectangular three-chambered apparatus was used to assess sociability. Each of the
three cameras measured 20 cm (length) x 40.5 cm (width) x 22 cm (height) divided by transparent
walls with small openings which have removable doors by the experimenter to control access to
the chambers. Lighting was adjusted keeping dim red light (~10 lux) uniform throughout the
apparatus. Target mice (used as a social novelty) were trained to the inverted wire pencil cup
inside a side chamber of the maze. Training included three 10-minute sessions. The sociability
test consists of three stages. First, the test session began with habituation of experimental mouse
for 10 min, only in the central chamber, with the doors closed, without access to the side chambers.
In the next stage, the doors separating the central chamber from lateral chambers were opened
to allow the experimental mouse to explore and habituate to all three chambers for 10 min. The
subject was then briefly confined to the central chamber while the experimenter placed an empty
inverted wire pencil cup (novel object) in one of the lateral chamber, and a unfamiliar target mouse
(social novelty) under a inverted wire pencil cup in the other lateral chamber. A small white bottle
of 20 grams was placed on the top of each inverted wire pencil cup, to prevent the subject mouse
from climbing on top. After both wire cups were positioned, the two doorways were simultaneously
opened and the subject was allowed access to all three chambers for 10 min. The apparatus and

cups were cleaned with 70% ethanol between subjects. Time spent sniffing by the subject to the
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empty cup and cup containing the target mouse was recorded. Interaction ratio was calculated
based on time spent sniffing the target mouse divided by the total time sniffing the target mouse
plus the time sniffing the empty cup (Eqg. 2). Exploring time of each camera was obtained using

Noldus Ethovision Video Tracking System (Version 3.0; Noldus, Wageningen, Netherlands).

interaction _ tmouse
ratio lnwuse . lobject

Equation 2. Calculation of social interaction ratio. tmouse and tobject, time spent sniffing cup with
target mouse and empty, respectively.

2.3.8. Depression score

Depression score (Eq. 3) was calculated as the number of tests (N) minus the algebraic sum of
standardized scores for each of the three main analyzed parameters of the three depression-
related behavioral tests (sucrose preference test (sucrose preference (%)), tail suspension test
(mobility time (s)) and three-chamber social interaction test (time spent sniffing the novel mouse
(s)). Standardization consisted in subtracting the value of each animal to the minimum value of
the whole population and then dividing this number by the maximum value of the whole population
minus minimum value of the whole population: (x — min value)/(max value — min value). This

procedure yields scores which are distributed along a scale from 0 to 3, 3 reflecting high

depression _ N - Z X ~ MiMval
score MaXyal = MiNyal

i=1

depression.

Equation 3. Expression to calculate depression score. N, number of depression-related
behavioral tests; x, analyzed parameters; minva and maxva, minimum and maximum value of the
whole population, respectively.

2.3.9. Object location and object recognition memory tests

First, the animals were handled 1 — 2 min for 5 days and then habituated to the object location
memory (OLM) experimental apparatus (square arena, 40 x 40 x 35 cm?, with ~1 cm depth of
bedding to the floor, and the light adjusted between 45 — 48 lux) for 5 min once a day for 6 days
in the absence of objects. On training day, mice were placed into the experimental apparatus with
two identical objects and allowed to explore for 10 min. After 24 h of the training trial, in the OLM
test, only one of the objects was moved from location relative to the training session (Fig. 6A),
and mice were allowed to explore the experimental apparatus for 5 min. Exploration was scored
when the head of a mouse was oriented toward the object within a distance of 1 cm or when the
nose was touching the object. The relative exploration time was recorded and expressed as a

discrimination index (Dl), calculated as 100 multiplied by the quotient between the difference of
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time spent exploring displaced object less the time spent exploring nondisplaced object, divided

by total time exploring both objects (Eq. 4).

tdis laced t nondisplaced
object object

OLMDI = x 100

td\‘sBIaced +tnondisplaced
object object

Equation 4. Expression to calculate OLM DI.

Subsequently, mice were habituated to the object recognition memory (ORM) experimental
apparatus (circular arena, 28,5 cm in diameter x 23 cm high, with ~1 cm depth of bedding to the
floor, and the light adjusted between 45 — 48 lux) for 5 min once a day for 6 days in the absence
of objects. In training session animals were presented with two identical objects for 10 min (Fig.
6B). Twenty-four hours later, mice were places into ORM arena for 5 min, in which one of the ORM
training objects was replaced with a novel, previously unexplored object. The relative exploration
time was analyzed for total exploration of objects in addition to the ORM DI, calculated as 100
multiplied by the quotient between the difference of time spent exploring novel object less the time

spent exploring familiar object, divided by total time exploring both objects (Eq. 5).

tntc);vel - tfamiliar
object object
ORM DI = x 100
tnovel £ tfamiliar
object object
Equation 5. Expression to calculate ORM DI.
A Object Location Memory (OLM) B Object Recognition Memory (ORM)
®» > 5 e —> —>
24 h O O 24 h O 24 h 24 h
5 min . : 5 min : .
habituation t]rgi:-il:? 5t2"|5|tn habituation t]O_n'.nn Stmltn
x 6 days 9 x 6 days raining es

Figure 6. Object location and object recognition memory task design. Experimental timeline for
OLM (A) followed by ORM (B). During testing, for OLM the left object is shown as the displaced
object, and for ORM the left object is shown as the novel object.
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2.3.10. Chronic social defeat stress

CF-1 mice used for all defeat experiments were previously screened for consistent attack latencies
(<30 sec on 3 consecutive screening sessions with a C57BL/6J intruder). Non-defeated controls
were housed in identical cages opposite each other and were rotated similarly. C57BL/6 WT mice
were subjected to episodes of social defeat for 21 consecutive days (Fig. 7). Each day, an intruder
C57BL/6J mouse was introduced for 5 — 10 min in the home cage of an aggressive and unknown
CF-1 mouse. After physical interaction, both mice were kept in sensory contact separated by a

transparent acrylic sheet.
2.3.11. CF-1 social interaction test

On day 22, after CSDS, in an open field arena (40 x 40 x 35 cm?®) into a procedural room dimly lit
by indirect red lighting (~ 50 lux), the time spent by defeated mice in the interaction zone was
recorded during two tests. The first test with a wire-mesh enclosure with target CF-1 mouse absent
and the second with CF-1 mouse present inside the wire-mesh enclosure. Each 2.5 min session
was carried out consecutively. Between the 2 sessions, the defeated mouse was removed from
the arena, and placed back in its home cage for approximately 1 min. CF-1 social interaction ratio
was calculated as (interaction time with CF-1 mouse present) / (interaction time with CF-1 mouse

absent).
Day 1 21 22 23 24 26

R
q

21 days social Cgil OFT SPTpy SPTp, TST
defeat test

behavioral tests

Figure 7. Scheme of experimental CSDS timeline. At the end of the 21 weeks of CSDS, behavioral
tests in non-stressed control and stressed animals were initiated. CF-1 Sl test (CF-1 social
interaction test), open field test (OFT), three-chamber social interaction test (3ChT), sucrose
preference test (SPT) and tail suspension test (TST). Body weight was measured every two days
during CSDS.

2.4. Western blot

Mice were killed by decapitation, and brains were immediately removed from the skull. After
dissecting the mPFC, dorsal striatum (Str), NAc, and vHpc samples, these tissues were
homogenized in RIPA lysis buffer containing protease inhibitors (#78430, Thermo Fisher Scientific
Inc, Waltham, MA, USA) and phosphatase inhibitors (J63907, Alfa Aesar, Tewksbury, MA, USA).
The homogenate was incubated at 4°C for 20 min, sonicated and centrifuged at 14,000 x g at 4°C
for 30 min, and the supernatant was collected. The concentration of proteins was measured by
the Bradford assay. Crude protein extracts (50 ug) were denatured and separated on a SDS-PAGE
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gel at 8%. After separation, protein was transferred on PVDF membranes (Amersham GE
Healthcare, Bucks UK). The blots were blocked in 5% non-fat milk in phosphate-buffered saline
with  0.1% Tween-20 for 1 hour at room temperature and incubated overnight at 4°C using
antibody against EAAT1 (1:5000; ab416, Abcam), EAAT2 (1: 500; sc-365634, Santa Cruz
Biotechnology), EAAT3 (1:500; 12686-1-AP, Proteintech), anti-GIuN2A (1:1000; 07-632, Merck-
Millipore), anti-GIuN2B (1:1000; BWJHL, Merck-Millipore), anti-GluA1 (1:1000; D4N9V, Cell
Signaling Technology), Anti-GluA2 (1:1000; E1L8U, Cell Signaling Technology), and B-actin
(1:5000; ab8227, Abcam). These blots were incubated with appropriate horseradish peroxidase-
conjugated secondary antibodies and detected by ECL Select reagent (Amersham GE Healthcare,
Bucks UK). The density of the selected bands was quantified using Imaged software (National
Institutes of Health, Bethesda, MD, USA).

2.5. Statistical analysis

Statistical analysis was performed using Origin 9.0 software (OriginLab Corp). Data are expressed
as mean values * standard error of the mean (SEM), unless otherwise noted. All data were
analyzed to determine if they fitted to normal distribution using the Shapiro-Wilk test. For normally
distributed data, Student's t-test was perfomed. One-Way ANOVA , Two-Way ANOVA, and Two-
Way Repeated Measures ANOVA, with Fisher post hoc analysis were perfomed for multiple

groups comparisons. Probability (p) < 0.05 was considered statistically significant in all tests.

26



3. Results

3.1. Unpredictable chronic mild stress in WT mice

3.1.1. Body weight gain and coat state

We successfully established the UCMS model in the laboratory, following the protocol by Nollet et
al., 2013 with modifications in the number of weeks of stress and type and order of stressors
applied. UCMS significantly reduced the body weight gain in WT mice from week 1, which was
maintained over time, as seen in Fig. 8A (Two-Way Repeated Measures ANOVA, F(2.5, 45.7) =
10.56, p < 0.0001). UCMS also induced a significant deterioration of the coat state, as
demonstrated by increasing coat state scores (Fig. 8B; Two-Way Repeated Measures ANOVA,
F(4, 72) = 43.48, p < 0.00001).
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Figure 8. Effects of 5 weeks UCMS on the physical state of WT mice. The UCMS significantly
disrupts the body weight gain (A), and deterioration of the coat state (B). Data are expressed as
mean = SEM; ****p < 0.0001 and *****p < 0.00001. Control n = 10 and UCMS n = 10.

3.1.2. Open field test
WT mice challenged to UCMS spent less time in center of the open field test (Fig. 9B; t-test = 8.2,
df = 18, p < 0.00001) and showed reduction of entries to center (Fig. 9C; t-test = 7.6, df =18, p <

0.00001), indicative of an anxiety-like behavior. No differences in total distance traveled (Fig. 9D;
t-test = 0.65, df = 18, p = 0.52) were observed.
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Figure 9. Effects of 5 weeks UCMS on anxiety-like behavior in WT mice. Representative linear
(top) and heatmap (bottom) trackings in the open field test for each group (A); yellow represents
increased time spent and dark blue represents minimal time spent over trial. Stressed WT mice
showed significant reduction in time in center (B) and frequency to visit the center of arena (C).
No significant differences were seen in total distance (D). Data are expressed as mean + SEM,;
*****p < 0.00001. Control n = 10 and UCMS n = 10.

3.1.3. Sucrose preference and tail suspension tests
UCMS caused a significant reduction in sucrose preference (Fig. 10A; t-test = 7.76, df = 18, p <
0.00001) and more time of immobility in tail suspension test (Fig. 10B; t-test = -5.77, df = 18, p <

0.0001). Therefore, UCMS resulted in a depressive-like behavior using these two classical

paradigms relevant to depression.
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Figure 10. Effects of UCMS on depressive-like behavior in WT mice. Stressed WT mice showed
significant reduction in sucrose consumption (A) and significantly increased time of immobility in
tail suspension test (B). Data are expressed as mean + SEM; ****p < 0.0001. Control n = 10 and
UCMS n = 10.

3.1.4. Three-chambered social interaction test
We then evaluated social behavior using the three-chambered social interaction test. Social
behavior was measured as the interaction ratio (Eq. 2). WT mice subjected to chronic stress

showed a significant decrease in the sociability measure as indicated in the social interaction ratio
(Fig. 11; t-test = 5.20, df = 18, p < 0.001).
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Figure 11. Effects of UCMS on social behavior in WT mice. Stressed WT mice showed significant
reduction in social interaction in the three-chambered social interaction test. Data are expressed
as mean + SEM; ****p < 0.0001. Control n = 10 and UCMS n = 10.
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3.1.5. Depression score

Depression score (Eq. 3) is used in order to get a global portrait of depressive-like behavior
encompassing the sucrose preference test, tail suspension test and the three-chambered social
interaction test data. This measure is distributed along a scale from 0 to 3, 3 reflecting high
depression. WT mice challenged to the UCMS paradigm showed significantly higher depression
scores (Fig. 12; t-test = -10.18, df = 18, p < 0.00001), reflecting overall depressive-like behavior.
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Figure 12. Effects of UCMS on global depression score in WT mice. Stressed WT mice showed
showed higher depression score values. Data are expressed as mean + SEM; *****p < 0.00001.
Control n =10 and UCMS n = 10.

3.1.6. Object location and object recognition memory tasks
Using OLM and ORM tasks we assessed the consequences of UCMS on episodic memory. WT
mice chronically stressed spent less time exploring the object displaced in the OLM (Fig. 13E; t-

test = 2.62, df = 10.53, p < 0.05) and the novel object in the ORM (Fig. 13F; t-test, t-test = 2.58, df
=5.75, p < 0.05).
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Figure 13. Effects of UCMS on OLM and ORM in WT mice. Representative linear (top) and
heatmap (bottom) trackings in the OLM training (A) and testing (C), and ORM training (B) and
testing (D), for each group; yellow represents increased time spent and dark blue represents
minimal time spent over trial. Stressed WT mice showed showed lower OLM DI (E) and ORM DI
(F). Data are expressed as mean + SEM; *p < 0.05. OLM: Control n = 10 and UCMS n =4, and
ORM: Control n =6 and UCMS n = 4.
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3.1.7. Western blot determinations

Samples of the mPFC, Str, NAc and vHpc from non-stressed and stressed WT mice groups were
analyzed for protein levels of glutamate transporters EAAT1, EAAT2 and EAAT3, AMPA receptors
subunits GluA1 and GluA2, and NMDA receptors subunits GIuUN2A and GIuN2B.

There were no significant differences in EAAT1 protein levels in the mPFC (Fig. 14A,; t-test = 0.48,
df =10, p = 0.64), Str (Fig. 14B; t-test = 0.23, df = 10, p = 0.82), and NAc (Fig. 14C; t-test = -1.15,
df = 10, p = 0.28). Furthermore, stressed WT mice showed upregulation of EAAT1 protein levels
in the vHpc (Fig. 14D; t-test = -2.61, df = 4, p = 0.05). No significant differences between non-
stressed and stressed WT mice were found in EAATZ2 protein levels in the mPFC (Fig.14E; t-test
= 1.57, df = 4, p = 0.19), Str (Fig. 14F; t-test = -0.26, df = 4, p = 0.81), NAc (Fig. 14G; t-test = -
1.09, df=4, p = 0.33) and vHpc (Fig. 14H; t-test = 1.03, df = 4, p = 0.36). and EAAT3 protein levels
in the mPFC (Fig. 141; t-test = 0.74, df = 4, p = 0.49), Str (Fig. 14J; t-test = 1.57, df = 4, p = 0.18),
NAc (14K; t-test = 0.55, df = 10, p = 0.59) and vHpc (Fig. 14L; t-test = 0.99, df = 10, p = 0.35).

No differences in GIUN2A protein levels in the mPFC (Fig. 15A,; t-test = 0.61, df = 8, p = 0.55), Str
(Fig. 15B; t-test = 0.13, df = 8, p = 0.89) and NAc (Fig. 15C; t-test = 0.68, df = 8, p = 0.51) were
observed. WT mice challenged to UCMS showed an increase in GIUN2A expression levels in the
vHpc (Fig. 15D; t-test = -2.99, df = 8, p < 0.05). GIuN2B protein levels did not change between
non-stressed and stressed WT mice in the mPFC (Fig. 15E; t-test = -2.09, df = 10, p = 0.06), in
the Str (Fig. 15F; t-test = -0.27, df = 10, p = 0.78) and NAc (Fig. 15G; t-test = 0.53, df = 10, p =
0.60). Moreover, an increase in GIuN2B protein levels were observed in the vHpc of WT stressed
mice (Fig. 15H; t-test = -2.57, df = 10, p < 0.05).

