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Résumeé

La dépression majeure (DM) est la principale cause d'invalidité depuis trois décennies, avec plus de 300 millions
de personnes touchées dans le monde. En effet, elle contribue largement a la charge économique mondiale
globale des maladies. Malgré son impact sociétal important, les mécanismes biologiques de la dépression
restent mal compris. Malheureusement, seuls 30 % environ des patients traités pour la dépression présentent
une amélioration compléte de leurs symptémes. Etant donné le taux d’échec élevé des essais cliniques
d’'antidépresseurs, récemment, un examen plus minutieux de leur utilisation a eu lieu, notamment pour
investiguer la neurobiologie de la dépression et dans le design de potentiels traitements. Etant donné que la
plupart de nos connaissances dans ce domaine proviennent de modeles animaux, ces modeles reproduisent
en effet certains aspects de la DM humaine, mais on ne sait pas dans quelle mesure. Ce travail a pour but

d'élucider dans quelle mesure ils récapitulent la pathologie moléculaire du trouble humain.

Dans cette these, nous nous sommes appuyés sur des analyses de réseaux d'expression différentielle et de co-
expression pour cataloguer le chevauchement entre la DM humaine et 3 modéles murins de stress, a savoir le
stress variable chronique, isolement social et le stress par défaite sociale chronique, et avons évalué leur
capacité a reproduire les profils transcriptionnels associés a la DM humaine dans deux régions du cerveau, le
mPFC et le NAc, largementimpliquées dans la dépression. Nos résultats montrent que chaque modeéle reproduit

efficacement les caractéristiques transcriptionnelles communes mais aussi uniques du syndrome humain.

Dans I'ensemble, en identifiant des groupes de génes fortement co-exprimés, partagés entre 'homme et la
souris, nos résultats suggérent que ces signatures transcriptionnelles sont impliquées de maniére similaire dans
le contrble des voies fonctionnelles chez les deux espéces et conférent un fort soutien a ['utilisation de ces
modéles de souris pour I'étude des altérations moléculaires observées dans la DM tout en fournissant des

implications importantes pour la recherche future et les applications cliniques.



Abstract

Major depressive disorder (MDD) is the leading cause of disability for three decades with over 300 million
affected worldwide. Indeed, it is a major contributor to the overall global economic burden of disease. Despite
its significant societal impact, the biological mechanisms of depression remain poorly understood. Unfortunately,
only around 30% of patients treated for depression show complete improvement in their symptoms. Given, the
high failure rate of antidepressant clinical trials, there has been increased scrutiny recently regarding their use
for deciphering the neurobiology of depression and to design potential treatment interventions. Given the fact
that most of our knowledge of the field comes from animal models, indeed, these models reproduce some
aspects of human MDD but to what degree remains unknown. This work elucidates the extent to which they

recapitulate the molecular pathology of the human disorder.

In this thesis, we leveraged differential expression and co-expression network analyses to catalogue the overlap
between human MDD and 3 mouse model of stress, namely chronic variable stress, social isolation and chronic
social defeat stress, and evaluated their capacity of reproducing the transcriptional profiles associated with
human MDD in two brain regions, mPFC and NAc, widely implicated in depression. Our results show that each

model efficiently reproduces common but also unique transcriptional features of the human syndrome.

Overall, by identifying strongly co-expressed groups of genes shared between humans and mice, our results
suggest that these transcriptional signatures are similarly involved in the control of functional pathways in both
species and confer strong support for the use of these mouse models for the study of the molecular alterations

seen in MDD while providing important implications for future research and clinical applications.
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Avant-propos

This thesis is a part of the final step of the doctoral program in Molecular Medicine at Université Laval. All the
work presented here was done under the supervision of my thesis director, Dr. Benoit Labonté, in the CERVO
Brain Research Center. During my PhD, | published two articles, one as first author and the other as fifth author

in a collaboration. | also published a first author review with my supervisor.
The thesis organised into the following main sections-

Introduction: giving an overview of Major Depressive Disorder (MDD) with clinical perspectives and a summary
of the brain regions, animal models and tools used for transcriptomic analysis is provided, along with a literature
review of the transcriptional dysregulation in human MDD and animal models of stress highlighting the need for
a more comprehensive comparison of molecular interactions involved in depression. It includes some sections
from my first author review along with Benoit Labonte, “Molecular programs underlying differences in the
expression of mood disorders in males and females” published in ‘Brain Research’ in 2019. The introduction
contains a table and a box whose content has been taken from chapter 6 on ‘Depressive lliness’ in the book

‘Oxford Handbook of Psychiatry’. The introduction ends with the hypothesis.

Chapter 1: includes my 1st author article, published in ‘Biological Psychiatry’ in 2020 titled, ‘Shared
Transcriptional Signatures in Major Depressive Disorder and Mouse Chronic Stress Models'. In this article, we
systematically compared transcriptional signatures, in two brain regions, of human MDD and of 3 chronic stress
models in mice, CVS, CSDS and S| using advanced bioinformatics tools and assessed how each stress
paradigm recapitulate the molecular organization of human MDD. In this article, | am one of the first authors.
besides Scarpa JR, Loh YHE. Other authors include Thraore SR, Stefan T, Chen TH, Nestler EJ and Labonté
B. I along with Scarpa JR, Loh YHE, Nestler EJ and Labonté B conceived the project, designed the experiments,
and wrote the manuscript. I, Scarpa JR, Loh YHE, Thraore SR, Stefan T, Chen TH, Nestler EJ and Labonté B,
generated and analyzed all the data and prepared the manuscript. I, Scarpa JR and Loh YHE contributed equally

to the preparation of the article.
Conclusion: The article is followed by a conclusion.

General discussion: This thesis ends with a detailed general discussion.
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Introduction

Major depressive disorder (MDD) is one of the most prevalent conditions and the leading cause of disability
affecting 300 million people worldwide. This alone imposes a major socio-economic burden on the societies
(WHO, 2017). Despite its profound societal impact, our capacity to treat the disease is still unsatisfyingly limited.
In fact, roughly 30% of the patients respond, 32% show variable levels of improvements and 38% of the patients
do not respond to available therapeutic options at all (Knoth, Bolge, Kim, & Tran, 2010; Thase & Schwartz,
2015). These concerning facts underscore the need for a better understanding of the molecular and functional

mechanisms of the disease (Mena & Benoit, 2019D).

The clinical manifestations of MDD can be roughly defined by depressed mood, loss of interest and enjoyment
(anhedonia) and reduced drive that lead to decreased social activity. There are two main diagnostic classification
guides for MDD - the International Classification of Diseases (ICD-10) and the Fifth edition of Diagnostic and
Statistical Manual of Mental Disorders (DSM-V). The ICD-10 is the World Health Organization (WHO)
classification and is the internationally used diagnostic classification for all classify all health disorders. The DSM-
V (Fourth edition of the Diagnostic and Statistical Manual of Mental Disorders) is a classifier for psychiatric
disorders, mostly used in the United States, published by American Psychiatric Association (APA). Their
diagnostic criteria of MDD are similar with slight differences. Other screening tools include Patient Health
Questionnaire-9 (PHQ-9), General Anxiety Disorder-7 (GAD7) and Beck Depression Inventory-Il (BDI-II). Table
1 represents the diagnostic criteria of DSM-V and ICD-10. Refer to box-1 for diagnostic symptoms adapted from
(David Semple & Smyth, 2019).



Classification

MILD 2 typical symptoms + 2 other core | 5 core  symptoms  +
symptoms manageable distress + minor
social/occupational
impairment.
MODERATE 2 typical symptoms + 3+ 5+ core symptoms + variable
degree of social/occupational
other core symptoms impaiment
SEVERE 3 typical symptoms + 4+ 5+ core symptoms +
significant
other core symptoms social/occupational
impairment

Table1: Showing the MDD diagnostic criteria used by the International Classification of Diseases (ICD-10)
and the Fifth edition of Diagnostic and Statistical Manual of Mental Disorders (DSM-V) In the new ICD-11,
severity is more qualitative, for example, ‘MILD’ is when none of the symptoms of a depressive episode are
intense, there is some, but not considerable, difficulty in continuing normal activities, and no delusions or
hallucinations. MODERATE is when several symptoms of a depressive episode are present to a marked degree
or a large number of depressive symptoms of lesser severity are present overall and there is considerable
difficulty in continuing with normal activities, but the individual is still able to function in at least some areas.
‘SEVERE’ is when many or most symptoms of a depressive episode are present to a marked degree or a smaller
number of symptoms are present and manifest to an intense degree and the individual is unable to function,

except to a very limited degree [ adapted from (David Semple & Smyth, 2019)].



MDD DIAGNOSIS

For MDD diagnosis, symptoms should be present for at least 2 weeks and present a change from normal,
should not be secondary to the effects of drugs/alcohol misuse, medication, a medical disorder or bereavement

and may cause significant distress and/ or impairment of social, occupational, or general functioning.
CORE SYMPTOMS

o Depressed mood

e Anhedonia

o Weight change: loss of weight when not dieting or gain of weight, associated with 1 or| in appetite
o Disturbed sleep: insomnia or hypersomnia

e Psychomotor agitation or retardation

o Fatigue or loss of energy

e Reduced libido

o Feeling of worthlessness or excessive or inappropriate guilt (which may be delusional)

o Diminished ability to think or concentrate or indecisiveness.

o Recurrent thoughts of death and suicide
SOMATIC SYMPTOMS

e Loss of emotional reactivity

e Diurnal mood variation

e Anhedonia

e EMV

e  Psychomotor agitation or retardation
e Loss of appetite and weight

e Loss of libido
PSYCHOTIC SYMPTOMS

e Mood congruent: Delusions

e Hallucinations




e Mood incongruent:
e Persecutory delusions
e Thoughts insertion/withdrawal

e Delusions of control

OTHERS SYMPTOMS

o Significant anxious distress
o (Catatonic symptoms

o Marked psychomotor retardation (depressive stupor)

Sex differences in depression

Importantly, MDD has been estimated to be 2-3 times more prevalent in females compared to males(Kessler,
Chiu, Demler, Merikangas, & Walters, 2005). Clinically speaking, studies report females to exhibit higher scores
of depression, younger age of onset, higher number of depressive episode and relapse rate(Kessler,
McGonagle, Swartz, Blazer, & Nelson, 1993; Kornstein, Schatzberg, Thase, Yonkers, McCullough, Keitner,
Gelenberg, Ryan, et al., 2000). Females have also been shown to exhibit higher rates of comorbid anxiety, non-
lethal suicidal attempts, atypical symptoms and feelings of sadness, worthlessness, and excessive guilt(Altemus,
Sarvaiya, & Neill Epperson, 2014; McCarter, 2008; Unick, Snowden, & Hastings, 2009), while males more often
exhibit comorbid substance abuse including alcohol and drugs, fatigue, mood irritability, loss of interest in once-
pleasurable activities, sleeping difficulties and lethal suicidal attempts and completion (Marcus et al., 2008;
McCarter, 2008). This sexual dimorphism is also observed at the treatment level for which, males tend to respond
better to tricyclic antidepressant drugs (TCA) and females to selective serotonin reuptake inhibitors (SSRI)(Khan,
Brodhead, Schwartz, Kolts, & Brown, 2005; Kornstein, Schatzberg, Thase, Yonkers, McCullough, Keitner,
Gelenberg, Davis, et al., 2000; LeGates, Kvarta, & Thompson, 2019), although these findings have been
contested before (Keers & Aitchison, 2010; Quitkin et al., 2002; Stewart, McGrath, & Quitkin, 2002; Terranova
etal., 2016) (Mena & Benoit, 2019a).

Sex differences in MDD is expressed at various biological parameters. For instance, free triiodothyronine (T3)
hormone is higher in depressed men than depressed women(Berent, Zboralski, Orzechowska, & Galecki, 2014).

Leptin is reported to be higher and adiponectin levels to be lower in depressed females whereas no differences



were found in males (Birur, Amrock, Shelton, & Li, 2017). Men with hypogonadism and men treated with
androgen-depleting drugs (for prostate cancer), show a higher risk of developing MDD. C-reactive protein (CRP)
levels are correlated with the severity of symptoms in woman (Labaka, Goni-Balentziaga, Lebena, & Perez-
Tejada, 2018). Also, higher levels of interleukin (IL)-8, IL-6 and interferon-y and lower levels of IL-5 were
observed in depressed women whereas no differences in any inflammation markers were found in males
(Labaka et al., 2018). Sexual dimorphism in MDD is also seen in adult neurogenesis (Lyons et al.,
2010);(Schoenfeld & Gould, 2012), gut microbiome-brain axis (Jasarevic, Morrison, & Bale, 2016), sleep
(Mallampalli & Carter, 2014), circadian rhythms (Yan & Silver, 2016), metabolic and cardiovascular health
(Murphy & Loria, 2017), etc. It is beyond the scope of this manuscript to discuss these findings in length (Mena
& Benoit, 2019a).