GluA1 protein levels in the mPFC (Fig. 16A; t-test = 0.60, df = 4, p = 0.58), Str (Fig. 16B; t-test =
-1.73, df = 4, p = 0.15) and NAc (Fig. 16C; t-test = 0.57, df = 4, p = 0.59) showed no significant
differences, whereas GluA1 expression levels were increased in the vHpc of stressed group (Fig.
16D; t-test = -5.21, df = 4, p < 0.01). GIuA2 protein levels were similar between non-stressed and
stressed WT mice in the mPFC (Fig. 16E; t-test = 1.43, df = 4, p = 0.22), Str (Fig. 16F; t-test =
0.27,df =4, p = 0.79), NAc (Fig. 16G; t-test = 1.17, df = 4, p = 0.30) and vHpc (Fig. 16H; t-test =
-2.33, df =4, p = 0.08).

For an overview of the changes in protein expression in the brain areas studied in mice subjected

to chronic stress, we plotted a protein expression profile on a colorimetric matrix (Fig. 17).
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Figure 14. Effects of UCMS on glutamate transporters expression levels in WT mice. No
significant differences in EAAT1 (60 kDa) expression levels in mPFC (A), Str (B) and NAc (C)
were observed between non-stressed and stressed WT mice. In stressed WT mice increased
EAAT1 protein levels in the vHpc (D). No significant changes in EAAT2 (62 kDa) protein levels in
mPFC (E), Str (F), NAc (G) and vHpc (H), and in EAAT3 (57 kDa) protein levels in mPFC (I), Str
(J), NAc (K) and Hpc (L) were observed in stressed WT mice. Protein expression levels were
normalized to the B-actin (43 kDa) loading control and presented relative to the control group. Data
are expressed as mean + SEM. EAAT1 mPFC, Str and NAc, Control n =6 and UCMS n = 6; Hpc,
Control n = 3 and UCMS n = 3. EAAT2 Control n = 3 and UCMS n = 3. EAAT3 mPFC and Str,
Control n = 3 and UCMS n = 3; NAc and Hpc, Controln =6 and UCMS n = 6.
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Figure 15. Effects of UCMS on NMDA receptors subunits expression levels in WT mice. No
differences were observed in GIuN2A (170 kDa) expression levels in mPFC (A), Str (B) and NAc
(C) between non-stressed and stressed WT mice. In stressed WT mice increased GIuNRA protein
levels in the Hpc (D). No changes were observed in GIuN2B (180 kDa) levels in mPFC (E), Str (F)
and NAc (G) between both groups. GIuN2B levels increased in the Hpc of stressed WT mice (H).
Protein levels were normalized to the B-actin (43 kDa) loading control and presented relative to
the control group. Data are expressed as mean + SEM; *p < 0.05. GIuN2A Control n = 5 and
UCMS n = 5. GIuN2B Control n =6 and UCMS n = 6.
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Figure 16. Effects of UCMS on AMPA receptors subunits expression levels in WT mice. No
significant differences were observed in GluA1 (100 kDa) expression levels in mPFC (A), Str (B)
and NAc (C) between non-stressed and stressed WT mice. In stressed WT mice increased GIluA1
protein levels in the vHpc (D). No significant changes were observed in GluA2 (100 kDa) protein
levels in mPFC (E), Str (F), NAc (G), and vHpc (H) between both groups. Protein expression levels
were normalized to the B-actin (43 kDa) loading control and presented relative to the control group.
Data are expressed as mean + SEM; **p < 0.01. GluA1 and GIluA2 Control n=3 and UCMS n=3.
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Figure 17. UCMS upregulated glutamate receptors in WT mice. In mice subjected to chronic
stress, a significant increase in GIUN2A (n = 5, p < 0.05), GIuN2B (n = 6, p < 0.05) and GIuA1 (n
= 3, p < 0.01) protein levels were observed in the vHpc. Data are expressed as mean of protein
expression levels normalized to the B-actin (43 kDa) loading control and presented relative to the
control group.

3.2. Unpredictable chronic mild stress in mice with EAAT3 overexpression

We used a mouse model with an increase level in the expression of the neuronal glutamate
transporter EAAT3 at excitatory synapses. This model, driven by CaMKlla-promoter
(EAAT39°/CMKIIl) was compared to the control group (EAAT39°) to evaluate alterations in anxiety-

and depressive-like behaviors triggered by UCMS paradigms, as well as baseline levels.
3.2.1. Body weight gain and coat state

UCMS significantly reduced the body weight gain in EAAT39° mice from week 2, which was
maintained over time, as seen in Fig. 18A (Two-Way Repeated Measures ANOVA, F(6.6, 93.6) =
9.33, p < 0.00001. post hoc Fisher test: EAAT39° — CTRL vs EAAT39° — UCMS, t = 12.53, p <
0.00001). Body weight gain was unaffected in chronically stressed EAAT39°/CMKII mice (post hoc
Fisher test: EAAT39° — UCMS vs EAAT39°/CMKII — UCMS, t = 7.40, p < 0.00001). UCMS also
induced a significant deterioration of the coat state in EAAT39° mice, as demonstrated by
increasing coat state scores (Fig. 18B; Two-Way Repeated Measures ANOVA, F(9.55, 133.75) =
12.04, p <0.00001). In EAAT39°/CMKII mice, UCMS did not significantly affect the coat state (post
hoc Fisher test: EAAT39°— UCMS vs EAAT39°/CMKIlI — UCMS, t = 18.97, p < 0.00001).
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Figure 18. Effects of 5 weeks UCMS on the physical state in EAAT3 overexpression mice. The
UCMS had no effect on body weight gain (A) and coat state (B) in EAAT39°/CMKII mice. Data are
expressed as mean * SEM; *****p < 0.00001. Control: EAAT39° n = 15 and EAAT39°/CMKII n =
14, and UCMS: EAAT39° n = 9 and EAAT39°/CMKII n = 7.

3.2.2. Open field test

Significant differences in time spent in center of the open field test were observed between
EAAT39° and EAAT39°/CMKII mice (Fig. 19B; Two-Way ANOVA, F(1, 40) = 9.79, p < 0.01). In
addition, a main effect of baseline and UCMS conditions was observed (Two-Way ANOVA, F(1,
40) = 12.91, p < 0.001) and there was interaction between genotype and condition (Two-Way
ANOVA, F(1, 40) = 33.22, p < 0.00001). In baseline conditions EAAT39°/CMKII mice spent less
time in center of the open field test compared to EAAT39° mice (post hoc Fisher test: EAAT39° —
CTRL vs EAAT39°/CMKIl — CTRL, t = -7.62, p < 0.00001).

EAAT39° mice challenged to UCMS spent less time in center of the open field arena compared to
EAAT39° mice in baseline conditions (post hoc Fisher test: EAAT39°— CTRL vs EAAT39° — UCMS,
t = -6.81, p < 0.00001). UCMS had no effect on anxiety levels shown in baseline conditions in
EAAT39°/CMKII mice (post hoc Fisher test: EAAT39°/CMKII— CTRL vs EAAT39°/CMKII — CTRL,
t=1.49,p=0.14).

3.2.3. Sucrose preference and tail suspension tests

Significant differences in sucrose consumption (Fig. 20A; Two-Way ANOVA, F(1, 41) = 33.66, p <
0.00001) and immobility time (Fig. 20B; Two-Way ANOVA, F(1, 41) = 7.77, p < 0.01) were
observed between baseline and chronic stress conditons. There was a main effect of genotype in
the sucrose preference test (Two-Way ANOVA, F(1, 41) = 4.28, p < 0.05), and in the tail
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suspension test (Two-Way ANOVA, F(1, 41) = 20.54, p < 0.0001). Furthermore, interaction
between genotype and condition was observed in the sucrose preference test (Two-Way ANOVA,
F(1,41) =12.31, p < 0.01) and in the tail suspension test (Two-Way ANOVA, F(1, 41) = 13.96, p
< 0.001).

EAAT39° mice subjected to UCMS protocol showed reduced sucrose consumption (post hoc
Fisher test: EAAT39°— CTRL vs EAAT39° - UCMS, t =-6.91, p < 0.00001) and showed an increase
in immobility time (post hoc Fisher test: EAAT39° — CTRL vs EAAT39° — UCMS, t = 4.84, p <
0.0001) compared to non-stressed EAAT39° mice. In baseline conditions, we did not observe
differences in sucrose preference between EAAT39° and EAAT39°/CMKII (post hoc Fisher test:
EAAT39°— CTRL vs EAAT39°/CMKII - CTRL, t =-1.21, p = 0.23). Moreover, we found that UCMS
did not trigger a decrease in sucrose consumption in EAAT39°/CMKIl mice compared to
EAAT39°/CMKII mice in baseline conditions (post hoc Fisher test: EAAT39°/CMKII — CTRL vs
EAAT39°/CMKII — UCMS, t = 3.46, p = 0.13), and compared to stressed EAAT39° mice (post hoc
Fisher test: EAAT39° — UCMS vs EAAT39°/CMKIlI — UCMS, t = 3.46, p < 0.01). In addition, UCMS
did not induce an increase in immobility time in EAAT39°/CMKIl mice compared to non-stressed
EAAT39°/CMKII mice (post hoc Fisher test: EAAT39°/CMKII — CTRL vs EAAT39°/CMKIl — UCMS,
t =-0.64, p = 0.52), and compared to EAAT39° mice subjected to UCMS (post hoc Fisher test:
EAAT39°— UCMS vs EAAT39°/CMKII — UCMS, t = -5.13, p < 0.00001).
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Figure 19. Effects of EAAT3 overexpression driven by CaMKIla-promoter on anxiety-like behavior
in baseline and UCMS conditions. Representative linear (top) and heatmap (bottom) trackings in
the open field test for each group (A and C); yellow represents increased time spent and dark blue
represents minimal time spent over trial. EAAT3 overexpression mice showed significant reduction
in time in center in baseline conditions. UCMS triggered anxiety-like behavior in EAAT39° mice
with no effect on EAAT39°/CMKII mice (B). Data are expressed as mean = SEM; *****p < 0.00001.
Control: EAAT39° n = 15 and EAAT39°/CMKIl n = 14, and UCMS: EAAT3% n = 9 and
EAAT39°/CMKIIn =7
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Figure 20. Effects of conditional EAAT3 overexpression driven by CaMKlla-promoter on
depressive-like behavior in baseline and UCMS conditions. EAAT3 overexpression mice
challenged to UCMS did neither show anhedonia (A) nor behavioral despair (B). Data are
expressed as mean + SEM, **p < 0.01, ****p < 0.0001 and *****p < 0.00001. Control: EAAT39° n
=15 and EAAT39°/CMKII n = 14, and UCMS: EAAT39° n = 9 and EAAT39°/CMKII n = 7.

3.2.4. Three-chambered social interaction test

We did not find differences in social interaction between EAAT39° and EAAT39°/CMKII genotypes
(Fig. 21; Two-Way ANOVA, F(1, 41) = 3.43, p = 0.07). There was a main effect of baseline and
UCMS conditions (Two-Way ANOVA, F(1, 41) = 15.40, p < 0.001) and there was no interaction
between genotype and condition (Two-Way ANOVA, F(1, 41) =2.02, p = 0.16).

UCMS impaired social interaction in EAAT39° mice (post hoc Fisher test: EAAT39° — CTRL vs
EAAT39° — UCMS, t = -3.97, p < 0.001). EAAT39°/CMKII mice subjected to UCMS did not show
deficits in social interaction compared to non-stressed EAAT39°/CMKII mice (post hoc Fisher test:
EAAT39°/CMKII — CTRL vs EAAT39°/CMKII — UCMS, t = -1.69, p = 0.10), and stressed EAAT39"°
mice (post hoc Fisher test: EAAT39°— UCMS vs EAAT39°/CMKII — UCMS, t = 2.03, p < 0.05).
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Figure 21. Social interaction in EAAT39°/CMKII mice at baseline and UCMS conditions. EAAT3
overexpression mice challenged to UCMS did not show déficit in social behavior in three chamber
social interaction test. Data are expressed as mean + SEM; *p < 0.05 and ***p < 0.001. Control:

EAAT39° n = 15 and EAAT39°/CMKII n = 14, and UCMS: EAAT39° n = 9 and EAAT39°/CMKII n =
7.

3.2.5. Depression score

There were a main effect of baseline and chronic stress conditons (Fig. 22; Two-Way ANOVA, F(1,
41) = 52.63 , p <0.00001), and genotype (Two-Way ANOVA, F(1, 41) = 21.63, p < 0.0001) in
depression score. Furthermore, interaction between genotype and condition was observed (Two-
Way ANOVA, F(1, 41) = 12.31, p < 0.01).

EAAT39° mice subjected to UCMS protocol showed higher depression score values (post hoc
Fisher test: EAAT39° — CTRL vs EAAT39° — UCMS, t = 9.19, p < 0.00001), reflecting overall
depressive-like behavior. In baseline conditions, we did not observe differences between EAAT39°
and EAAT39°/CMKII (post hoc Fisher test: EAAT39°— CTRL vs EAAT39°/CMKII — CTRL, t = 0.39,
p = 0.69). Stressed EAAT39°/CMKII mice did not show increase in depression score compared to
non-stressed EAAT39°/CMKIl mice (post hoc Fisher test: EAAT39°/CMKIl — CTRL vs
EAAT39°/CMKII — UCMS, t = 1.44, p = 0.15), and stressed EAAT39° mice (post hoc Fisher test:
EAAT39° — UCMS vs EAAT39°/CMKIlI — UCMS, t = -6.07, p < 0.00001).
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Figure 22. Depression score in EAAT39°/CMKII mice at baseline and UCMS conditions. EAAT3
overexpression mice challenged to UCMS did not show déficit in social behavior in three chamber
social interaction test. Data are expressed as mean + SEM; *p < 0.05 and ***p < 0.001. Control:
EAAT39° n = 15 and EAAT39°/CMKII n = 14, and UCMS: EAAT39° n = 9 and EAAT39°/CMKII n =
7.

3.2.6. Object location and object recognition memory tasks

To examine the role of EAAT3 overexpression in memory, we evaluated EAAT39° and
EAAT39°/CMKII mice for long-term OLM and ORM. Significant differences in OLM DI were
observed between baseline and chronic stress conditons (Fig. 23 and Fig. 25A; Two-Way ANOVA,
F(1, 17) = 8.29, p < 0.05). Nevertheless, no significant differences in ORM DI were observed
between non-stressed and stressed conditions (Fig. 24 and 25B; Two-Way ANOVA, F(1, 16) =
215, p = 0.16). There was a main effect of genotype in OLM DI (Two-Way ANOVA, F(1, 17) =
4.79, p < 0.05). No genotype effects were observed in ORM DI (Two-Way ANOVA, F(1, 16) = 1.37,
p = 0.26). Furthermore, interaction between genotype and condition was observed in both memory
tasks, OLM DI (Two-Way ANOVA, F(1, 17) = 4.84, p < 0.05) and ORM DI (Two-Way ANOVA, F(1,
16) = 6.35, p < 0.05).

EAAT39° mice subjected to UCMS protocol showed impairments in long-term memory, as noted
in OLM (post hoc Fisher test: EAAT39° — CTRL vs EAAT39° — UCMS, t = -4.56, p < 0.001) and
ORM (post hoc Fisher test: EAAT39° — CTRL vs EAAT39° — UCMS, t =-3.33, p < 0.01) compared
to non-stressed EAAT39° mice. In baseline conditions, we did not observe differences in OLM DI
(post hoc Fisher test: EAAT39° — CTRL vs EAAT39°/CMKII — CTRL, t = -0.0099, p = 0.99) and
ORM DI (post hoc Fisher test: EAAT39° — CTRL vs EAAT39°/CMKII — CTRL, t = -1.04, p = 0.31)
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between EAAT3glo and EAAT3glo/CMKII. Moreover, we found that UCMS did not affect long-term
memory in EAAT39°/CMKII mice compared with non-stressed EAAT39°/CMKII mice, as observed
in OLM (post hoc Fisher test: EAAT39°/CMKIl — CTRL vs EAAT39°/CMKIl — UCMS, t =-0.41,p =
0.69) and ORM (post hoc Fisher test: EAAT39°/CMKIlI — CTRL vs EAAT39°/CMKII — UCMS, t =
0.66, p = 0.52), and compared with stressed EAAT39° mice in both memory tasks, OLM DI (post
hoc Fisher test: EAAT39° — UCMS vs EAAT39°/CMKII — UCMS, t = 2.95, p < 0.01) and ORM DI
(post hoc Fisher test: EAAT39° — UCMS vs EAAT39°/CMKIl — UCMS, t = 2.41, p < 0.05).
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Figure 23. Exploratory behavioral patterns in OLM task in EAAT39°/CMKII mice at baseline and
UCMS conditions. Representative linear (top) and heatmap (bottom) trackings in the OLM training
in non-stressed (A) and stressed (B) mice, and OLM testing at baseline (C) and UCMS (D)
conditions for each genotype; yellow represents increased time spent and dark blue represents
minimal time spent over trial.