While the sexual dimorphism defining the phenotypic and clinical features of MDD is well accepted, the molecular
mechanisms underlying these differences remain much less understood. Until recently, most of the studies
investigating the molecular mechanisms of depression and stress were mainly conducted in males avoiding the
consideration of sex as a factor of variability. This being said, recent studies are now reporting major sex
differences in the molecular and functional alterations associated with MDD and stress in different animal models
of depression (Hodes et al., 2015; C. Jiang et al., 2018; Labonte et al., 2017a; Seney et al., 2018). These studies
are reporting sex-specific genome-wide and gene-specific epigenetic alterations impacting gene expression and
downstream intracellular molecular cascades, ultimately interfering with the activity of several systems involved

in stress and emotional regulations (Mena & Benoit, 2019a).
Brain regions associated with depression

Functional and brain imaging studies in MDD have identified alterations in several intertwined brain regions
including prefrontal cortex (PFC), insula, dorsal striatum, nucleus accumbens (NAc), hippocampus, amygdala,
ventral tegmental area (VTA), raphe nucleus, bed nucleus of the stria terminalis (BNST), locus coeruleus (LC),
hypothalmus, lateral habenula (LHb) and periaqueductal gray (PAG) (Ming-HuHan, J.Russo, & J.Nestler, 2019;
Muir, Lopez, & Bagot, 2018; Pandya, Altinay, Malone, & Anand, 2012; Russo & Nestler, 2013; Savitz & Drevets,
2009). Figure 1. represents different neuronal circuits implicated in depression. For instance, reduction in the
activity of different regions of the PFC(Kimbrell et al., 2002; Koenigs & Grafman, 2009; Rigucci, Serafini, Pompili,
Kotzalidis, & Tatarelli, 2010), anterior cingulate cortex(Drevets et al., 1997; Heshmati & Russo, 2015; Mayberg
etal., 1999), LC(J. M. Weiss et al., 1994), raphe nucleus(Gos et al., 2008; Teissier et al., 2015), dorsal striatum
and NAc(Gabbay et al., 2013; Heshmati & Russo, 2015) and hyperactivity in hypothalamus (F. Chen, Zhou, Bai,
Zhou, & Chen, 2015), hippocampus(Campbell & Macqueen, 2004; MacQueen & Frodl, 2011), amygdala(A.
Anand et al., 2005; Sheline et al., 2001), LHb(Yang, Wang, Hu, & Hu, 2018), VTA (Heshmati & Russo, 2015;



Polter & Kauer, 2014), insula and BNST(Alvarez et al., 2015) has been repeatedly cited in depression.
Additionally, robust optogenetic evidences are supporting the contribution of specific neuronal circuits in
mediating the expression of depressive-like behaviors in several animal models (Krishnan & Nestler, 2008).
Brain regions and neuronal circuitries implicated in depression and depressive-like behaviors are depicted in
Figure 1 (Mena & Benoit, 2019a).

Contrary to structural evidences, functional magnetic resonance imaging (fMRI) and positron-emission
tomography (PET) studies show that transient dysphoria strongly associates with the neuronal activity of
amygdala and subgenual cingulate cortex (Cg25, a subregion of prefrontal cortex). Chronic increase in the
activity within these region has been observed in depressed individuals, which return back to normal levels with
successful treatment (Krishnan & Nestler, 2008). Interestingly, treatment resistant-depression have shown
sustained remission through deep brain stimulation of mPFC. Similar results were obtained with deep brain
stimulation of NAc.(Schlaepfer et al., 2008). NAc plays a critical role in reward circuitry and has been extensively
studied in animal models of chronic stress and depression (Nestler, 2015). Indeed, mPFC and NAc are very well
intertwined with NAc being a major target of mPFC efferent projections (Krishnan & Nestler, 2008). In fact, NAc
is reported to be involved in goal-directed and reward seeking behaviors, integrating information from limbic and
cortical structures and projecting to basal ganglia nuclei (Knowland & Lim, 2018). On the other hand, mPFC acts
as a central hub, receiving input from cortical, thalamic, and limbic regions and sends outputs to structures that

directly regulate stress responses (Hare & Duman, 2020).

@ — Glutamatergic
@ — GABAergic
@— Dopaminergic
Serotonergic
@— Noradrenergic

Fig. 1. Schematic representation of different neuronal circuits implicated in depression showing nucleus



accumbens (NAc), medial prefrontal cortex (mPFC), hippocampus (Hipp), amygdala (Amy), ventral tegmental
area (VTA), lateral habenula (LHb), lateral hypothalamus (LH), dorsal raphe (DR) and locus-coeruleus (LC)

Animal models

Modelling mood disorders in animals is a challenging task. The subjective nature of the disorders, heterogeneity
of etiopathophysiology and lack of insights into the driving mechanisms limits design of a perfect model of
depression. Evaluation of animal models is generally based on criteria- face validity (phenotypic similarity or
symptoms/behavior/anatomical/biochemical similarity to human patients), construct validity (how well the
mechanism, being modelled, depicts the human pathology) and predictive or pharmacological validity (predict
the potential of the pharmacological and non-pharmacological treatments in humans) (Belzung & Lemoine, 2011;
McKinney, 2001; Nestler & Hyman, 2010; Willner, 1984, 1997). No animal model has yet been developed which
can perfectly recapitulate the depression-like phenotype. Nonetheless, stress is a strong precipitating factor of
major depressive disorder (MDD). In fact, most of studies in the field relied on stress based models of depression
as there is a lack of a true MDD genetic model. The reason being the lack of highly penetrant genetic variants
in MDD (Menard, Hodes, & Russo, 2016). Some of the major symptoms of depression like helplessness,
anhedonia, behavioral despair as well as alterations in sleep and appetite patterns are recapitulated by certain
animal models of depression (Demin et al., 2019; Mena & Benoit, 2019a). The next sections will describe some

of the established rodent models used in the field.
Early-life stress (ELS)

Early life stress has been shown to alter individual's ability to react and cope with subsequent stressful events
in later life (Krishnan & Nestler, 2011). Familial dysfunction, including consistent parental neglect, family conflict,
inappropriate conditioning, physical or sexual abuse and compromised parent-child relationships, in early years,
can have adverse effects on cognitive and emotional processing and can potentially increase the risk for
depression and anxiety disorders (Anacker, O'Donnell, & Meaney, 2014). In fact, there is a strong body of
evidence indicating early life as a critical developmental period where the risk for susceptibility or resilience to
psychiatric later in life is shaped (Afifi et al., 2008; ANGELA CATHERINE BUSTAMANTE, 2017; Espejo et al.,
2007; Kendler, Kuhn, & Prescott, 2004). In fact, early stress could establish the groundwork for later depression.

This is an important aspect of depression modelled as ELS in animals.

Early life stress, classically enforced as maternal separation during early postnatal developmental periods,
Separated pups are more submissive and generally seek a more passive coping strategy in response to stress
throughout life (Menard et al., 2016). Indeed, separation from the mother, a powerful stressor for the developing

rodent. Therefore, it's use as an acute or recurrent stressor is considered more plausible by some groups(Rice,



Sandman, Lenjavi, & Baram, 2008) than chronic paradigms because of the resultant compromise in the health
of the pups. Variants of this model entail fragmented/impaired maternal care, by maternal distress through
reduction of the amount of nesting material available to the dam (Brunson et al., 2005; Rice et al., 2008) hence,
broadening the scope of the human conditioning. Extreme version of this model has also been employed, in
which the dams are housed in a wire mesh floored cage with no bedding, while variations involve just limiting
nesting material (Murthy & Gould, 2018; Walker et al., 2017), which results in an increase in maternal anxiety
and fractured care where behavior toward the pups might be interpreted as abuse (Murthy & Gould, 2018; Rice
et al., 2008). Furthermore, the “two-hit” models are also used in which maternal separation is followed by
additional stress, either shortly thereafter or in adulthood (Pena et al., 2017; Pena et al., 2019). The first stressful
strike creates an internal vulnerability that alone might be insufficient to create behavioral manifestation by itself,
but when aggravated by subsequent stress, produces detectable behavioral changes (Murthy & Gould, 2018).
Although, the association between early life stress and depressive behavior in adulthood is complex. Specific
early developmental time window has been shown to be important for susceptibility to stress (Pena et al., 2017;
Pena et al., 2019).

The MS model directly damages the responsiveness of the HPA axis (Ellenbroek, van den Kroonenberg, &
Cools, 1998; Enthoven, Qitzl, Koning, van der Mark, & de Kloet, 2008; Levine, 2005; Lyons, Kim, Schatzberg, &
Levine, 1998; Nishi, Horii-Hayashi, Sasagawa, & Matsunaga, 2013; Pryce et al., 2005). In fact, the HPA axis
and stress responsiveness is relatively low during early postnatal life however, it is much more pronounced in
later life (Levine, 2005; Walker, Scribner, Cascio, & Dallman, 1991). Interestingly, short time early-life stress,
e.g. mimicking the situation where mother leaves her pups to find foods, is perceived as beneficial adaptations
to stress (Levine, 2005; Nishi, Horii-Hayashi, & Sasagawa, 2014; Plotsky et al., 2005). Early life stress alters
transcriptomic landscapes across reward circuitry in male and female mice, but recruits sex-specific
transcriptional regulatory pathways (Pena et al., 2019). Importantly, in models of separation, deprivation,
handling, and bedding manipulation, females may experience a greater intensity of abuse while males receive
higher levels of maternal contact (Bath, 2020). However, the specific type, duration and timing of experiences
may be critical for increasing the risk of developing specific subsets of symptoms within the broader classification

of a given pathology, as well as sex differences in symptom development or presentation (Bath, 2020).
Chronic social defeat stress

One of the most widely used mouse models of depression is the chronic social defeat paradigm (Golden,
Covington, Berton, & Russo, 2011; Krishnan & Nestler, 2011). It mimics an important aspect of human
depression taking into account the context of bullying and excessive competitive behaviors in a social

environment. Victims of bullying show significant mood dysfunction and are more than twice as likely to attempt



suicide later in life. On the other hand, excessive competitive behaviors in a social setting increase overall

vulnerability to stress leading to depression-like symptoms (Menard et al., 2016).

In this model, mice are subjected to repeated bouts of social and physical subordination followed by separation
of the mice by a perforated divider which allows for continued sensory, but not physical, contact resulting in the
expression of stress susceptible or resilience (resistant) phenotype (Golden et al., 2011; Krishnan & Nestler,
2011; Russo & Nestler, 2013). As a matter of fact, humans exhibit profound individual differences in the response
to stress. In some people, a variety of behavioral alterations are induced as a result of stress, while for most
people, the same stressor doesn’t cause any obvious effect. Therefore, only a subset of those exposed to chronic
stress will exhibit clinical symptoms (susceptible) and most individuals will not develop behavioral abnormalities
despite exposure to severe stress (resilient) (Feder, Nestler, & Charney, 2009; Russo, Murrough, Han, Charney,
& Nestler, 2012). This variability comes from a complex blend of multiple interrelated elements including
underlying genetic makeup (consortium, 2015; Hyde et al., 2016) altered signaling in the hypothalamic-pituitary-
adrenal (HPA) stress axis (Herman & Cullinan, 1997; Reul et al., 2015), variable immune reactivity (Hodes et
al., 2014; Menard et al., 2017) and psychobiological factors (Charney, 2004; Feder et al., 2009; Zachary Spencer
Lorsch, 2018). As stress in life is unavoidable, understanding what makes an individual susceptible and the other
stress resilient is very important. In fact, CSDS is the only model that exhibit both these phenotypes. This makes

this model very attractive to understand and treat MDD better.

Susceptible animals show depressive-like traits (social withdrawal and anhedonia), anxiety-like behaviors and
certain features of a metabolic syndrome (weight gain, insulin and leptin resistance), many of which are reversed
by chronic but not acute antidepressant administration (Golden et al., 2011), while resilient mice show anxiety
but no depressive-like behaviors (Becker et al., 2008; Berton, Hahn, & Thase, 2012; Golden et al., 2011;
Krishnan & Nestler, 2011; Rygula et al., 2005). While this paradigm has been mainly used in males, recent
findings show that it can also be used to reproduce depressive-like behaviors in females as well (Harris et al.,
2018; Mena & Benoit, 2019a; Takahashi et al., 2017). Like human MDD, CSDS has been utilized to successfully
induce wide-ranging transcriptional changes in the brain (Berton et al., 2006; Krishnan et al., 2007; Vialou et al.,
2010) some of which correspond to those observed in human MDD patients (Dias et al., 2014; Krishnan et al.,
2007);

Chronic mild stress (CMS) / chronic unpredictable stress (CUS) / chronic unpredictable mild stress
(CUMS or UCMS) / chronic variable stress (CVS)

Chronic unpredictable mild (CUMS) and variable (CVS) stress models are also widely used to study depressive-
like behaviors (Hodes et al., 2015; Katz, 1982; Labonte et al., 2017a; LaPlant et al., 2009; Willner, Muscat, &

Papp, 1992). It is based on the idea that low level chronic and unpredictable stressors, similar to the stress



experienced in everyday life in humans, induce depressive behavior in susceptible individuals (Menard et al.,
2016).