43



A Contro B UCMS
EAAT39l° EAAT39'°/CMKII EAAT39"° EAAT39'°/CMKII

i

= -

Training

C
(o]
=
"g Max
= =
3
(1]
wn
*]
7]
=]
Min

Figure 24. Exploratory behavioral patterns in ORM task in EAAT39°/CMKII mice at baseline and
UCMS conditions. Representative linear (top) and heatmap (bottom) trackings in the ORM training
in non-stressed (A) and stressed (B) mice, and ORM testing at baseline (C) and UCMS (D)
conditions for each genotype; yellow represents increased time spent and dark blue represents
minimal time spent over trial.
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Figure 25. Effects of conditional EAAT3 overexpression on OLM and ORM in baseline and UCMS
conditions. Stressed EAAT39°/CMKII did not show a decrease in OLM DI (A) and ORM DI (B).
Data are expressed as mean + SEM; *p < 0.05, **p < 0.01 and ***p < <0.001. OLM, Control:
EAAT39° n = 10 and EAAT39°/CMKII n = 3, and UCMS: EAAT39° n = 5 and EAAT39°/CMKII n =
3. ORM, Control: EAAT39° n = 8 and EAAT39°/CMKII n = 4, and UCMS: EAAT3%° n = 5 and
EAAT39°/CMKII n = 3.

3.3. Chronic social defeat stress in WT mice

3.3.1. CF-1 social interaction test

In addition to UCMS, we evaluated the effects of chronic social defeat stress (CSDS) in WT mice
at the behavioral level. Behavioral results from social defeat stress are reported by CF-1 social
interaction (CF-1 Sl) ratio, which is obtained by dividing the sniffing time spent in the interaction
zone when the target CF-1 mouse is present by the sniffing time spent in the interaction zone
when the target is absent. A CF-1 Sl ratio equal to 1, in which equal time is spent in the presence
versus absence of a social target, has been used as the threshold for dividing defeated mice into

the susceptible and resilient categories (Fig. 26).

We observed differences in the CF-1 Sl ratio between control, resilient and susceptible WT mice
(Fig. 27; One-Way ANOVA, F(2, 11) = 5.39, p < 0.05). Post hoc analysis did not reveal significant
differences in social behavior between control and resilient (post hoc Fisher test: control vs

resilient, t =-0.12, p = 0.91), although we found differences between control and susceptible (post
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hoc Fisher test: control vs susceptible, t = -3.06, p < 0.05), and resilient and susceptible WT mice

(post hoc Fisher test: resilient vs susceptible, t = -2.67, p < 0.05).

juads swil|

Figure 26. Effects of CSDS on social interaction to CF-1 mouse. Representative linear (top) and
heatmap (bottom) trackings of social interaction data for control, susceptible and resilient mice in
the absence of a target CF-1 mouse (A), and in the presence of a target CF-1 mouse (B); yellow
represents increased time spent and dark blue represents minimal time spent over trial.

3.3.2. Body weight gain

We found significant differences in body weight gain between control, resilient and susceptible WT
mice (Fig. 28; Two-Way Repeated Measures ANOVA, F(12.2, 61.3) = 3.39, p < 0.001). CSDS
significantly reduced the body weight gain in resilient and susceptible mice from day 3 (post hoc
Fisher test: Control vs Resilient, t = 7.18, p < 0.0001; Control vs Susceptible, t = 14.87, p <
0.00001). From day 11 significant differences in weight gain between resilient and susceptible

mice were observed (post hoc Fisher test: Control vs esilient, t = 7.29, p < 0.0001). These changes

46



were maintained over time.
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Figure 27. CSDS induced avoidance behavior in susceptible WT mice. Repeated social defeat
stress resulted in a spectrum of social behavior, divided between susceptible and resilient
phenotypes as a function of their Sl ratio score (A). Susceptible WT mice showed social avoidance
(B). Data are expressed as mean + SEM; *p < 0.05. Control (Con) n = 6, resilient (Res) n =4 and

susceptible (Sus) n = 4.
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Figure 28. Effects of 21 days of social defeat on body weight gain. CSDS significantly disrupted
the body weight gain in susceptible and resilient WT mice. Data are expressed as mean + SEM;
****p < 0.0001 and *****p < 0.00001. Control n = 6, resilient n = 4 and susceptible n = 4.

3.3.3. Open field test
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We did not find significant differences between control, resilient and susceptible WT mice in time
spent in the center of the open field arena (Fig. 29B; One-Way ANOVA, F(2, 11) = 3.03, p = 0.80),
entries to center (Fig. 29C; One-Way ANOVA, F(2, 11) = 2.42, p = 0.13) and horizontal activity
(Fig. 29D; One-Way ANOVA, F(2, 11) = 0.81, p = 0.47).
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Figure 29. Effects of CSDS on anxiety-like behavior and locomotory patterns in WT mice.
Representative linear (top) and heatmap (bottom) trackings in the open field test for each group
(A); yellow represents increased time spent and dark blue represents minimal time spent over
trial. No significant differences between control, resilient and susceptible WT mice were seen for
time spent in center (B), frequency to visit the center of arena (C) and total distance (D). Data are
expressed as mean + SEM. Control (Con) n = 6, resilient (Res) n = 4 and susceptible (Sus) n = 4.

3.3.4. Sucrose preference and tail suspension tests

Repeated social defeat did not affect sucrose consumption (Fig. 30A; One-Way ANOVA, F(2, 11)
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=1.26, p = 0.32). At the end of the CSDS, differences between control, resilient and susceptible
WT mice in the tail suspension test were observed (Fig. 30B; One-Way ANOVA, F(2, 11) = 5.88,
p < 0.05). We found that susceptible mice showed a tendency to increase immobility time
conﬁared 18Q>Ftrol Ooup (post hoc Fisher test: Corﬁ"olzggj gceptible, t— 2. 17 p 0.05),and a
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Figure 30. Effects of CSDS on depressive-like behavior in WT mice. No significant differences
between control, resilient and susceptible WT mice were seen for sucrose consumption (A). WT
susceptible mice showed more immobility time compared to control and resiliente mice (B). Data
are expressed as mean + SEM; **p < 0.01. Control (Con) n = 6, resilient (Res) n = 4 and
susceptible (Sus) n =4

3.3.5. Depression score

To get an overview of depressive-like behavior in WT mice subjected to social defeat, we used the
depression score to include the results of CF-1 social interaction test, sucrose preference test,

and tail suspension test.

Significant diferences in depression score between control, resilient and susceptible WT mice
were observed (Fig. 31; One-Way ANOVA, F(2, 11) = 7.71, p < 0.01). Susceptible mice showed
higher depression rates compared to control and resilient mice (post hoc Fisher test: control vs
susceptible, t = 3.12, p < 0.01; resilient vs susceptible, t = 3.70, p < 0.01). No significant differences
were observed in depression score values between control and resilient groups (post hoc Fisher

test: control vs resilient, t = -0.93, p = 0.37).
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Figure 31. Effects of CSDS on global depression score in WT mice. WT mice susceptible to social
defeat showed higher depression score values. Data are expressed as mean + SEM; **p < 0.01.
Control (Con) n = 6, resilient (Res) n = 4 and susceptible (Sus) n = 4.
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4. Discussion

4.1. Unpredictable chronic mild stress

Chronic stress dysregulates the homeostasis of the organisms and is considered among the
causes that contributes to the etiology of MDD (Kendler et al., 1999). In order to study the
mechanisms underlying depression we used the UCMS model, a well-stablished animal model of
depression (Nollet et al., 2013; Burstein and Doron, 2018). In our laboratory, we have successfully
established the UCMS paradigm in mice. After five weeks of daily subjecting WT mice to UCMS,
individuals showed deficits in weight gain, deterioration of coat state, and anxiety- and depressive-

like behaviors.

A depression diagnosis comprises a multiple comprehensive screening based on clinician-rated
scales and self-report questionnaires, which assess daily moods, behaviors, and lifestyle habits
(Uher et al., 2012; American Psychiatric Association, 2013). Likewise, we calculated a depression
score to integrate the behavioral tests battery related to depression as an endpoint to evaluate
depressive-like behaviors in mice. Therefore, stressed WT mice showed a higher depression
score compared to non-stressed WT mice, indicating UCMS-triggered global depressive-like

behavior. Together, these changes are referred to as a depressive behavioral profile.

In rodents, the frequency and pattern of self-grooming behavior is very sensitive to stress (Kalueff
and Tuohimaa, 2004). Grooming behavior is relevant to maintain the physiological homeostasis,
comfort and appearance of the mouse (Kalueff et al., 2016). Deterioration of coat state observed
in chronically stressed mice can be related to disturbances in the pattern and frequency of
grooming. The body parts most affected by stress were the head, the neck, the back and the
abdomen. In stressed WT mice we observed that the maximum value of coat state does not
exceed 4. Impairment in self-grooming in stressed mice would be correlated to poor personal

hygiene and decreased self-care behaviors shown by depressed patients.

The DSM-5 reports gain or loss of body weight as a symptom of depression. Whereas there are
studies that report an increase in body weight (Konttinen et al., 2019; Sahle et al., 2019), other
studies have indicated a tendency to lose body weight in MDD patients (Chaitoff et al., 2019).
Body weight gain or loss could be due to metabolism, body mass index or eating habits of each

individual (Geliebter and Aversa, 2003). Furthermore, higher insulin concentrations in people with
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higher body mass index (Dallman, 2010) and individual differences in ghrelin level and response
(Sominsky and Spencer, 2014) may contribute to the variability in stress-induced body weight
alterations. In animal models, chronic stress induces a decrease in body weight related to
anhedonia in different species of rodents (Willner et al., 1996). On the contrary, Swiss and BALB/c
mice challenged to UCMS showed a significant body weight gain (Yalcin et al., 2008).
Nevertheless, other studies have not found significant differences between control and UCMS
mice (Surget et al., 2008). Because all individually stressed mice do not cope with stress in the
same way, it is not surprising to find differences in body weight changes between different animal
models of stress-induced depression, similar as observed in humans. In addition, metabolism and
genetic background of animals as well as duration, scheduling and type of stressors applied could
influence the variability in stress-induced body weight changes. According to the changes in body
weight observed in depressed humans and animal models of depression, our results robustly
showed weight loss in WT mice subjected to UCMS. Stress-triggered homeostatic disruption
involves the HPA axis and the sympathetic nervous system. In acute stress, the HPA response is
driven primarily by CRH released from hypothalamic PVN neurons and CRH-induced ACTH
reléase from the anterior pituitary (Myers et al., 2012). In acute stress, by inhibiting the appetite-
stimulating neuropeptide Y (NPY) in arcuate nucleus in the hypothalamus, CRH inhibits feeding
(Heinrichs and Richard, 1999; Currie, 2003), thereby prioritizing energetic resources to respond
quickly to stressor. ACTH-stimulated GCs secretion from adrenal cortex inhibits CRH release,
which increases NPY release in the hypothalamus and restores the homeostasis (Pralong et al.,
1993). On the other hand, studies postulate weight gain under conditions of chronic stress-induced
hypercortisolemia (Pecoraro et al., 2004), presumably as a compensatory response to the
deleterious effects of stress. Controversially, as mentioned above, both human and animal studies
have shown bidirectional results regarding the changes in body weight in chronic stress conditions.
Weight loss in stressed WT mice could be related to decreased motivation to eat their regular
food. Since studies propose that chronic stress generates an increase in palatable food, in future
research would be suggestive to evaluate whether mice subjected to chronic stress prefer to

consume regular or palatable food.

Although many of the symptoms of MDD, such as suicidal ideation and depressed mood cannot
be replicated in animal models, UCMS animals show a long-lasting maladaptative phenotype
related to symptoms of human depression, such as anhedonia, impairments in social interaction,
learning deficits, behavioral despair, and sleep disturbances (Nollet et al., 2013; Willner, 2016).
We used anhedonia, behavioral despair and sociability as behavioral endpoint to assess the
effects of UCMS. In line with this focus, we found significant differences between non-stressed

and stressed WT mice in the sucrose preference test, thereby resulting in UCMS-induced
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anhedonia. In rodents, the hedonic gustative pathway integrates information from sensory areas
and sends inputs to the NAc shell (shNAc) and the VTA (Scheggi et al., 2018). Furthermore,
consumption of sucrose, considered as a palatable food for rodents, increases DA levels in the
NAc in a concentration-dependent manner (Hajnal et al., 2004). Consequently, UCMS mice could
be impaired in the reward system. In the tail suspension test, mice challenged to UCMS showed
longer immobility time. The tail suspension test is not only a well-validated test for the evaluation
of antidepressant efficacy of drugs, but also is used to assess the effects of environmental,
neurobiological and genetic manipulations (Liu and Gershenfeld, 2001; Cryan et al., 2005;
Castagné et al., 2011).

Both depressed humans and animal models of depression exhibit impairment in social interaction
(D’Aquila et al., 1994; Kupferberg et al., 2016; Van Boxelaere et al., 2017). In addition to the
relevance for emotional well-being, healthy state and playing a crucial role in development (Bicks
et al., 2020), social interaction is also considered a rewarding stimulus in mammals (Trezza et al.,
2011). Our results indicate that 5-week UCMS schedule are sufficient to generate deficits in social
behavior in WT mice. The interaction with another mouse of the same strain and the same sex is
a stimulus previously experienced by the evaluated mouse, since before starting the UCMS
protocol the mice were group-housed of 3-5 littermates. Mice subjected to UCMS were singly
housing as an additional stressor. Unlike the three-chambered social interaction test, the sucrose
preference test was the first exposure to a sweet rewarding stimulus for all mice. That is, the type
of anhedonia displayed by stressed mice was due to a rewarding novelty and not to pleasure
previously experienced. Therefore, anhedonia can be defined under different behavioral domains
and neurobiological constructs. The ability to anticipate or predict expected rewards may be
affected in the social interaction déficit. The ventral tegmental area (VTA) and Amy are the main
brain areas responsible for anticipation and motivation to carry out the goal-directed activity, which
are connected to the NAc, the ventral pallidum and the intracortical network, mediating the
perception of pleasure, reward value and the perception of pleasure (Der-Avakian and Markou,
2012). The mPFC, which is innervated by dopaminergic inputs from the VTA and GABAergic from
the NAgc, is involved in the decision to participate in a goal-directed activity to obtain the pleasant
stimulus (Der-Avakian and Markou, 2012). Since UCMS individuals showed deficits in anhedonia
and social interaction, many areas involving the circuit related to reward processing could be
affected by chronic stress. The reciprocal connections of PFC with NAc, VTA, Amy and Hpc could
play an important role in the regulation of the behavioral response to rewards, besides
glutamatergic signaling could be mediating the activity of this circuit (Floresco et al., 2001; Bagot
et al., 2015; Bossong et al., 2018).
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Using OLM and ORM tasks we evaluated the consequences of UCMS on long-term episodic
memory in mice. OLM and ORM tests rely strongly on visual recognition memory, rodent innate
exploratory behavior and spontaneous preference for new objects and environments (Ennaceur
and Delacour, 1988; Vogel-Ciernia and Wood, 2014). A number of line of evidence suggest that
chronic stress in rodents is able to impair the short- and long-term memory of object recognition
and location (Elizalde et al., 2008; Hattiangady et al., 2014; Roman-Albasini et al., 2020). Thereby,
according to previous reported works, we have found that, compared to unstressed WT mice,

UCMS-mice showed impairment in long-term memory.