UCMS/CMS involves continuous (6-8 weeks) unpredictable exposure of stressful stimulus including restraint,
tail suspension, disruption of the light/dark cycle, cage tilt, food or water restriction, changing of cage mates,
temperature reductions, and foot-shocks (Russo & Nestler, 2013), whereas CVS involves daily exposure to
physical stressors such as mild foot shocks, tail suspension and restraint for 3 weeks (Monteiro et al., 2015;
Willner, 2017). These stress paradigms induce anxiety, despair and anhedonia-like phenotypes (Golden et
al., 2011; Menard et al., 2016) along with reduced sex drive, increased aggression and altered sleep
patterns (Menard et al., 2016). Most of the behavioral alterations are reversed by chronic, but not acute,
treatments with antidepressants. It is also able to mimic neuroendocrine aspect of stress (Menard et al., 2016).
Interestingly, both males and females are susceptible to CVS. Additionally, the subchronic version of CVS,
(sCVS), consisting in exposing mice to six days of stress rather than 21 days is sufficient to induce a depressive-
like phenotype in females but not males, mimicking variations in stress susceptibility between males and females
(Hodes et al., 2015; Mena & Benoit, 2019a).

Social Isolation

Owing to its relevance to human depression and anxiety disorders, social isolation (SI) has been modelled in
animals too (A.M.Hatch et al., 2009; Costello & Kendrick, 2000; Heinrich & Gullone, 2006; Wallace et al., 2009).
Indeed, grief and partner loss in later life is relevant to depression especially in the elderly (Costello & Kendrick,
2000) along with significant association between social skills, levels of self-esteem and depression in adolescent
substance abusers (Ammerman, Hersen, van Hasselt, Lubetsky, & Sieck, 1994; Menard et al., 2016). The
association of loneliness with depression remains stable across the lifespan, although its prevalence differs with
age (Matthews et al., 2016). In fact, rodents are also social animals by nature with various studies conducted
with social isolation used to mimic loneliness in them. In a socially monogamous rodent model, prairie voles,
partner loss or chronic social isolation induces depression-like behaviors, notably anhedonia, with females being
more sensitive to isolation (Grippo et al., 2007; Menard et al., 2016). Moreover, anxiety- and anhedonia-like
symptoms of social isolation in adults can be reversed by chronic, but not acute, antidepressant treatment
(Wallace et al., 2009) underscoring the significance of this model to study depression and antidepressant

responses (Menard et al., 2016).

Sl could have a variety of molecular and behavioral consequences depending on the age of implementation(Hall,
1998). S| paradigms include isolation interventions of 2-10 weeks at either pre-weaning/neonatal or post-
weaning/adolescent or adult stage (Lander, Linder-Shacham, & Gaisler-Salomon, 2017; Y. Liu, Lv, Wang, &
Zhong, 2018; Makinodan, Rosen, lto, & Corfas, 2012; Wallace et al., 2009; I. C. Weiss, Pryce, Jongen-Relo,
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Nanz-Bahr, & Feldon, 2004; K. H. Wong, Jin, & Mogtaderi, 2013). It has been shown to induce anxiety-like
behavior(Barrot et al., 2005; Lander et al., 2017), perturbation of HPA axis (Barrot et al., 2005; Butler, Ariwodola,
& Weiner, 2014; Deroche, Piazza, Le Moal, & Simon, 1994; |. C. Weiss, Domeney, Heidbreder, Moreau, &
Feldon, 2001) and reward responses (Ahmed, Stinus, Le Moal, & Cador, 1995; Barrot et al., 2005; Deroche et
al., 1994) in the isolated rodents. Male and female animals exhibit different biological responses to SI (Abramov
et al., 2004; Guo, Wu, Liu, Yang, & Chen, 2004; Pietropaolo, Singer, Feldon, & Yee, 2008; I. C. Weiss et al.,
2001; 1. C. Weiss et al., 2004).

Genetic models of depression

Some genetic models have also been used in the field, though they are not true genetic models of
depression(Menard et al., 2016). For example, the Flinders Sensitive Line (FSL) rat genetic model of depression,
shows abnormality in serotonergic, cholinergic and melatonin systems, displaying some similarities with
depressed human like elevated rapid eye movement (REM) sleep, inhibitory behavior following stress, increased
immobility in the forced swim test, etc. but it lacks one of the major symptoms of depression
anhedonia(Overstreet & Wegener, 2013). Another genetic model Wistar Kyoto (WKY) rat is a control rat bred in
parallel to the spontaneously hypertensive rat which exhibits both anxiety-like and depression-like behavior and
elevated REM sleep (Overstreet & Wegener, 2013).

Statistical tools used in RNA-seq

RNA-Seq has emerged as a revolutionary new technology that allows RNA profiling using next-generation
sequencing to provide a sensitive, quantitative measurement of gene expression. NGS provides higher
resolution as well as higher precision in measuring the levels of transcripts for studying gene expression as
compared with microarray technologies (T. Wang, Li, Nelson, & Nabavi, 2019). The data generated with this
molecular tool is highly rich in information and potent enough to help uncover many aspects of the biological
system of interest. Concurrently, as the dimensionality of available data increases, its scope become
increasingly complex and require tailored statistical approaches to effectively address the question asked. There

are different approaches used in the field. Some of them are discussed below:

Differential Expression Analysis

Standard differential expression analysis (differential variability), examines variance in different conditions, to
determine whether a gene is upregulated or downregulated in one condition compared to another condition (Ho,
Stefani, dos Remedios, & Charleston, 2008). There are a variety of tools are available for differential expression

analysis. The two basic approaches of all DEGs tools are: to find differential expression between the different
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conditions based on read counts from replicates, which involves calculation of the fold change of read counts
while considering variations in sequencing depth and other variables and to assess the significance of the

difference and apply multiple testing corrections (Sun, 2019).