Catecholamines and GCs hormones released from the adrenals during stressful events influence
the functioning and connectivity of the Hpc, PFC, Amy and Str (Williams and Clayton, 2004;
Herman et al., 2005; Myers et al., 2014). At the cellular level, GCs may act on different time scales.
Intracellular GC receptors (GRs) and mineralocorticoid receptors (MRs) mediate genomic actions
whereas membrane-bound receptors allow rapid, non-genomic GC actions (Joéls et al., 2012).
The differential effects of cortisol (corticosterone in rodents) may be due to the difference in affinity
between the two types of receptors, MRs are activated by low levels of GCs, while the lower-
affinity GRs are fully activated only under conditions of high cortisol levels (Joéls, 2006). The effect
of stress on enhancing or impairment of cognitive functions varies according to stressor, time and
frequency of exposure. Acute stress is thought to enhance working memory to optimize coping
with the stressful event but does not improve retrieval (Schwabe, 2017). A proposed mechanism
is based on the evidence that corticosterone may facilitate hippocampal long-term potentiation
(LTP), when high levels of the corticosterone and high-frequency stimulation coincide in time, and
non-genomic actions predominate (Wiegert et al., 2006). Nonetheless, genomic GC actions were
found to inhibit hippocampal LTP (Kim and Diamond, 2002). Moreover, low levels of corticosterone
(sufficient to activate a portion of the MRs) have been associated with little calcium influx and
efficient LTP, whereas stress slowly impairs LTP induction. This dual action observed with low
versus high levels of corticosterone was related to the involvement of the MRs and the GRs,

respectively (Joéls, 2006).

The Hpc is one of the main targets of GCs and plays a key role in working and spatial memory,
relating emotional aspects of memory with Amy and the hypothalamus, and linking cognitive
performance through the connectivity with PFC (Maggio and Segal, 2019). In animal studies,
prolonged elevations of corticosterone circulating can potentiate excitotoxicity of hippocampal
pyramidal neurons and chronic administration of high doses of corticosterone leads to
hippocampal neuronal loss (Sapolsky et al., 1985; Popoli et al., 2012). In addition, impaired
induction of LTP in the hippocampal CA1 area elicited by stress and high doses of corticosterone

(Shors et al., 1989; Diamond et al., 1992; Alfarez et al., 2002) has been strongly associated with
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deficits in spatial and object recognition memory (Radecki et al., 2005; Park et al., 2015). High
levels of corticosterone in chronic stress conditions activate intracellular GRs (Park et al., 2015),
consequently leading to an increase in glutamate release and dysfunctional clearance (Howland
and Wang, 2008; Popoli et al., 2012). Therefore, the activation of extrasynaptically localized NMDA
receptors GIuN2B subunits through glutamate spillover may facilitate the induction of forms of
synaptic plasticity and excitotoxicity mechanisms that lead to disrupted memory performance
(Howland and Wang, 2008; Osborne et al., 2015). Moreover, stress can deregulate ionotropic
glutamate receptor function and expression levels (Murrough et al., 2017). In this context, we
found an increase in the levels of AMPA receptors GluA1 subunit and NMDA receptors GIuUN2A
and GIuN2B subunits in the vHpc in WT mice subjected to UCMS. Stress-triggered upregulation
of NMDA receptors may be inducing a long-lasting increase in basal synaptic transmission of Hpc
by activating NMDA receptors, leading to an increase in the contribution of calcium-permeable
AMPA receptors GluA1 subunit to synaptic transmission and LTP impairment, as observed in a
neurodegeneration study (Diogenes et al., 2012). Hence, the increased expression levels of AMPA
receptors GluA1 subunit and NMDA receptors GIuUN2A and GIuN2B subunits may be impairing
LTP induction as a mechanism underlying the deficits observed in OLM and ORM tests in
chronically stressed WT mice. However, further studies are required to reveal the physiological
mechanism related to increased AMPA and NMDA receptors expression levels in the vHpc of

stressed WT mice reported in this study.

Unlike WT and EAAT39° mice subjected to UCMS, stressed EAAT39°/CMKII mice did neither show
deficits in weight gain nor deterioration of coat state. According to previous studies,
EAAT39°/CMKII mice showed anxiety-like behaviors in basal conditions (Delgado-Acevedo et al.,
2019). Exposure to UCMS did not change the level of behavioral anxiety in EAAT39°/CMKII mice.
Surprisingly, conditional EAAT3 overexpression in principal forebrain neurons protected the mice
from the negative effects of chronic stress, as observed in the battery of behavioral tests related
to depression, and also verified by integrating the data of sucrose preference test, tail suspension
test and three-chambered social interaction test of each individual in the depression score
analysis. Interestingly, we found that forebrain EAAT3-overexpressing mice subjected to UCMS
did not show deficits in object recognition and location memory. These results suggest a possible
neuroprotective mechanism provided by the increase EAAT3 expression against dysregulation in
the glutamatergic system and maladaptative behaviors observed in UCMS EAAT39° and WT mice.
Altogether, our results reveal that EAAT3 overexpression in the forebrain of mice is closely linked

to a chronic stress resilient phenotype.

One of the mechanisms that could be involved in the dysregulation of glutamatergic signaling in

mood disorders is the increase in glutamate spillover, which occurs when glutamate diffuses from
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the synapse and activates extrasynaptic receptors or different active zones in the same synapse,
enhancing excitatory transmission that may eventually result in neurotoxic cell death (Tzingounis
and Wadiche, 2007; Hardingham and Bading, 2010). Studies on chronic stress in rats have shown
that stress-induced extracellular glutamate accumulation, accompanied by enhanced GIuN2B-
mediated NMDA currents and extrasynaptic responses, underlie a depressive-like phenotype (Li
et al., 2018). Since the perisynaptic location in postsynaptic neurons, and the role in controlling
glutamate spillover (Underhill et al., 2014), the conditional EAAT3 overexpression in the forebrain
of mice may be playing a protective role from the negative effects of chronic stress. To study the
therapeutic potential in mood disorders, future studies should be focused on finding strategies to
increase the levels of EAAT3 after subjecting WT mice to chronic stress, to evaluate if this

approach is able to reversing stress-induced changes.

4.2. Changes in glutamate transporters and receptors in WT mice

In evaluating at the protein level in the brain areas involved in the circuit responsible for encoding
the response to rewarding stimuli, no significant differences were observed in the levels of EAAT1,
EAAT2 and EAAT3 in the mPFC, Str, NAc and Hpc. Although studies report decreased expression
levels of glutamate transporters (Zink et al., 2010; Zhang et al., 2013), the differences with our
results might be due to differences in the applied depression model and the rodent species used.
Nevertheless, these studies shed light on a possible role of glutamate transporters in the
pathophysiology of depression. Moreover, in stressed WT mice an upward trend in EAAT1
expression levels in the Hpc was observed (p = 0.05). Despite the high variability in EAAT1 protein
levels within the UCMS mice group, perhaps a possible increase in hipocampal EAAT1, a
glutamate glial transporter, would be increasing glutamate recycling, thereby contributing to the
increase in glutamatergic activity observed in patients and animal models of depression.
Furthermore, it would be interesting to evaluate the glutamate transport of EAATs in mice under

chronic stress conditions.

In relation to ionotropic glutamate receptors expression level, we found significant stress-induced
upregulation of NMDA receptors GIuN2A and GIuN2B subunits, and AMPA receptors GIluA1
subunits in the vHpc of WT mice. In the mPFC, Str and NAc we found no significant stress-induced
changes in GIuN2A and GIuN2B subunits, and GluA1 subunits. In addition, we also did not observe
changes in the GIuA2 expression levels in the mPFC, Str, NAc and vHpc in WT mice subjected to
UCMS. In the determinations of protein expression levels, a high variability was observed between
mice within the same group. This raises the question of whether the noted variability is due to the
low total number of mice used in this study or if this is one of the limitations in the stress model,

or also to the individual susceptibility differences of each individual.
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Research has shown that GIuN2A and GIuN2B subunits may both be involved in the induction of
LTP. Conversely, just GIUN2A subunits could participate in the induction of long-term depression
(LTD), while GIuN2B subunits appear to not be involved in LTD induction (Bartlett et al., 2007). On
the other hand, synaptic insertion of AMPA receptors GluA1 subunits is known to play an important
role in mediating the increase in synaptic strength during LTP (Hayashi, 2000; Malinow and
Malenka, 2002). Hippocampal LTP has been associated with learning and memory (HdlIscher,
1999; Radecki et al., 2005; Whitlock et al., 2006). Nevertheless, other studies question whether
LTP can be considered a neural mechanism underlying memory and learning.(Shors and Matzel,
1997; Stevens, 1998; Abraham et al., 2019). Moreover, changes in excitability within neural circuits
related to hippocampal LTP might also have undesirable or adverse effects, as observed in the
case of susceptibility and epileptiform activity in rats (Chang et al., 2007b). Therefore, LTP-like
synaptic plasticity in the Hpc could contribute to increasing glutamate neurotransmission
subserving to chronic stress-triggered depressive-like behaviors in mice. Nevertheless, as
mentioned above, the results observed in chronically stressed WT mice regarding the excessive
increase in the expression levels of calcium-permeable GluA1-containing AMPA receptors
probably induced by upregulation of NMDA receptors GIuUN2A and GIuN2B subunits may be
impairing LTP induction. Therefore, in future studies it would be of considerable interest to evaluate

at the electrophysiological level the consequences of UCMS in hippocampal synaptic plasticity.

Despite the levels of glutamate transporters do not decrease in the UCMS model in WT mice, this
does not exclude the possibility of an increase in the levels of one of the glutamate transporters
may prevent the deleterious effects of chronic stress in depressive-like behaviors. Our results are
in agreement with this hypothesis, by showing that EAAT3 CaMKIlla-promoter driven
overexpression mice subjected to UCMS did not show depressive-like behaviors, and no
impairment in sociability. To date, few animal models have studied the impact of manipulating the
levels of glutamate transporters in vivo on mood disorders (Mineur et al., 2007; Cui et al., 2014;
John et al., 2015).

4.3. Chronic social defeat stress in WT mice

Unlike UCMS, not all mice subjected to social defeat paradigm are susceptible to stress. A
population appears to be resilient to CSDS according to the resistance to defeat-induced
avoidance. Furthermore, we observed these differences in the evaluation of body weight gain, in
which susceptible WT mice show more dramatic weight loss than resilient WT mice. Nonetheless,
we did not find significant differences between susceptible and resilient groups when they were
evaluated in anxiety-like behaviors in the open field test, and in preference to sucrose. In this

model, to evaluate coat state does not make sense, since the coat is damaged by daily agonistic
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encounters between C57BL/6J mice subjected to social defeat and aggressive CF-1 mice.
Moreover, in the tail suspension test, susceptible WT mice spent significantly more immobility time
than control and resilient WT mice, and no significant differences were observed between control
and resilient mice. Including the data from the CF-1 social interaction test, sucrose preference and
the tail suspension test, we significantly found a higher depression score in susceptible WT mice
compared to control and resilient groups, in which no significant differences were observed. Our
results indicate that social avoidance against an unknown aggressive mouse as the sole criterion
for segregating resilience and susceptibility to social defeat seems to be insufficient or incomplete.
Besides, to evaluate the sociability of defeated mice against a non-aggressive conspecific mouse,
the three-chambered social interaction test could be included in the battery of behavioral tests,
thereby evaluating sociability as a hedonic construct rather than social approach-avoidance

against an aggressive mouse.
4.4. Conclusion

The type of stressors used in the two animal models of depression resulted in differences in
anxiety- and depressive-like behaviors in WT mice. Perhaps social defeat only concern
hopelessness and the reward domains associated with sociability and not the hedonic circuit
associated with sucrose consumption. On the other hand, despite the fact that a different
aggressive CF-1 mouse is used each day in CSDS, the type of psychosocial stressor is the same
during the 21 days of social defeat. Thus, the CSDS could be considered as a behavioral paradigm
of homotypic stress. Different is the case of UCMS, in which stressors are applied in a random
and unpredictable fashion.Exposure to homotypic stress can result in habituation of the HPA axis
response, characterized by a decreasing GC response over time (Herman et al., 2016), probably
resulting in lower detrimental consequences than UCMS. This evidence could be one of the factors
influencing the differences in the behavioral outcomes that we observed between UCMS and
CSDS. Although UCMS was more robust in generating depressive-like behavior in WT mice,
CSDS confers the advantage of obtaining a resilient population and studying the mechanisms

associated with stress resilience.

UCMS-induced increase in protein expression levels of EAAT1, NMDA receptors GIuN2A and
GIuN2B subunits, and AMPA receptors GIuA1 subunits in the Hpc in WT mice were associated
with anxiety-like behavior, anhedonia, behavioral despair, and deficits in sociability and long-term
memory. Despite research proposes to NAc as a central area of information processing of cortical-
limbic circuit in motivated behaviors (Goto and Grace, 2005, 2008), the Hpc could play a
fundamental role in goal-directed behaviors and motivation, which are affected in mood disorders.

Based on our results, we suggest that stress-induced upregulation of ionotropic glutamate
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receptors in the vHpc may be related to negative bias in memory and learning in depression
(Zhang et al., 2019).

Mice with EAAT3 overexpression driven by CaMKIlla-promoter challenged to UCMS did neither
show depressive-like behaviors nor impairment in sociability. Additionally, EAAT3-overexpressing
mice subjected to UCMS did not show deficits in object recognition and location memory. These
results suggest that EAAT3 overexpression in the forebrain may be linked to a resilient phenotype
to UCMS.

Pursuing strategies to rescue or reverse stress-induced alterations in the glutamatergic system
could quickly and effectively alleviate not only the main symptoms of depression, but also deficits

in cognitive performance.

59



5. References

aan het Rot M, Collins KA, Murrough JW, Perez AM, Reich DL, Charney DS, Mathew SJ (2010)
Safety and Efficacy of Repeated-Dose Intravenous Ketamine for Treatment-Resistant
Depression. Biol Psychiatry 67:139-145.

Abraham WC, Jones OD, Glanzman DL (2019) Is plasticity of synapses the mechanism of long-
term memory storage? npj Sci Learn 4.

Alfarez D., Wiegert O, Joéls M, Krugers H. (2002) Corticosterone and stress reduce synaptic
potentiation in mouse hippocampal slices with mild stimulation. Neuroscience 115:1119—
1126.

Alfarez DN, Joéls M, Krugers HJ (2003) Chronic unpredictable stress impairs long-term
potentiation in rat hippocampal CA1 area and dentate gyrus in vitro. Eur J Neurosci 17:1928—
1934.

Amara SG, Fontana AC. (2002) Excitatory Amino Acid Transporters: Keeping up with Glutamate.
Neurochem Int 41:313-318.

American Psychiatric Association (2013) Diagnostic and Statistical Manual of Mental Disorders.
American Psychiatric Association.

Aoyama K, Sang WS, Hamby AM, Liu J, Wai YC, Chen Y, Swanson RA (2006) Neuronal
glutathione deficiency and age-dependent neurodegeneration in the EAAC1 deficient
mouse. Nat Neurosci 9:119-126.

Aoyama K, Watabe M, Nakaki T (2012) Modulation of neuronal glutathione synthesis by EAAC1
and its interacting protein GTRAP3-18. Amino Acids 42:163—169.

Bagot RC, Parise EM, Pefa CJ, Zhang H-X, Maze |, Chaudhury D, Persaud B, Cachope R,
Bolafios-Guzman CA, Cheer JF, Deisseroth K, Han M-H, Nestler EJ (2015) Ventral
hippocampal afferents to the nucleus accumbens regulate susceptibility to depression. Nat
Commun 6:7062.

Baker KB, Kim JJ (2002) Effects of stress and hippocampal NMDA receptor antagonism on
recognition memory in rats. Learn Mem 9:58-65.

Banasr M, Valentine GW, Li XY, Gourley SL, Taylor JR, Duman RS (2007) Chronic Unpredictable
Stress Decreases Cell Proliferation in the Cerebral Cortex of the Adult Rat. Biol Psychiatry
62:496-504.

Bartlett TE, Bannister NJ, Collett VJ, Dargan SL, Massey P V., Bortolotto ZA, Fitzjohn SM, Bashir
Zl, Collingridge GL, Lodge D (2007) Differential roles of NR2A and NR2B-containing NMDA
receptors in LTP and LTD in the CA1 region of two-week old rat hippocampus.
Neuropharmacology 52:60-70.

Bath KG, Jing DQ, Dincheva |, Neeb CC, Pattwell SS, Chao M V., Lee FS, Ninan | (2012) BDNF

60



Val66Met impairs fluoxetine-induced enhancement of adult hippocampus plasticity.
Neuropsychopharmacology 37:1297-1304.

Belozertseva | V., Kos T, Popik P, Danysz W, Bespalov AY (2007) Antidepressant-like effects of
mGIuR1 and mGIuR5 antagonists in the rat forced swim and the mouse tail suspension tests.
Eur Neuropsychopharmacol 17:172-179.

Belzung C, Lemoine M (2011) Criteria of validity for animal models of psychiatric disorders : focus
on anxiety disorders and depression. Biol Mood Anxiety Disord 1:9.

Berridge KC, Robinson TE (1998) What is the role of dopamine in reward: Hedonic impact, reward
learning, or incentive salience? Brain Res Rev 28:309-369.

Bicks LK, Yamamuro K, Flanigan ME, Kim JM, Kato D, Lucas EK, Koike H, Peng MS, Brady DM,
Chandrasekaran S, Norman KJ, Smith MR, Clem RL, Russo SJ, Akbarian S, Morishita H
(2020) Prefrontal parvalbumin interneurons require juvenile social experience to establish
adult social behavior. Nat Commun 11.

Bigdeli TB et al. (2017) Genetic effects influencing risk for major depressive disorder in China and
Europe. Transl Psychiatry 7.

Bondi CO, Rodriguez G, Gould GG, Frazer A, Morilak DA (2008) Chronic Unpredictable Stress
Induces a Cognitive Deficit and Anxiety-Like Behavior in Rats that is Prevented by Chronic
Antidepressant Drug Treatment. Neuropsychopharmacology 33:320-331.

Bosker FJ, Hartman CA, Nolte IM, Prins BP, Terpstra P, Posthuma D, Van Veen T, Willemsen G,
Derijk RH, De Geus EJ, Hoogendijk WJ, Sullivan PF, Penninx BW, Boomsma DI, Snieder H,
Nolen WA (2011) Poor replication of candidate genes for major depressive disorder using
genome-wide association data. Mol Psychiatry 16:516-532.

Bossong MG, Wilson R, Appiah-Kusi E, McGuire P, Bhattacharyya S (2018) Human striatal
response to reward anticipation linked to hippocampal glutamate levels. Int J
Neuropsychopharmacol 21:623-630.

Bravo JA, Forsythe P, Chew M V., Escaravage E, Savignac HM, Dinan TG, Bienenstock J, Cryan
JF (2011) Ingestion of Lactobacillus strain regulates emotional behavior and central GABA
receptor expression in a mouse via the vagus nerve. Proc Natl Acad Sci 108:16050-16055.

Bremner JD (2002) Neuroimaging studies in post-traumatic stress disorder. Curr Psychiatry Rep
4:254-263.

Bremner JD, Narayan M, Anderson ER, Staib LH, Miller HL, Charney DS (2000) Hippocampal
volume reduction in major depression. Am J Psychiatry 157:115-117.

Bridges RJ, Esslinger CS (2005) The excitatory amino acid transporters: Pharmacological insights
on substrate and inhibitor specificity of the EAAT subtypes. Pharmacol Ther 107:271-285.

Brigman JL, Feyder M, Saksida LM, Bussey TJ, Mishina M, Holmes A (2008) Impaired
discrimination learning in mice lacking the NMDA receptor NR2A subunit. Learn Mem 15:50—
54.

Brigman JL, Wright T, Talani G, Prasad-Mulcare S, Jinde S, Seabold GK, Mathur P, Davis MI, Bock
R, Gustin RM, Colbran RJ, Alvarez VA, Nakazawa K, Delpire E, Lovinger DM, Holmes A
(2010) Loss of GluN2B-containing NMDA receptors in CA1 hippocampus and cortex impairs
long-term depression, reduces dendritic spine density, and disrupts learning. J Neurosci
30:4590-4600.

Burstein O, Doron R (2018) The Unpredictable Chronic Mild Stress Protocol for Inducing

61



Anhedonia in Mice. J Vis Exp:1-9.

Cannon DM, Klaver JM, Peck SA, Rallis-Voak D, Erickson K, Drevets WC (2009) Dopamine type-
1 receptor binding in major depressive disorder assessed using positron emission
tomography and [11C]JNNC-112. Neuropsychopharmacology 34:1277-1287.

Cao SX, Li HF, Zhao XF, Pang JY, Liu Q, Xie GR (2018) Association between T-182C, G1287A
polymorphism in NET gene and suicidality in major depressive disorder in Chinese patients.
Int J Psychiatry Clin Pract 22:304-309.

Caspi A, Sugden K, Moffitt TE, Taylor A, Craig IW, Harrington HL, McClay J, Mill J, Martin J,
Braithwaite A, Poulton R (2003) Influence of life stress on depression: Moderation by a
polymorphism in the 5-HTT gene. Science 301:386-389.

Castagné V, Moser P, Roux S, Porsolt RD (2011) Rodent models of depression: Forced swim and
tail suspension behavioral despair tests in rats and mice. Curr Protoc Neurosci:1-14.

Castrén E (2005) Is mood chemistry? Nat Rev Neurosci 6:241-246.

Cerqueira JJ, Mailliet F, Aimeida OFX, Jay TM, Sousa N (2007) The Prefrontal Cortex as a Key
Target of the Maladaptive Response to Stress. J Neurosci 27:2781-2787.

Chaitoff A, Swetlik C, ltuarte C, Pfoh E, Lee LL, Heinberg LJ, Rothberg MB (2019) Associations
Between Unhealthy Weight-Loss Strategies and Depressive Symptoms. Am J Prev Med
56:241-250.

Chaki S, Yoshikawa R, Hirota S, Shimazaki T, Maeda M, Kawashima N, Yoshimizu T, Yasuhara A,
Sakagami K, Okuyama S, Nakanishi S, Nakazato A (2004) MGS0039: A potent and selective
group |l metabotropic glutamate receptor antagonist with antidepressant-like activity.
Neuropharmacology 46:457—-467.

Chang CC, Lu RB, Chen CL, Chu CM, Chang HA, Huang CC, Huang YL, Huang SY (2007a) Lack
of association between the norepinephrine transporter gene and major depression in a Han
Chinese population. J Psychiatry Neurosci 32:121-128.

Chang PY, Taylor PE, Jackson MB (2007b) Voltage imaging reveals the CA1 region at the CA2
border as a focus for epileptiform discharges and long-term potentiation in hippocampal
slices. J Neurophysiol 98:1309-1322.

Charney DS, Nestler EJ, Sklar P, Buxbaum JD eds. (2017) Charney & Nestler’s Neurobiology of
Mental lliness. Oxford University Press.

Chaudhury D et al. (2013) Rapid regulation of depression-related behaviours by control of
midbrain dopamine neurons. Nature 493:532-536.

Chen 2Y, Jing D, Bath KG, leraci A, Khan T, Siao CJ, Herrera DG, Toth M, Yang C, McEwen BS,
Hempstead BL, Lee FS (2006) Genetic variant BDNF (Val66Met) polymorphism alters
anxiety-related behavior. Science 314:140-143.

Chung YE, Chen H, Chou HL, Chen I, Lee M, Chuang L, Liu Y, Lu M, Chen C (2019) Exploration
of microbiota targets for major depressive disorder and mood related traits. J Psychiatr Res
111:74-82.

Clarke H, Flint J, Attwood AS, Munafé MR (2010) Association of the 5-HTTLPR genotype and
unipolar depression: A meta-analysis. Psychol Med 40:1767—-1778.

Clarke RJ, Glasgow NG, Johnson JW (2013) Mechanistic and structural determinants of NMDA
receptor voltage-dependent gating and slow Mg?* unblock. J Neurosci 33:4140-4150.

62



Clements JD, Feltz A, Sahara Y, Westbrook GL (1998) Activation kinetics of AMPA receptor
channels reveal the number of functional agonist binding sites. J Neurosci 18:119-127.

Compan V, Zhou M, Grailhe R, Gazzara RA, Martin R, Gingrich J, Dumuis A, Brunner D, Bockaert
J, Hen R (2004) Attenuated Response to Stress and Novelty and Hypersensitivity to Seizures
in 5-HT4 Receptor Knock-Out Mice. J Neurosci 24:412—-419.

Conrad CD (2008) Chronic Stress-induced Hippocampal Vulnerability: The Glucocorticoid
Vulnerability Hypothesis. Rev Neurosci 19:395-411.

Conradi HJ, Ormel J, De Jonge P (2011) Presence of individual (residual) symptoms during
depressive episodes and periods of remission: A 3-year prospective study. Psychol Med
41:1165-1174.

Costafreda SG, McCann P, Saker P, Cole JH, Cohen-Woods S, Farmer AE, Aitchison KJ, McGuffin
P, Fu CHY (2013) Modulation of amygdala response and connectivity in depression by
serotonin transporter polymorphism and diagnosis. J Affect Disord 150:96—-103.

Covington HE, Lobo MK, Maze I, Vialou V, Hyman JM, Zaman S, LaPlant Q, Mouzon E, Ghose S,
Tamminga CA, Neve RL, Deisseroth K, Nestler EJ (2010) Antidepressant Effect of
Optogenetic Stimulation of the Medial Prefrontal Cortex. J Neurosci 30:16082—16090.

Cowen PJ, Parry-Billings M, Newsholme EA (1989) Decreased plasma tryptophan levels in major
depression. J Affect Disord 16:27-31.

Crupi R, Impellizzeri D, Cuzzocrea S (2019) Role of metabotropic glutamate receptors in
neurological disorders. Front Mol Neurosci 12:1-11.

Cryan JF, Holmes A (2005) The ascent of mouse: advances in modelling human depression and
anxiety. Nat Rev Drug Discov 4:775-790.

Cryan JF, Mombereau C, Vassout A (2005) The tail suspension test as a model for assessing
antidepressant activity: Review of pharmacological and genetic studies in mice. Neurosci
Biobehav Rev 29:571-625.

Cui W, Mizukami H, Yanagisawa M, Aida T, Nomura M, Isomura Y, Takayanagi R, Ozawa K,
Tanaka K, Aizawa H (2014) Glial dysfunction in the mouse habenula causes depressive-like
behaviors and sleep disturbance. J Neurosci 34:16273-16285.

Currie PJ (2003) Integration of hypothalamic feeding and metabolic signals: Focus on
neuropeptide Y. Appetite 41:335-337.

Cusin C, Serretti A, Lattuada E, Lilli R, Lorenzi C, Smeraldi E (2002) Association study of MAO-A,
COMT, 5-HT2a, DRD2, and DRD4 polymorphisms with illness time course in mood disorders.
Am J Med Genet - Neuropsychiatr Genet 114:380-390.

D’Aquila PS, Brain P, Willner P (1994) Effects of chronic mild stress on performance in behavioural
tests relevant to anxiety and depression. Physiol Behav 56:861-867.

D’haenen HA, Bossuyt A (1994) Dopamine D2 receptors in depression measured with single
photon emission computed tomography. Biol Psychiatry 35:128-132.

Dallman MF (2010) Stress-induced obesity and the emotional nervous system. Trends Endocrinol
Metab 21:159-165.

Danbolt NC (2001) Glutamate uptake. Prog Neurobiol 65:1-105.

Danet M, Lapiz-Bluhm S, Morilak DA (2010) A cognitive deficit induced in rats by chronic
intermittent cold stress is reversed by chronic antidepressant treatment. Int J

63



Neuropsychopharmacol 13:997-1009.

De Palma G, Blennerhassett P, Lu J, Deng Y, Park AJ, Green W, Denou E, Silva MA, Santacruz
A, Sanz Y, Surette MG, Verdu EF, Collins SM, Bercik P (2015) Microbiota and host
determinants of behavioural phenotype in maternally separated mice. Nat Commun 6:7735.

Dehnes Y, Chaudhry FA, Ullensvang K, Lehre KP, Storm-Mathisen J, Danbolt NC (1998) The
glutamate transporter EAAT4 in rat cerebellar Purkinje cells: a glutamate-gated chloride
channel concentrated near the synapse in parts of the dendritic membrane facing astroglia.
J Neurosci 18:3606-3619.

Delgado-Acevedo C, Estay SF, Radke AK, Sengupta A, Escobar AP, Henriquez-Belmar F, Reyes
CA, Haro-Acuna V, Utreras E, Sotomayor-Zarate R, Cho A, Wendland JR, Kulkarni AB,
Holmes A, Murphy DL, Chavez AE, Moya PR (2019) Behavioral and synaptic alterations
relevant to obsessive-compulsive disorder in mice with increased EAAT3 expression.
Neuropsychopharmacology 44:1163-1173.

Dencker SJ, Malm U, Roos B -E, Werdinius B (1966) Acid Monoamine Metabolites of
Cerebrospinal Fluid in Mental Depression and Mania. J Neurochem 13:1545-1548.

Der-Avakian A, Markou A (2012) The neurobiology of anhedonia and other reward-related deficits.
Trends Neurosci 35:68—-77.

Deschwanden A, Karolewicz B, Feyissa AM, Treyer V, Ametamey SM, Johayem A, Burger C,
Auberson YP, Sovago J, Stockmeier CA, Buck A, Hasler G (2011) Reduced Metabotropic
Glutamate Receptor 5 Density in Major Depression Determined by [ 11 C]JABP688 PET and
Postmortem Study. Am J Psychiatry 168:727—734.

Diamond DM, Bennett MC, Fleshner M, Rose GM (1992) Inverted-U relationship between the level
of peripheral corticosterone and the magnitude of hippocampal primed burst potentiation.
Hippocampus 2:421-430.

Dinan TG, Cryan JF (2017) The Microbiome-Gut-Brain Axis in Health and Disease. Gastroenterol
Clin North Am 46:77-89.

Diogenes MJ, Dias RB, Rombo DM, Vicente Miranda H, Maiolino F, Guerreiro P, Nasstrom T,
Franquelim HG, Oliveira LMA, Castanho MARB, Lannfelt L, Bergstrom J, Ingelsson M,
Quintas A, Sebastiao AM, Lopes L V., Outeiro TF (2012) Extracellular Alpha-Synuclein
Oligomers Modulate Synaptic Transmission and Impair LTP Via NMDA-Receptor Activation.
J Neurosci 32:11750-11762.

Domes G, Heinrichs M, Reichwald U, Hautzinger M (2002) Hypothalamic—pituitary—adrenal axis
reactivity to psychological stress and memory in middle-aged women: high responders
exhibit enhanced declarative memory performance. Psychoneuroendocrinology 27:843—
853.

Dong C, Wong ML, Licinio J (2009) Sequence variations of ABCB1, SLC6A2, SLC6A3, SLC6A4,
CREB1, CRHR1 and NTRK2: Association with major depression and antidepressant
response in Mexican-Americans. Mol Psychiatry 14:1105-1118.

Dong C, Zhang J, Yao W, Ren Q, Ma M, Yang C, Chaki S, Hashimoto K (2016) Rapid and
Sustained Antidepressant Action of the mGlu2/3 Receptor Antagonist MGS0039 in the Social
Defeat Stress Model: Comparison with Ketamine. Int J Neuropsychopharmacol 20:pyw089.

Duman EA, Canli T (2015) Influence of life stress, 5-HTTLPR genotype, and SLC6A4 methylation
on gene expression and stress response in healthy Caucasian males. Biol Mood Anxiety
Disord 5:1-14.

64



Duman RS, Monteggia LM (2006) A Neurotrophic Model for Stress-Related Mood Disorders. Biol
Psychiatry 59:1116-1127.

Dwyer JM, Lepack AE, Duman RS (2013) mGIuR2/3 blockade produces rapid and long-lasting
reversal of anhedonia caused by chronic stress exposure. J Mol Psychiatry 1:15.

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, Zaitsev E, Gold B,
Goldman D, Dean M, Lu B, Weinberger DR (2003) The BDNF val66met polymorphism
affects activity-dependent secretion of BDNF and human memory and hippocampal function.
Cell 112:257-269.

Eiden LE, Weihe E (2011) VMAT2: A dynamic regulator of brain monoaminergic neuronal function
interacting with drugs of abuse. Ann N'Y Acad Sci 1216:86-98.