Indeed, a variety of tools are available for differential expression analysis like limma- voom, edgeR, DESeq,
baySeq, EBSeq, maSigPro, etc. The choice of tool depends on the experimental design. They work on
statistically different algorithms. For instance, edgeR and DESeq are based on negative binomial (NB)
distributions (Ren & Kuan, 2020) on other the hand baySeq and EBSeq are Bayesian approaches based on a
negative binomial model (Li., 2019 Nov 21.). The choice of tool depends on the experimental design. For
example, for pair-wise comparisons - EBSeq (Wesolowski, Birtwistle, & Rempala, 2013), baySeq (Hardcastle &
Kelly, 2010), etc. are used, on the other hand for multiple comparisons edgeR, limma-voom, DESeq, maSigPro
are used (Conesa et al., 2016). Tools like limma-voom (Ritchie et al., 2015) edgeR (Robinson & Oshlack, 2010)
and DESeq/DESeq?2 (Anders & Huber, 2010; Love, Huber, & Anders, 2014) use regression models that work
on every single gene (Friederike Du"ndar, Luce Skrabanek, & Zumbo, 2015; Oh et al., 2019). Linear regression
models typically used to assess the strength of the relationship between gene expression and conditions like
case or control, i.e., how much does gene expression really depend on the condition in question? It takes into

account the error and the variation between the samples of different conditions (Cai et al., 2017).

Limma-voom, edgeR and DESeq/DESeq2 could be seen as the best performing tools (Schurch et al., 2016).
DESeq and limma-voom tend to be more conservative than edgeR which seems to be “oversensitive”, but for
with less than 12 replicates experiments edgeR is recommended (Schurch et al., 2016). Limma-voom differs
from edgeR and DESeq majorly in that it takes into account transformed count values, log-cpm and instead of
negative binomial it uses linear models (on the log-cpm normalised with precision weights). Factually speaking,
unequal library sizes are often observed in RNA-seq experiments for various reasons. For instance, when DNA
samples are multiplexed onto a sequencing lane in unequal quantities, differences in sequencing depth resulting
from differences in time/stages of experiment or when technical replicates are combined for a subset of samples.
In conditions like these, some of the NB-based analysis methods become very conservative and showed very
poor FDR control, on the contrary, voom shows consistent performance when the library sizes were unequal
(Ritchie et al., 2015).

Principal Components Analysis (PCA)

Apart from mainstream, RNA-seq analysis are often supplemented by PCA, to evaluate variability between
experimental conditions and between replicates of the same treatment (Meng et al., 2016). It is a typical
dimensionality reduction approach to shrink multidimensional datasets for analysis. This analysis yields principal

components (PCs) that represent the directions along which the variation is maximal (Meng et al., 2016). It uses
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linear combinations of the original data (e.g. gene expression values) to define new components (PCs), which
brings out the latent information from the data (Misra et al., 2002). Mostly two principal components, explaining
the majority of the variability, are taken (Friederike Du'ndar et al., 2015). Importantly, it is useful to identify
unexpected patterns and to visualize the overall effect of experimental covariates, such as sex, RIN, etc., and

batch effects.

PCA is devised for multi-normal distributed data analysis. Interestingly, if expression data is strongly skewed or
have extreme outliers, the first few axes might only separate those values instead of displaying the main axes
of variation. On the other hand, if data are unimodal or display nonlinear trends, distortions in the resulting plots
may be observed, where the second axis is an arched function of the first axis (Friederike Du"ndar et al., 2015;
Meng et al., 2016).

Rank Rank Hypergeometric Overlap

Rank Rank Hypergeometric Overlap (RRHO) probe the similarities as well as differences in transcriptional
signatures across different experimental conditions. Gene expression comparison tools to evaluate alterations
typically choose a fixed differential expression confidence threshold to conclude results. This approach is
extremely useful but could potentially reduce the detection of small but concordant changes. On the contrary,
RRHO is a threshold-free approach that can be applied to determine the extent and significance of overlap
between two differential expression analyses (Plaisier, Taschereau, Wong, & Graeber, 2010). It is a useful tool
as it considers both directionality and magnitude of gene alterations and has been analogously used to identify
similarities in transcriptional signatures across different brain regions in a single experiment (Bagot et al., 2016).
The algorithm used in this tool steps through two gene lists ranked by the degree of differential expression
observed in two expression profiles, successively measuring the statistical significance of the number of
overlapping genes. The result is a graphical map that shows the strength, pattern and bounds of correlation

between two expression profiling experiments (Plaisier et al., 2010).

Gene Ontology and Pathway Analysis

Gene ontology (GO) and pathway analysis are the most widely used downstream analysis tools, aimed at

elucidating the functions of the DE genes and identifying possible patterns among them.

GO assessing tools perform enrichment analysis on gene sets encompassing the three classes of GO terms:
biological processes, cell components and molecular functions. There a variety of tools that perform GO analysis
eg. DAVID, GOseq, AmiGO, etc. On the other hand, pathway analysis identifies relevant proteins within a

pathway or building pathway de novo from the proteins of interest. Tools for pathway enrichments analysis are
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MSigDB (Liberzon et al., 2015), STRING (Szklarczyk et al., 2017), or KEGG (Kanehisa et al., 2017). Additionally,
identification of specific “master regulators” or transcription factors could also be carried out using tools like

Ingenuity pathway analysis (IPA).

These enrichments are typically assessed by either one of two approaches: (i) over-representation analysis
(ORA) or (ii) gene set enrichment analyses (GSEA). Over-representation analyses depend on a filtered list of
genes of interest, e.g. genes that pass the DE threshold. which is then compared to the genes that are known
to be part of a specific pathway or a generic gene set of interest, e.g. “Neurotransmission”. After comparison, a
statistical test is used to determine the significance of the overlap between the gene list of interest and the known
term. Although, this is a relatively straight-forward approach, there are major caveats including the fact that both
magnitude and direction of the change of individual genes are not taken into account. It only relies on the
presence or absence of a given gene within the lists that are being compared. Addressing this limitation of the
ORA approach, GSEA employs functional scoring algorithms that typically do not require a pre-selected list of
genes. Alternatively, these algorithms rely on a legit exhaustive list of genes. Moreover, for the purpose of sorting
out, these genes should have some measure of change. The basic assumption employed here is that although
massive alterations in individual genes can significantly affect related pathways, small but concordant changes
in sets of functionally related genes (i.e., pathways) can also have significant effects. Therefore, the gene-level
statistics for all genes in a pathway are grouped into a single pathway-level statistic (e.g. the sum of all log-fold
changes), which will then be evaluated. Although, GSEA take into account the magnitude and direction of
change, it considers pathways as independent units despite the fact that many pathways share individual genes
(Alhamdoosh et al., 2017; Friederike Dundar et al., 2015; Khatri, Sirota, & Butte, 2012; Langfelder & Horvath,
2008).