Elizalde N, Gil-Bea FJ, Ramirez MJ, Aisa B, Lasheras B, Del Rio J, Tordera RM (2008) Long-
lasting behavioral effects and recognition memory deficit induced by chronic mild stress in
mice: Effect of antidepressant treatment. Psychopharmacology (Berl) 199:1-14.

Elzinga BM, Bakker A, Bremner JD (2005) Stress-induced cortisol elevations are associated with
impaired delayed, but not immediate recall. Psychiatry Res 134:211-223.

Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological studies of memory in rats.
1: Behavioral data. Behav Brain Res 31:47-59.

Escriba P V., Ozaita A, Garcia-Sevilla JA (2004) Increased mRNA expression of a2A-
adrenoceptors, serotonin and receptors and p-opioid receptors in the brains of suicide
victims. Neuropsychopharmacology 29:1512—1521.

Fernandez-Pujals AM, Adams MJ, Thomson P, McKechanie AG, Blackwood DHR, Smith BH,
Dominiczak AF, Morris AD, Matthews K, Campbell A, Linksted P, Haley CS, Deary |J,
Porteous DJ, Macintyre DJ, Mcintosh AM (2015) Epidemiology and heritability of major
depressive disorder, stratified by age of onset, sex, and illness course in generation
Scotland: Scottish family health study (GS:SFHS). PLoS One 10:1-18.

Feyissa AM, Woolverton WL, Miguel-Hidalgo JJ, Wang Z, Kyle PB, Hasler G, Stockmeier CA, lyo
AH, Karolewicz B (2010) Elevated level of metabotropic glutamate receptor 2/3 in the
prefrontal cortex in major depression. Prog Neuro-Psychopharmacology Biol Psychiatry
34:279-283.

Floresco SB, Todd CL, Grace AA (2001) Glutamatergic Afferents from the Hippocampus to the
Nucleus Accumbens Regulate Activity of Ventral Tegmental Area Dopamine Neurons. J
Neurosci 21:4915-4922.

Fu AL, Wu SP, Dong ZH, Sun MJ (2006) A novel therapeutic approach to depression via
supplement with tyrosine hydroxylase. Biochem Biophys Res Commun 351:140-145.

Funke B, Malhotra AK, Finn CT, Plocik AM, Lake SL, Lencz T, DeRosse P, Kane JM, Kucherlapati
R (2005) COMT genetic variation confers risk for psychotic and affective disorders: A case
control study. Behav Brain Funct 1:1-9.

Furukawa H, Singh SK, Mancusso R, Gouaux E (2005) Subunit arrangement and function in
NMDA receptors. Nature 438:185-192.

Garcia-Sevilla JA, Escriba P V., Ozaita A, La Harpe R, Walzer C, Eytan A, Guimon J (1999) Up-
regulation of immunolabeled a(2A)-adrenoceptors, G(i) coupling proteins, and regulatory
receptor kinases in the prefrontal cortex of depressed suicides. J Neurochem 72:282-291.

Geliebter A, Aversa A (2003) Emotional eating in overweight, normal weight, and underweight

65



individuals. Eat Behav 3:341-347.

Genzel L, Dresler M, Cornu M, Jager E, Konrad B, Adamczyk M, Friess E, Steiger A, Czisch M,
Goya-Maldonado R (2015) Medial prefrontal-hippocampal connectivity and motor memory
consolidation in depression and schizophrenia. Biol Psychiatry 77:177-186.

Golden SA, Covington HE, Berton O, Russo SJ (2011) A standardized protocol for repeated social
defeat stress in mice. Nat Protoc 6:1183-1191.

Goto Y, Grace AA (2005) Dopaminergic modulation of limbic and cortical drive of nucleus
accumbens in goal-directed behavior. Nat Neurosci 8:805-812.

Goto Y, Grace AA (2008) Limbic and cortical information processing in the nucleus accumbens.
Trends Neurosci 31:552-558.

Gourley SL, Kedves AT, Olausson P, Taylor JR (2009) A history of corticosterone exposure
regulates fear extinction and cortical NR2B, GIluR2/3, and BDNF.
Neuropsychopharmacology 34:707-716.

Greger IH, Watson JF, Cull-Candy SG (2017) Structural and Functional Architecture of AMPA-
Type Glutamate Receptors and Their Auxiliary Proteins. Neuron 94:713-730.

Gudayol-Ferré E, Guardia-Olmos J, Peré-Cebollero M (2015) Effects of remission speed and
improvement of cognitive functions of depressed patients. Psychiatry Res 226:103-112.

Gurevich |, Tamir H, Arango V, Dwork AJ, Mann JJ, Schmauss C (2002) Altered editing of serotonin
2C receptor pre-mRNA in the prefrontal cortex of depressed suicide victims. Neuron 34:349—
356.

Guscott M, Bristow LJ, Hadingham K, Rosahl TW, Beer MS, Stanton JA, Bromidge F, Owens AP,
Huscroft I, Myers J, Rupniak NM, Patel S, Whiting PJ, Hutson PH, Fone KC, Biello SM,
Kulagowski JJ, McAllister G (2005) Genetic knockout and pharmacological blockade studies
of the 5-HT 7 receptor suggest therapeutic potential in depression. Neuropharmacology
48:492-502.

Haenisch B, Bilkei-Gorzo A, Caron MG, Boénisch H (2009) Knockout of the norepinephrine
transporter and pharmacologically diverse antidepressants prevent behavioral and brain
neurotrophin alterations in two chronic stress models of depression. J Neurochem 111:403—
416.

Hajnal A, Smith GP, Norgren R (2004) Oral sucrose stimulation increases accumbens dopamine
in the rat. Am J Physiol - Regul Integr Comp Physiol 286:31-37.

Hamilton JP, Gotlib IH (2008) Neural Substrates of Increased Memory Sensitivity for Negative
Stimuli in Major Depression. Biol Psychiatry 63:1155—-1162.

Hardingham GE, Bading H (2010) Synaptic versus extrasynaptic NMDA receptor signalling:
Implications for neurodegenerative disorders. Nat Rev Neurosci 11:682-696.

Hattiangady B, Mishra V, Kodali M, Shuai B, Rao X, Shetty AK (2014) Object location and object
recognition memory impairments, motivation deficits and depression in a model of Gulf War
illness. Front Behav Neurosci 8:1-10.

Hayashi Y (2000) Driving AMPA Receptors into Synapses by LTP and CaMKIIl: Requirement for
GIluR1 and PDZ Domain Interaction. Science 287:2262—-2267.

He Y, Janssen WGM, Rothstein JD, Morrison JH (2000) Differential synaptic localization of the
glutamate transporter EAAC1 and glutamate receptor subunit GIuR2 in the rat hippocampus.

66



J Comp Neurol 418:255-269.

Heinrichs SC, Richard D (1999) The role of corticotropin-releasing factor and urocortin in the
modulation of ingestive behavior. Neuropeptides 33:350-359.

Heisler LK, Chu HM, Brennan TJ, Danao JA, Bajwa P, Parsons LH, Tecott LH (1998) Elevated
anxiety and antidepressant-like responses in serotonin 5-HT1a receptor mutant mice. Proc
Natl Acad Sci U S A 95:15049-15054.

Herman JP, Adams D, Prewitt C (1995) Regulatory Changes in Neuroendocrine Stress-Integrative
Circuitry Produced by a Variable Stress Paradigm. Neuroendocrinology 61:180—-190.

Herman JP, Figueiredo H, Mueller NK, Ulrich-Lai Y, Ostrander MM, Choi DC, Cullinan WE (2003)
Central mechanisms of stress integration: Hierarchical circuitry controlling hypothalamo-
pituitary-adrenocortical responsiveness. Front Neuroendocrinol 24:151-180.

Herman JP, McKlveen JM, Ghosal S, Kopp B, Wulsin A, Makinson R, Scheimann J, Myers B
(2016) Regulation of the Hypothalamic-Pituitary-Adrenocortical Stress Response. In:
Comprehensive Physiology, pp 603-621. Hoboken, NJ, USA: John Wiley & Sons, Inc.

Herman JP, Ostrander MM, Mueller NK, Figueiredo H (2005) Limbic system mechanisms of stress
regulation: Hypothalamo-pituitary- adrenocortical axis. Prog Neuro-Psychopharmacology
Biol Psychiatry 29:1201-1213.

Heshmati M, Russo SJ (2015) Anhedonia and the Brain Reward Circuitry in Depression. Curr
Behav Neurosci Reports 2:146-153.

Hibino H, Tochigi M, Otowa T, Kato N, Sasaki T (2006) No association of DRD2, DRD3, and
tyrosine hydroxylase gene polymorphisms with personality traits in the Japanese population.
Behav Brain Funct 2:1-5.

Hickie I, Naismith S, Ward PB, Turner K, Scott E, Mitchell P, Wilhelm K, Parker G (2005) Reduced
hippocampal volumes and memory loss in patients with early- and late-onset depression. Br
J Psychiatry 186:197-202.

Holmes SE, Scheinost D, Finnema SJ, Naganawa M, Davis MT, DellaGioia N, Nabulsi N,
Matuskey D, Angarita GA, Pietrzak RH, Duman RS, Sanacora G, Krystal JH, Carson RE,
Esterlis 1 (2019) Lower synaptic density is associated with depression severity and network
alterations. Nat Commun 10:1-10.

Holmseth S, Dehnes Y, Huang YH, Follin-Arbelet V V., Grutle NJ, Mylonakou MN, Plachez C, Zhou
Y, Furness DN, Bergles DE, Lehre KP, Danbolt NC (2012) The Density of EAAC1 (EAAT3)
Glutamate Transporters Expressed by Neurons in the Mammalian CNS. J Neurosci
32:6000-6013.

Holscher C (1999) Synaptic plasticity and learning and memory: LTP and beyond. J Neurosci Res
58:62—75.

Hosang GM, Shiles C, Tansey KE, McGuffin P, Uher R (2014) Interaction between stress and the
BDNF Val66Met polymorphism in depression: A systematic review and meta-analysis.
Compr Psychiatry 55:e52.

Howland JG, Wang YT (2008) Chapter 8 Synaptic plasticity in learning and memory: Stress effects
in the hippocampus. In: Progress in Brain Research, pp 145-158.

Huganir RL, Song | (2002) Regulation of AMPA receptors during synaptic plasticity. TRENDS
Neurosci 25:578-588.

67



Inoue K, Itoh K, Yoshida K, Shimizu T, Suzuki T (2004) Positive association between T-182C
polymorphism in the norepinephrine transporter gene and susceptibility to major depressive
disorder in a Japanese population. Neuropsychobiology 50:301-304.

Iltoh M, Watanabe Y, Watanabe M, Tanaka K, Wada K, Takashima S (1997) Expression of a
glutamate transporter subtype, EAAT4, in the developing human cerebellum. Brain Res
767:265-271.

lyo AH, Feyissa AM, Chandran A, Austin MC, Regunathan S, Karolewicz B (2010) Chronic
corticosterone administration down-regulates metabotropic glutamate receptor 5 protein
expression in the rat hippocampus. Neuroscience 169:1567-1574.

Jaggar M, Fanibunda SE, Ghosh S, Duman RS, Vaidya VA (2019) The neurotrophic hypothesis of
depression revisited: New insights and therapeutic implications. Elsevier Inc.

Jett JD, Boley AM, Girotti M, Shah A, Lodge DJ, Morilak DA (2015) Antidepressant-like cognitive
and behavioral effects of acute ketamine administration associated with plasticity in the
ventral hippocampus to medial prefrontal cortex pathway. Psychopharmacology (Berl)
232:3123-3133.

Jiang H, Ling Z, Zhang Y, Mao H, Ma Z, Yin Y, Wang W, Tang W, Tan Z, Shi J, Li L, Ruan B (2015)
Brain , Behavior , and Immunity Altered fecal microbiota composition in patients with major
depressive disorder. Brain Behav Immun 48:186—194.

Joéls M (2006) Corticosteroid effects in the brain: U-shape it. Trends Pharmacol Sci 27:244-250.

Joéls M, Pu Z, Wiegert O, Oitzl MS, Krugers HJ (2006) Learning under stress: how does it work?
Trends Cogn Sci 10:152—-158.

Joéls M, Sarabdjitsingh RA, Karst H (2012) Unraveling the Time Domains of Corticosteroid
Hormone Influences on Brain Activity: Rapid, Slow, and Chronic Modes Gillies GE, ed.
Pharmacol Rev 64:901-938.

John CS, Sypek El, Carlezon WA, Cohen BM, Ongiir D, Bechtholt AJ (2015) Blockade of the GLT-
1 transporter in the central nucleus of the amygdala induces both anxiety and depressive-
like symptoms. Neuropsychopharmacology 40:1700-1708.

Kalueff A V., Fox MA, Gallagher PS, Murphy DL (2007) Hypolocomotion, anxiety and serotonin
syndrome-like behavior contribute to the complex phenotype of serotonin transporter
knockout mice. Genes, Brain Behav 6:389—400.

Kalueff A V., Gallagher PS, Murphy DL (2006) Are serotonin transporter knockout mice
“depressed’? Hypoactivity but no anhedonia. Neuroreport 17:1347—-1351.

Kalueff A V., Stewart AM, Song C, Berridge KC, Graybiel AM, Fentress JC (2016) Neurobiology of
rodent self-grooming and its value for translational neuroscience. Nat Rev Neurosci 17:45—
59.

Kalueff A V., Tuohimaa P (2004) Grooming analysis algorithm for neurobehavioural stress
research. Brain Res Protoc 13:151-158.

Kang HJ, Voleti B, Hajszan T, Rajkowska G, Stockmeier CA, Licznerski P, Lepack A, Majik MS,
Jeong LS, Banasr M, Son H, Duman RS (2012) Decreased expression of synapse-related
genes and loss of synapses in major depressive disorder. Nat Med 18:1413-1417.

Kendler KS, Gatz M, Gardner CO, Pedersen NL (2006) A Swedish national twin study of lifetime
major depression. Am J Psychiatry 163:109-114.

68



Kendler KS, Karkowski LM, Prescott C a (1999) Causal Relationship Between Stressful Life
Events and the Onset of Major Depression. Am J Psychiatry 156:837—-841.

Kessler RC (1997) The effects of stressful life events on depression. Annu Rev Psychol 48:191—
214.

Kew JNC, Kemp JA (2005) lonotropic and metabotropic glutamate receptor structure and
pharmacology. Psychopharmacology (Berl) 179:4-29.

Kim HB, Yoo JY, Yoo SY, Suh SW, Lee S, Park JH, Lee JH, Baik TK, Kim HS, Woo RS (2020)
Early-life stress induces EAAC1 expression reduction and attention-deficit and depressive
behaviors in adolescent rats. Cell Death Discov 6.

Kim JJ, Diamond DM (2002) The stressed hippocampus, synaptic plasticity and lost memories.
Nat Rev Neurosci 3:453—462.

Klimek V, Schenck JE, Han H, Stockmeier CA, Ordway GA (2002) Dopaminergic abnormalities in
amygdaloid nuclei in major depression: a postmortem study. Biol Psychiatry 52:740-748.

Klimek V, Stockmeier C, Overholser J, Meltzer HY, Kalka S, Dilley G, Ordway GA (1997) Reduced
levels of norepinephrine transporters in the locus coeruleus in major depression. J Neurosci
17:8451-8458.

Koike H, lijima M, Chaki S (2013) Effects of ketamine and LY341495 on the depressive-like
behavior of repeated corticosterone-injected rats. Pharmacol Biochem Behav 107:20-23.

Kdks S, Nikopensius T, Koido K, Maron E, Altmae S, Heinaste E, Vabrit K, Tammekivi V, Hallast
P, Kurg A, Shlik J, Vasar V, Metspalu A, Vasar E (2006) Analysis of SNP profiles in patients
with major depressive disorder. Int J Neuropsychopharmacol 9:167-174.

Konttinen H, Van Strien T, Mannist6 S, Jousilahti P, Haukkala A (2019) Depression, emotional
eating and long-term weight changes: A population-based prospective study. Int J Behav
Nutr Phys Act 16:1-11.

Krugers HJ, Lucassen PJ, Karst H, Joéls M (2010) Chronic stress effects on hippocampal structure
and synaptic function: Relevance for depression and normalization by anti-glucocorticoid
treatment. Front Synaptic Neurosci 2:1-10.

Kupferberg A, Bicks L, Hasler G (2016) Social functioning in major depressive disorder. Neurosci
Biobehav Rev 69:313-332.

Lehre K, Levy L, Ottersen O, Storm-Mathisen J, Danbolt N (1995) Differential expression of two
glial glutamate transporters in the rat brain: quantitative and immunocytochemical
observations. J Neurosci 15.

Lemonde S, Turecki G, Bakish D, Du L, Hrdina PD, Bown CD, Sequeira A, Kushwaha N, Morris
SJ, Basak A, Ou XM, Albert PR (2003) Impaired repression at a 5-hydroxytryptamine 1A
receptor gene polymorphism associated with major depression and suicide. J Neurosci
23:8788-8799.

Levinson DF, Mostafavi S, Milaneschi Y, Rivera M, Ripke S, Wray NR, Sullivan PF (2014) Genetic
Studies of Major Depressive Disorder: Why Are There No Genome-wide Association Study
Findings and What Can We Do About It? Biol Psychiatry 76:510-512.

Li N, Liu RJ, Dwyer JM, Banasr M, Lee B, Son H, Li XY, Aghajanian G, Duman RS (2011)
Glutamate N-methyl-D-aspartate receptor antagonists rapidly reverse behavioral and
synaptic deficits caused by chronic stress exposure. Biol Psychiatry 69:754—761.

69



Li SX, Han Y, Xu LZ, Yuan K, Zhang RX, Sun CY, Xu DF, Yuan M, Deng JH, Meng SQ, Gao XJ,
Wen Q, Liu LJ, Zhu WL, Xue YX, Zhao M, Shi J, Lu L (2018) Uncoupling DAPK1 from NMDA
receptor GIuN2B subunit exerts rapid antidepressant-like effects. Mol Psychiatry 23:597—
608.

Licznerski P, Duman RS (2013) Remodeling of axo-spinous synapses in the pathophysiology and
treatment of depression. Neuroscience 251:33-50.

Lindauer RJL, OIff M, Van Meijel EPM, Carlier IVE, Gersons BPR (2006) Cortisol, learning,
memory, and attention in relation to smaller hippocampal volume in police officers with
posttraumatic stress disorder. Biol Psychiatry 59:171-177.

Lindholm JSO, Castrén E (2014) Mice with altered BDNF signaling as models for mood disorders
and antidepressant effects. Front Behav Neurosci 8:1-10.

Lira A, Zhou M, Castanon N, Ansorge MS, Gordon JA, Francis JH, Bradley-Moore M, Lira J,
Underwood MD, Arango V, Kung HF, Hofer MA, Hen R, Gingrich JA (2003) Altered
depression-related behaviors and functional changes in the dorsal raphe nucleus of
serotonin transporter-deficient mice. Biol Psychiatry 54:960-971.

Liu X, Gershenfeld HK (2001) Genetic differences in the tail-suspension test and its relationship
to imipramine response among 11 inbred strains of mice. Biol Psychiatry 49:575-581.

Lupien SJ, Maheu F, Tu M, Fiocco A, Schramek TE (2007) The effects of stress and stress
hormones on human cognition: Implications for the field of brain and cognition. Brain Cogn
65:209-237.

Madsen K, Torstensen E, Holst KK, Haahr ME, Knorr U, Frokjaer VG, Brandt-Larsen M, Iversen
P, Fisher PM, Knudsen GM (2015) Familial risk for major depression is associated with lower
striatal 5-HT4 receptor binding. Int J Neuropsychopharmacol 18:1-7.

Maeng S, Zarate CA, Du J, Schloesser RJ, McCammon J, Chen G, Manji HK (2008) Cellular
Mechanisms Underlying the Antidepressant Effects of Ketamine: Role of a-Amino-3-
Hydroxy-5-Methylisoxazole-4-Propionic Acid Receptors. Biol Psychiatry 63:349-352.

Maes M, Vandoolaeghe E, Scharpe S (1998) Excitatory amino acids in treatment-resistant
depression. Acta Psychiatr Scand:302-308.

Magarifios AM, McEwen BS, Fliigge G, Fuchs E (1996) Chronic psychosocial stress causes apical
dendritic atrophy of hippocampal CA3 pyramidal neurons in subordinate tree shrews. J
Neurosci 16:3534—-3540.

Maggio N, Segal M (2019) Stress, Corticosterone, and Hippocampal Plasticity. In; Stress:
Physiology, Biochemistry, and Pathology, pp 93—104. Elsevier.

Malberg JE, Eisch AJ, Nestler EJ, Duman RS (2000) Chronic antidepressant treatment increases
neurogenesis in adult rat hippocampus. J Neurosci 20:9104-9110.

Malinow R, Malenka RC (2002) AMPA Receptor Trafficking and Synaptic Plasticity. Annu Rev
Neurosci 25:103-126.

Manchia M, Cullis J, Turecki G, Rouleau GA, Uher R, Alda M (2013) The Impact of Phenotypic
and Genetic Heterogeneity on Results of Genome Wide Association Studies of Complex
Diseases. PLoS One 8:1-7.

Mann JJ, Stanley M, McBride PA, McEwen BS (1986) Increased Serotonin2 and p-Adrenergic
Receptor Binding in the Frontal Cortices of Suicide Victims. Arch Gen Psychiatry 43:954—
959.

70



Marquardt K, Saha M, Mishina M, Young JW, Brigman JL (2014) Loss of GluN2A-containing NMDA
receptors impairs extra-dimensional set-shifting. Genes, Brain Behav 13:611-617.

Martin V, Riffaud A, Marday T, Brouillard C, Franc B, Tassin J, Sevoz-Couche C, Mongeau R,
Lanfumey L (2017) Response of Htr3a knockout mice to antidepressant treatment and
chronic stress. Br J Pharmacol 174:2471-2483.

Mathews GC, Diamond JS (2003) Neuronal glutamate uptake Contributes to GABA synthesis and
inhibitory synaptic strength. J Neurosci 23:2040-2048.

Matos-Ocasio F, Hernadndez-Lopez A, Thompson KJ (2014) Ceftriaxone, a GLT-1 transporter
activator, disrupts hippocampal learning in rats. Pharmacol Biochem Behav 122:118-121.

Matrisciano F, Caruso A, Orlando R, Marchiafava M, Bruno V, Battaglia G, Gruber SHM, Melchiorri
D, Tatarelli R, Girardi P, Mathé AA, Nicoletti F (2008) Defective group-Il metaboropic
glutamate receptors in the hippocampus of spontaneously depressed rats.
Neuropharmacology 55:525-531.

McEwen BS (2007) Physiology and neurobiology of stress and adaptation: Central role of the
brain. Physiol Rev 87:873-904.

Mcintyre RS, Xiao HX, Syeda K, Vinberg M, Carvalho AF, Mansur RB, Maruschak N, Cha DS
(2015) The Prevalence, Measurement, and Treatment of the Cognitive Dimension/Domain
in Major Depressive Disorder. CNS Drugs 29:577-589.

McKinnon MC, Yucel K, Nazarov A, MacQueen GM (2009) A meta-analysis examining clinical
predictors of hippocampal volume in patients with major depressive disorder. J Psychiatry
Neurosci 34:41-54.

Meyer JH, Kriger S, Wilson AA, Christensen BK, Goulding VS, Schaffer A, Minifie C, Houle S,
Hussey D, Kennedy SH (2001) Lower dopamine transporter binding potential in striatum
during depression. Neuroreport 12:4121-4125.

Millan MJ et al. (2012) Cognitive dysfunction in psychiatric disorders: Characteristics, causes and
the quest for improved therapy. Nat Rev Drug Discov 11:141-168.

Mineur YS, Picciotto MR, Sanacora G (2007) Antidepressant-Like Effects of Ceftriaxone in Male
C57BL/6J Mice. Biol Psychiatry 61:250-252.

Mistry S, Harrison JR, Smith DJ, Escott-Price V, Zammit S (2018) The use of polygenic risk scores
to identify phenotypes associated with genetic risk of bipolar disorder and depression: A
systematic review. J Affect Disord 234:148—155.

Mitani H, Shirayama Y, Yamada T, Maeda K, Ashby CR, Kawahara R (2006) Correlation between
plasma levels of glutamate, alanine and serine with severity of depression. Prog Neuro-
Psychopharmacology Biol Psychiatry 30:1155-1158.

Monteiro S, Roque S, de Sa-Calcada D, Sousa N, Correia-Neves M, Cerqueira JJ (2015) An
Efficient Chronic Unpredictable Stress Protocol to Induce Stress-Related Responses in
C57BL/6 Mice. Front Psychiatry 6.

Murray EA (2007) The amygdala, reward and emotion. Trends Cogn Sci 11:489-497.

Murrough JW, Abdallah CG, Mathew SJ (2017) Targeting glutamate signalling in depression:
Progress and prospects. Nat Rev Drug Discov 16:472—-486.

Murrough JW, Henry S, Hu J, Gallezot JD, Planeta-Wilson B, Neumaier JF, Neumeister A (2011)
Reduced ventral striatal/ventral pallidal serotonin1B receptor binding potential in major

71



depressive disorder. Psychopharmacology (Berl) 213:547-553.

Myers B, McKlveen JM, Herman JP (2012) Neural regulation of the stress response: The many
faces of feedback. Cell Mol Neurobiol 32:683-694.

Myers B, McKlveen JM, Herman JP (2014) Glucocorticoid actions on synapses, circuits, and
behavior: Implications for the energetics of stress. Front Neuroendocrinol 35:180-196.

Nautiyal KM, Tritschler L, Ahmari SE, David DJ, Gardier AM, Hen R (2016) A lack of serotonin 1B
autoreceptors results in decreased anxiety and depression-related behaviors.
Neuropsychopharmacology 41:2941-2950.

Nollet M, Le Guisquet A-M, Belzung C (2013) Models of depression: unpredictable chronic mild
stress in mice. Curr Protoc Pharmacol Chapter 5:Unit 5.65.

O’Leary OF, Cryan JF (2013) Towards translational rodent models of depression. Cell Tissue Res
354:141-153.

Ordway GA, Schenk J, Stockmeier CA, May W, Klimek V (2003) Elevated agonist binding to a2-
adrenoceptors in the locus coeruleus in major depression. Biol Psychiatry 53:315-323.

Orrego F, Villanueva S (1993) The chemical nature of the main central excitatory transmitter: A
critical appraisal based upon release studies and synaptic vesicle localization. Neuroscience
56:539-555.

Osborne DM, Pearson-Leary J, McNay EC (2015) The neuroenergetics of stress hormones in the
hippocampus and implications for memory. Front Neurosci 9:1-16.

Owens MJ, Nemeroff CB (1994) Role of serotonin in the pathophysiology of depression: Focus on
the serotonin transporter. Clin Chem 40:288-295.

Patucha A, Tatarczynska E, Branski P, Szewczyk B, Wieronska JM, Ktak K, Chojnacka-Wdjcik E,
Nowak G, Pilc A (2004) Group Il mGlu receptor agonists produce anxiolytic- and
antidepressant-like effects after central administration in rats. Neuropharmacology 46:151—
159.

Paoletti P, Neyton J (2007) NMDA receptor subunits: function and pharmacology. Curr Opin
Pharmacol 7:39-47.

Park HJ, Lee S, Jung JW, Kim BC, Ryu JH, Kim DH (2015) Glucocorticoid- and long-term stress-
induced aberrant synaptic plasticity are mediated by activation of the glucocorticoid receptor.
Arch Pharm Res 38:1204-1212.

Pecoraro N, Reyes F, Gomez F, Bhargava A, Dallman MF (2004) Chronic stress promotes
palatable feeding, which reduces signs of stress: Feedforward and feedback effects of
chronic stress. Endocrinology 145:3754-3762.

Perini G, Ramusino MC, Sinforiani E, Bernini S, Petrachi R, Costa A (2019) Cognitive impairment
in depression: Recent advances and novel treatments. Neuropsychiatr Dis Treat 15:1249—
1258.

Perona MTG, Waters S, Hall FS, Sora |, Lesch K-P, Murphy DL, Caron M, Uhl GR (2008) Animal
models of depression in dopamine, serotonin, and norepinephrine transporter knockout
mice: prominent effects of dopamine transporter deletions. Behav Pharmacol 19:566-574.

Phillips ML, Chase HW, Sheline YI, Etkin A, Almeida JRC, Deckersbach T, Trivedi MH (2015)
Identifying predictors, moderators, and mediators of antidepressant response in major
depressive disorder: Neuroimaging approaches. Am J Psychiatry 172:124—138.

72



Pittenger C, Bloch MH, Williams K (2011) Glutamate abnormalities in obsessive compulsive
disorder: Neurobiology, pathophysiology, and treatment. Pharmacol Ther 132:314-332.

Pittenger C, Sanacora G, Krystal JH (2007) The NMDA receptor as a therapeutic target in major
depressive disorder. CNS Neurol Disord Drug Targets 6:101-115.

Placidi GPA, Oquendo MA, Malone KM, Huang YY, Ellis SP, Mann JJ (2001) Aggressivity, suicide
attempts, and depression: Relationship to cerebrospinal fluid monoamine metabolite levels.
Biol Psychiatry 50:783—791.

Planchez B, Surget A, Belzung C (2019) Animal models of major depression: drawbacks and
challenges. J Neural Transm 126:1383-1408.

Poletti S, Locatelli C, Pirovano A, Colombo C, Benedetti F (2015) Glutamate EAAT1 transporter
genetic variants influence cognitive deficits in bipolar disorder. Psychiatry Res 226:407—-408.

Poletti S, Radaelli D, Bosia M, Buonocore M, Pirovano A, Lorenzi C, Cavallaro R, Smeraldi E,
Benedetti F (2014) Effect of glutamate transporter EAAT2 gene variants and gray matter
deficits on working memory in schizophrenia. Eur Psychiatry 29:219-225.

Popoli M, Yan Z, McEwen BS, Sanacora G (2012) The stressed synapse: the impact of stress and
glucocorticoids on glutamate transmission. Nat Rev Neurosci 13:22-37.

Pow D V., Barnett NL (2000) Developmental expression of excitatory amino acid transporter 5: a
photoreceptor and bipolar cell glutamate transporter in rat retina. Neurosci Lett 280:21-24.

Power RA et al. (2017) Genome-wide Association for Major Depression Through Age at Onset
Stratification: Major Depressive Disorder Working Group of the Psychiatric Genomics
Consortium. Biol Psychiatry 81:325-335.

Pralong FP, Corder R, Gaillard RC (1993) The effects of chronic glucocorticoid excess,
adrenalectomy and stress on neuropeptide Y in individual rat hypothalamic nuclei.
Neuropeptides 25:223-231.

Price JL, Drevets WC (2010) Neurocircuitry of mood disorders. Neuropsychopharmacology
35:192-216.

Pryce CR, Azzinnari D, Spinelli S, Seifritz E, Tegethoff M, Meinlschmidt G (2011) Helplessness: A
systematic translational review of theory and evidence for its relevance to understanding and
treating depression. Pharmacol Ther 132:242-267.

Quiroz JA, Tamburri P, Deptula D, Banken L, Beyer U, Rabbia M, Parkar N, Fontoura P, Santarelli
L (2016) Efficacy and safety of basimglurant as adjunctive therapy for major depression: A
randomized clinical trial. JAMA Psychiatry 73:675-684.

Radecki DT, Brown LM, Martinez J, Teyler TJ (2005) BDNF protects against stress-induced
impairments in spatial learning and memory and LTP. Hippocampus 15:246—-253.

Radley JJ, Rocher AB, Miller M, Janssen WGM, Liston C, Hof PR, McEwen BS, Morrison JH
(2006) Repeated stress induces dendritic spine loss in the rat medial prefrontal cortex. Cereb
Cortex 16:313-320.

Radley JJ, Sisti HM, Hao J, Rocher AB, McCall T, Hof PR, McEwen BS, Morrison JH (2004)
Chronic behavioral stress induces apical dendritic reorganization in pyramidal neurons of the
medial prefrontal cortex. Neuroscience 125:1-6.

Reiner A, Levitz J (2018) Glutamatergic Signaling in the Central Nervous System: lonotropic and
Metabotropic Receptors in Concert. Neuron 98:1080-1098.

73



Roman-Albasini L, Diaz-Véliz G, Olave FA, Aguayo Fl, Garcia-Rojo G, Corrales WA, Silva JP,
Avalos AM, Rojas PS, Aliaga E, Fiedler JL (2020) Antidepressant-relevant behavioral and
synaptic molecular effects of long-term fasudil treatment in chronically stressed male rats.
Neurobiol Stress 13.