Weighted gene co-expression network analysis

Weighted gene co-expression network analysis (WGCNA) is a powerful tool that defines correlation patterns
among genes across gene expression data (Langfelder & Horvath, 2008). A gene co-expression network is an
undirected graph consisting of nodes and edges, where each node corresponds to a gene and each edge
connects a pair of genes that are significantly correlated (J. Li et al., 2018). Weighted correlation network analysis
(WGCNA) can be used for finding clusters (modules) of highly correlated genes, for summarizing such clusters
using the module eigengene (an intramodular hub gene), for relating modules to one another and to external
sample traits (using eigengene network methodology)(Foroushani et al., 2017; Horvath & Dong, 2008), and for
calculating module membership measures. It has been efficaciously used in various biological contexts, e.g.
autism, alzheimer’s disease, cancer, mouse genetics, yeast genetics, etc. (Langfelder & Horvath, 2008; Liang

et al., 2018; Oron et al., 2019). In fact, it is a very useful tool to study complex heterogeneous disorders like
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MDD, where a single gene couldn’t be accounted for the pathology but involves multiple genes interacting with
each other. Gene-gene interaction network approaches may enrich the variable space to better predict or
characterize the genomic architecture of more complex phenotypes (Le et al., 2018). This greatly alleviates the

multiple testing problem (Fuller et al., 2007)

Its workflow includes: 1. Build a mathematical representation of a gene co-expression network by an adjacency
matrix, the values of which indicate co-expression (correlation) similarity between a pair of genes. 2. Detect
modules: WGCNA identifies modules by using hierarchical clustering. WGCNA uses a topological overlap to
measure the dissimilarity between clusters, which can result in biologically important modules in real data
analysis. 3. Link modules to phenotypes: several methods can be used to measure the association of a module
to a phenotypic trait (J. Li et al., 2018). For example, one can either take module eigengene (ME) or module
significance (MS) to test the association with the phenotypic trait. ME of a module is defined as the first principal
component of the module whereas MS is the average gene significance (GS) of all genes in the module
(Foroushani et al., 2017; Horvath & Dong, 2008). The GS of a gene is the correlation between the gene and the
phenotypic trait. 4. Evaluate inter-module relationships: ME is regarded as the representative profile of a module
and WGCNA quantifies module similarity by eigengene correlation, which gives information about the modules
that are related. 5. Find key drivers in interesting modules: highest connecting genes are very important as it
could affect all connected genes. Instead of using unweighted assignment of connected =1 and
unconnected = 0, WGCNA uses a ‘soft’ threshold determining the weights of the edges connecting pairs of
genes. This weighted approach has been proven to yield more robust results than unweighted networks (B.

Zhang & Horvath, 2005a) and renders the network closer to a scale-free network (J. Li et al., 2018).

Molecular mechanisms of MDD

The underlying molecular mechanisms of MDD are largely unknown. It is long known that genetics play an
important role in the pathogenesis of MDD, but its contribution still remains blurred. The heritability of MDD in
twin studies has been estimated to be around 40% (Kendler, Gatz, Gardner, & Pedersen, 2006). Initially, genome
wide association studies (GWAS) were unable to identify a single genomic locus significantly associated with
the risk of MDD across populations ((Major Depressive Disorder Working Group of the Psychiatric et al., 2013)).
Recently, two studies have identified single nucleotide polymorphisms (SNPs) that survive statistical thresholds
in two separate populations of Han Chinese women (consortium, 2015) and Europeans (Hyde et al., 2016).

Nevertheless, the genetic sponsors of MDD across populations still remain uncertain.

In order to obtain a better understanding of mechanism underlying MDD, researchers have examined molecular
alterations in the post-mortem brains of MDD patients and animal models of stress. Much of this research has

focused on studying gene expression dynamics.
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Transcriptional requlation of MDD

Past studies have revealed a significant number of molecular alterations associated with MDD and stress using
different approaches. On one hand, several groups used genome-wide approaches to identify functional
pathways enriched for genes differentially expressed and epigenetically regulated. These studies revealed the
extent of transcriptional and its regulation in MDD (Figure 2) and animal models of stress-induced depressive-
like behaviors (Figure 3) showing disease-specific reprogramming of molecular programs in different brain
regions. Other groups concentrated their efforts on promising genes and pathways including the hypothalamic-

pituitary-adrenal (HPA) axis, neurotrophic factors, and neurotransmitter systems.
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Fig. 2. Tissue-specific transcriptional regulation alterations in human MDD in males and females. - - indicates
no change, upward and downward arrows indicating an increase or decrease expression and/or DNA
methylation (CHs).
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Fig. 3. Tissue-specific transcriptional requlation alterations in males and females in animal models of depression.
- - indicates no change, NA indicates not reported, upward and downward arrows indicating an increase or

decrease expression and/or DNA methylation (CHs).

Hypothalamic-pituitary-adrenal (HPA) axis

As a hallmark functional alteration associated with MDD and stress, the HPA axis is one of the functional pathway
that has received most attention (Turecki & Meaney, 2016). In response to stress, the PVN of the hypothalamus
secretes corticotropin releasing hormone (CRH) and arginine vasopressin (AVP), which activates the production
of proopiomelanocortin (POMC) in the pituitary gland, which eventually is cleaved to produce ACTH, B-lipotropin
and B-endorphin. ACTH, in turn, stimulates the adrenal glands to secrete the final effectors, glucocorticoids (in
humans-mainly cortisol) which brings necessary metabolic and behavioral changes in response to stress. The
activity of HPA axis is regulated by negative feedback of cortisol. Cortisol binds to the glucocorticoid receptor
(GR) and inhibits the CRH, AVP and ACTH release. FK506 Binding Protein 5 (FKBP5) diminishes the sensitivity
of GR to cortisol, hence weakens the negative feedback loop. The activity of HPA axis is also inhibited by
oxytocin (Ahmed et al., 1995; Barrot et al., 2005; Deroche et al., 1994; Nestler et al., 2002; Todkar et al., 2015;
Tsigos & Chrousos, 2002). Figure 4 represents an overview of the HPA. Abnormal HPA activity is associated
with manifestations of MDD. Investigating the impact of variations in maternal care on offspring behavior during
adulthood, Weaver and colleagues showed that pups raised by low licking and grooming mothers exhibit