Roozendaal B (2002) Stress and memory: Opposing effects of glucocorticoids on memory
consolidation and memory retrieval. Neurobiol Learn Mem 78:578-595.

Rosel P, Arranz B, Urretavizcaya M, Oros M, San L, Navarro MA (2004) Altered 5-HT2a and 5-HT4
Postsynaptic Receptors and Their Intracellular Signalling Systems IP3 and cAMP in Brains
from Depressed Violent Suicide Victims. Neuropsychobiology 49:189-195.

Ryu SH, Lee SH, Lee HJ, Cha JH, Ham BJ, Han CS, Choi MJ, Lee MS (2004) Association between
norepinephrine transporter gene polymorphism and major depression. Neuropsychobiology
49:174-177.

Sahle BW, Breslin M, Sanderson K, Patton G, Dwyer T, Venn A, Gall S (2019) Association between
depression, anxiety and weight change in young adults. BMC Psychiatry 19:1-12.

Sanacora G, Treccani G, Popoli M (2012) Towards a glutamate hypothesis of depression.
Neuropharmacology 62:63—77.

Sanacora G, Zarate CA, Krystal JH, Manji HK (2008) Targeting the glutamatergic system to
develop novel, improved therapeutics for mood disorders. Nat Rev Drug Discov 7:426—437.

Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, Weisstaub N, Lee J, Duman R,
Arancio O, Belzung C, Hen R (2003) Requirement of hippocampal neurogenesis for the
behavioral effects of antidepressants. Science 301:805-809.

Sapolsky RM, Krey LC, McEwen BS (1985) Prolonged glucocorticoid exposure reduces
hippocampal neuron number: Implications for aging. J Neurosci 5:1222-1227.

Savitz J, Drevets WC (2009) Bipolar and major depressive disorder: Neuroimaging the
developmental-degenerative divide. Neurosci Biobehav Rev 33:699-771.

Scheggi S, De Montis MG, Gambarana C (2018) Making sense of rodent models of anhedonia.
Int J Neuropsychopharmacol 21:1049-1065.

Schildkraut JJ (1965) The catecholamine hypothesis of affective disorders: a review of supporting
evidence. Am J Psychiatry 122:509-522.

Schramm NL, McDonald MP, Limbird LE (2001) The a2A-adrenergic receptor plays a protective
role in mouse behavioral models of depression and anxiety. J Neurosci 21:4875-4882.

Schultz W (1998) Predictive reward signal of dopamine neurons. J Neurophysiol 80:1-27.

Schwabe L (2017) Memory under stress: from single systems to network changes. Eur J Neurosci
45:478-489.

Scimemi A, Tian H, Diamond JS (2009) Neuronal Transporters Regulate Glutamate Clearance,
NMDA Receptor Activation, and Synaptic Plasticity in the Hippocampus. J Neurosci
29:14581-14595.

Shansky RM, Lipps J (2013) Stress-induced cognitive dysfunction: Hormone-neurotransmitter
interactions in the prefrontal cortex. Front Hum Neurosci 7:1-6.

Sharma A, Kazim SF, Larson CS, Ramakrishnan A, Gray JD, McEwen BS, Rosenberg PA, Shen
L, Pereira AC (2019) Divergent roles of astrocytic versus neuronal EAAT2 deficiency on
cognition and overlap with aging and Alzheimer’s molecular signatures. Proc Natl Acad Sci

74



U S A116:21800-21811.

Shigeri Y, Seal RP, Shimamoto K (2004) Molecular pharmacology of glutamate transporters,
EAATs and VGLUTs. Brain Res Rev 45:250-265.

Shors TJ, Matzel LD (1997) Long-term potentiation: What'’s learning got to do with it? Behav Brain
Sci 20:597-655.

Shors TJ, Seib TB, Levine S, Thompson RF (1989) Inescapable versus escapable shock
modulates long-term potentiation in the rat hippocampus. Science 244:224-226.

Smeets T, Giesbrecht T, Jelicic M, Merckelbach H (2007) Context-dependent enhancement of
declarative memory performance following acute psychosocial stress. Biol Psychol 76:116—
123.

Smeland OB, Frei O, Fan CC, Shadrin A, Dale AM, Andreassen OA (2020) The emerging pattern
of shared polygenic architecture of psychiatric disorders, conceptual and methodological
challenges. Psychiatr Genet:152—159.

Sominsky L, Spencer SJ (2014) Eating behavior and stress: a pathway to obesity. Front Psychol
5:1-8.

Souery D, Lipp O, Mahieu B, Mendelbaum K, De Bruyn A, De Maertelaer V, Van Broeckhoven C,
Mendlewicz J (1996) Excess tyrosine hydroxylase restriction fragment length polymorphism
homozygosity in unipolar but not bipolar patients: A preliminary report. Biol Psychiatry
40:305-308.

Spangaro M, Bosia M, Zanoletti A, Bechi M, Cocchi F, Pirovano A, Lorenzi C, Bramanti P, Benedetti
F, Smeraldi E, Cavallaro R (2012) Cognitive dysfunction and glutamate reuptake: Effect of
EAAT2 polymorphism in schizophrenia. Neurosci Lett 522:151-155.

Stevens CF (1998) A million dollar question: Does LTP = Memory? Neuron 20:1-2.

Stockmeier CA, Shapiro LA, Dilley GE, Kolli TN, Friedman L, Rajkowska G (1998) Increase in
serotonin-1A autoreceptors in the midbrain of suicide victims with major depression -
Postmortem evidence for decreased serotonin activity. J Neurosci 18:7394—-7401.

Stuber GD, Sparta DR, Stamatakis AM, Van Leeuwen WA, Hardjoprajitno JE, Cho S, Tye KM,
Kempadoo KA, Zhang F, Deisseroth K, Bonci A (2011) Excitatory transmission from the
amygdala to nucleus accumbens facilitates reward seeking. Nature 475:377-382.

Sullivan PF et al. (2013) A mega-Analysis of genome-wide association studies for major
depressive disorder. Mol Psychiatry 18:497-511.

Surget A, Saxe M, Leman S, |Ibarguen-Vargas Y, Chalon S, Griebel G, Hen R, Belzung C (2008)
Drug-Dependent Requirement of Hippocampal Neurogenesis in a Model of Depression and
of Antidepressant Reversal. Biol Psychiatry 64:293-301.

Tak PW, Howland JG, Robillard JM, Ge Y, Yu W, Titterness AK, Brebner K, Liu L, Weinberg J,
Christie BR, Phillips AG, Yu TW (2007) Hippocampal long-term depression mediates acute
stress-induced spatial memory retrieval impairment. Proc Natl Acad Sci U S A 104:11471—
11476.

Tatarczynska E, Ktodzinska A, Chojnacka-Wojcik E, Patucha A, Gasparini F, Kuhn R, Pilc A (2001)
Potential anxiolytic- and antidepressant-like effects of MPEP, a potent, selective and
systemically active mGlu5 receptor antagonist. Br J Pharmacol 132:1423-1430.

Thompson SM, Josey M, Holmes A, Brigman JL (2015) Conditional loss of GIuN2B in cortex and

75



hippocampus impairs attentional set formation. Behav Neurosci 129:105-112.

Tian SW, Yu XD, Cen L, Xiao ZY (2019) Glutamate transporter GLT1 inhibitor dihydrokainic acid
impairs novel object recognition memory performance in mice. Physiol Behav 199:28-32.

Tiger M, Farde L, Rick C, Varrone A, Forsberg A, Lindefors N, Halldin C, Lundberg J (2016) Low
serotonin1B receptor binding potential in the anterior cingulate cortex in drug-free patients
with recurrent major depressive disorder. Psychiatry Res - Neuroimaging 253:36-42.

Tordera RM, Totterdell S, Wojcik SM, Brose N, Elizalde N, Lasheras B, Del Rio J (2007) Enhanced
anxiety, depressive-like behaviour and impaired recognition memory in mice with reduced
expression of the vesicular glutamate transporter 1 (VGLUT1). Eur J Neurosci 25:281-290.

Trezza V, Campolongo P, Vanderschuren LIJMJ (2011) Evaluating the rewarding nature of social
interactions in laboratory animals. Dev Cogn Neurosci 1:444—458.

Tsien JZ, Chen DF, Gerber D, Tom C, Mercer EH, Anderson DJ, Mayford M, Kandel ER, Tonegawa
S (1996) Subregion- and Cell Type—Restricted Gene Knockout in Mouse Brain. Cell
87:1317-1326.

Tye KM, Mirzabekov JJ, Warden MR, Ferenczi EA, Tsai HC, Finkelstein J, Kim SY, Adhikari A,
Thompson KR, Andalman AS, Gunaydin LA, Witten IB, Deisseroth K (2013) Dopamine
neurons modulate neural encoding and expression of depression-related behaviour. Nature
493:537-541.

Tzingounis A V., Wadiche JI (2007) Glutamate transporters: Confining runaway excitation by
shaping synaptic transmission. Nat Rev Neurosci 8:935-947.

Uher R, Perlis RH, Placentino A, Dernovsek MZ, Henigsberg N, Mors O, Maier W, McGuffin P,
Farmer A (2012) Self-report and clinician-rated measures of depression severity: Can one
replace the other? Depress Anxiety 29:1043—-1049.

Ulrich-Lai YM, Herman JP (2009) Neural regulation of endocrine and autonomic stress responses.
Nat Rev Neurosci 10:397—409.

Umbricht D, Niggli M, Sanwald-Ducray P, Deptula D, Moore R, Griinbauer W, Boak L, Fontoura P
(2020) Randomized, double-blind, placebo-controlled trial of the mGlu2/3 negative allosteric
modulator decoglurant in partially refractory major depressive disorder. J Clin Psychiatry 81.

Underhill SM, Wheeler DS, Li M, Watts SD, Ingram SL, Amara SG (2014) Amphetamine Modulates
Excitatory Neurotransmission through Endocytosis of the Glutamate Transporter EAAT3 in
Dopamine Neurons. Neuron 83:404—416.

Van Boxelaere M, Clements J, Callaerts P, D’Hooge R, Callaerts-Vegh Z (2017) Unpredictable
chronic mild stress differentially impairs social and contextual discrimination learning in two
inbred mouse strains. PLoS One 12:1-22.

Vandenberg RJ, Ryan RM (2013) Mechanisms of Glutamate Transport. Physiol Rev 93:1621—
1657.

Verhagen M, Van Der Meij A, Van Deurzen PM, Janzing J, Arias-Vasquez A, Buitelaar J, Franke
B (2010) Meta-analysis of the BDNF Val66Met polymorphism in major depressive disorder:
Effects of gender and ethnicity. Mol Psychiatry 15:260-271.

Vogel-Ciernia A, Wood MA (2014) Examining object location and object recognition memory in
mice. Curr Protoc Neurosci 2014:8.31.1-8.31.17.

Vogel S, Schwabe L (2016) Learning and memory under stress: implications for the classroom.

76



npj Sci Learn 1:1-10.

Voleti B, Navarria A, Liu RJ, Banasr M, Li N, Terwilliger R, Sanacora G, Eid T, Aghajanian G,
Duman RS (2013) Scopolamine rapidly increases mammalian target of rapamycin complex
1 signaling, synaptogenesis, and antidepressant behavioral responses. Biol Psychiatry
74:742-749.

Volimayr B, Gass P (2013) Learned helplessness: Unique features and translational value of a
cognitive depression model. Cell Tissue Res 354:171-178.

Waxman EA, Baconguis I, Lynch DR, Robinson MB (2007) N-methyl-D-aspartate receptor-
dependent regulation of the glutamate transporter excitatory amino acid carrier 1. J Biol
Chem 282:17594-17607.

Whitlock JR, Heynen AJ, Shuler MG, Bear MF (2006) Learning induces long-term potentiation in
the hippocampus. Science 313:1093-1097.

Wiegert O, Joéls M, Krugers H (2006) Timing is essential for rapid effects of corticosterone on
synaptic potentiation in the mouse hippocampus. Learn Mem 13:110-113.

Wieronska JM, Legutko B, Dudys D, Pilc A (2008) Olfactory bulbectomy and amitriptyline
treatment influences mGlu receptors expression in the mouse brain hippocampus.
Pharmacol Reports 60:844—-855.

Williams CL, Clayton EC (2004) Contribution of brainstem structures in modulating memory
storage processes. Mem Consol Essays Honor James L McGaugh:141-163.

Willner P (2016) The chronic mild stress (CMS) model of depression: History, evaluation and
usage. Neurobiol Stress.

Willner P (2017) The chronic mild stress (CMS) model of depression: History, evaluation and
usage. Neurobiol Stress 6:78-93.

Willner P, Moreau JL, Nielsen CK, Papp M, Sluzewska A (1996) Decreased hedonic
responsiveness following chronic mild stress is not secondary to loss of body weight. Physiol
Behav 60:129-134.

Wirkner J, Ventura-Bort C, Schwabe L, Hamm AO, Weymar M (2019) Chronic stress and emotion:
Differential  effects on  attentional processing and recognition  memory.
Psychoneuroendocrinology 107:93-97.

World Health Organization (2017) Depression and Other Common Mental Disorders Global Health
Estimates. Licence: CC BY-NC-SA 3.0 IGO..

Yaffe D, Forrest LR, Schuldiner S (2018) The ins and outs of vesicular monoamine transporters.
J Gen Physiol 150:671-682.

Yalcin |, Belzung C, Surget A (2008) Mouse strain differences in the unpredictable chronic mild
stress: a four-antidepressant survey. Behav Brain Res 193:140-143.

Yoshimizu T, Shimazaki T, Ito A, Chaki S (2006) An mGIuR2/3 antagonist, MGS0039, exerts
antidepressant and anxiolytic effects in behavioral models in rats. Psychopharmacology
(Berl) 186:587-593.

Yuen EY, Wei J, Liu W, Zhong P, Li X, Yan Z (2012) Repeated Stress Causes Cognitive Impairment
by Suppressing Glutamate Receptor Expression and Function in Prefrontal Cortex. Neuron
73:962-977.

Zarate CA, Singh JB, Carlson PJ, Brutsche NE, Ameli R, Luckenbaugh DA, Charney DS, Maniji

77



HK (2006) A Randomized Trial of an N-methyl-D-aspartate Antagonist in Treatment-
Resistant Major Depression. Arch Gen Psychiatry 63:856.

Zhang TR, Larosa A, Di Raddo M-E, Wong V, Wong AS, Wong TP (2019) Negative Memory
Engrams in the Hippocampus Enhance the Susceptibility to Chronic Social Defeat Stress. J
Neurosci 39:7576-7590.

Zhang XH, Jia N, Zhao XY, Tang GK, Guan LX, Wang D, Sun HL, Li H, Zhu ZL (2013) Involvement
of pGluR1, EAAT2 and EAAT3 in offspring depression induced by prenatal stress.
Neuroscience 250:333-341.

Zhao K, Liu H, Yan R, Hua L, Chen Y, Shi J, Yao Z, Lu Q (2017) Altered patterns of association
between cortical thickness and subcortical volume in patients with first episode major
depressive disorder: A structural MRI study. Psychiatry Res - Neuroimaging 260:16-22.

Zheng C, Quan M, Yang Z, Zhang T (2011) Directionality index of neural information flow as a
measure of synaptic plasticity in chronic unpredictable stress rats. Neurosci Lett 490:52-56.

Zhu X, Ye G, Wang Z, Luo J, Hao X (2017) Sub-anesthetic doses of ketamine exert
antidepressant-like effects and upregulate the expression of glutamate transporters in the
hippocampus of rats. Neurosci Lett 639:132-137.

Zill P, Engel R, Baghai TC, Juckel G, Frodl T, Muller-Siecheneder F, Zwanzger P, Schiile C, Minov
C, Behrens S, Rupprecht R, Hegerl U, Méller HJ, Bondy B (2002) Identification of a naturally
occurring polymorphism in the promoter region of the norepinephrine transporter and
analysis in major depression. Neuropsychopharmacology 26:489—-493.

Zink M, Vollmayr B, Gebicke-Haerter PJ, Henn FA (2010) Reduced expression of glutamate
transporters vGIuT1, EAAT2 and EAAT4 in learned helpless rats, an animal model of
depression. Neuropharmacology 58:465-473.

78