hypermethylation and lower H3K9me levels in the promoter of a variant (GR17) of the glucocorticoid receptor
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gene (Weaver et al., 2004). They showed that this hypermethylation was associated with lower expression of
GR17 and with the expression of depressive like-behaviors during adulthood. These initial findings found
translational values in human populations. Indeed, McGowan et al (2009) showed that suicide victims of child
abuse exhibit a similar hypermethylation of GR1r, the human equivalent of GR17 in mice, associated with a
significant decrease in GR expression in the hippocampus of male abused suicide completers compared to non-
abused and healthy controls (McGowan et al., 2009). These effects were then extended to larger regions of the
GR promoter, affecting the expression of other variants of the gene in abused suicide completers (Labonte et
al., 2012) and patients with PTSD (Labonte, Azoulay, Yerko, Turecki, & Brunet, 2014). Since then, a large
number of studies reported similar alterations associated with other psychiatric and stress conditions, suggesting
that this region of the genome might be poised as a marker of early-life stress in humans (Turecki & Meaney,
2016).
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Fig. 4. Overview of the activity of the hypothalamic—pituitaryadrenal (HPA) axis in stress. Abbreviations:
Paraventricular nucleus (PVN), corticotropin-releasing hormone (CRH), arginine-vasopressin (AVP), oxytocin
(OXT), FK506 binding protein 51 (FKBPS), glucocorticoid receptor 1 (GR1), corticotropin-releasing hormone
receptor (CRH-R), arginine-vasopressin receptor (AVP-R), pro-opiomelanocortin (POMC), adrenocorticotropic
hormone (ACTH), Melanocortin-2 receptor (MC2R), also known as ACTH receptor (ACTHR).
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Besides the GR gene, molecular alterations of other key regulators of the HPA axis have also been studied in
the MDD and rodent models of stress. For instance, chronic stress was shown to increase its expression in the
paraventricular nucleus (PVN) of stressed male mice (Elliott, Ezra-Nevo, Regev, Neufeld-Cohen, & Chen, 2010)
and decrease DNA methylation in the CRH gene promoter (J. Chen et al., 2012; Elliott et al., 2010). Studies in
suicide brains reporting changes in CRH binding sites (Nemeroff, Owens, Bissette, Andorn, & Stanley, 1988),
altered CRH receptor type ratios (Hiroi et al., 2001) and elevated CRH immunoreactivity and mRNA levels
(Austin, Janosky, & Murphy, 2003; Merali et al., 2006).

Variations in other key players of the HPA axis, arginine vasopressin (Avp) and proopiomelanocortin (Pomc),
have been reported across several brain regions in suicide completers(Lopez et al., 1992; Merali et al., 2006).
The expression of these peptides has also been associated with stress-coping alterations in adult offspring
separated from their mothers (Murgatroyd et al., 2009). Randesi et al (2018) found downregulation of Crfr1 and
Avp receptor 1 a (Avpr1a) in the hippocampus of male rats, but not female, after chronic immobilisation stress
(Randesi et al., 2018).

Neurotrophic Factors

Several studies in humans and animal models have associated the activity of neurotrophic factors with the
expression of MDD and stress-induced depressive like behaviors. For instance, decreased mRNA and protein
expression of the brain-derived neurotrophic factor (BDNF) has been reported in the hippocampus and prefrontal
cortex (PFC) depressed suicide completers (Banerjee, Ghosh, Ghosh, Bhattacharyya, & Mondal, 2013; Dwivedi
etal., 2003). Interestingly, Hayley and colleagues found a female-specific downregulation of BDNF levels within
the frontopolar prefrontal cortex among depressed suicides compared to their non-psychiatric controls (Hayley
et al., 2015). On the other hand, male depressed suicide subjects, but not female, displayed significant
reductions of BDNF protein levels in the hippocampus compared to non-suicide control (Hayley et al., 2015).
These transcriptional variations have been associated with hypermethylation in BDNF regulatory region, namely
promoter/exon IV in post-mortem brains (Keller et al., 2010). Similarly, CSD and traumatic stress in rats, were
also shown to decrease the expression of Bdnf transcripts Ill and [V in male hippocampus (Roth, Zoladz, Sweatt,
& Diamond, 2011; Tsankova et al., 2006) and notin PFC(Roth et al., 2011), respectively. Although similar, these
regional transcriptional alterations are induced by different epigenetic mechanisms. In fact, while CSDS in mice
increases hippocampal H3K27 dimethylation levels at the Bdnf promoter and compacts chromatin (Tsankova et
al., 2006), traumatic stress in rats was shown to alter DNA methylation patterns in distinct regions of the
hippocampus (Roth et al., 2011). Women with MDD have low serum BDNF levels associated with higher severity

scores than men (Karege et al., 2002) though age could be a potential confounder (Bus et al., 2012).
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The main receptor of BDNF, the tyrosine receptor kinase B (TrkB), has also shown to be dysregulated in MDD
and rodent models of stress. For instance, BDNF deficient males (BDNF+/-) mice show higher TrkB
phosphorylation than female mice in the frontal cortex and striatum, along with enhanced ERK signaling in the
male BDNF+/- brain (Hill & van den Buuse, 2011). Lower TrkB expression has also been strongly associated
with mood disorders, including depression (Aston, Jiang, & Sokolov, 2005; Dwivedi et al., 2003; Nakatani et al.,
2006). Antidepressant treatment has been shown to increase its expression in cultured rat astrocytes (Mercier
et al., 2004). Antidepressant effects of TrkB ligands on inflammation-induced depression has also been
demonstrated in mice. Zhang et al (2015), reported pharmacological manipulation with a TrkB agonist, 7,8-
dihydroxyflavone (7,8-DHF) showing antidepressant effects on lipopolysaccharide (LPS)-induced depression-
like behaviors, and pretreatment with ANA-12, a TrkB antagonist, blocked its antidepressant effects (J. C. Zhang
et al., 2014). Interestingly, 7,8-DHF administration rescued LPS-triggered decrease of BDNF and spine density
in the CA3 and dentate gyrus (DG) of the hippocampus and prefrontal cortex (PFC), whereas ANA-12 attenuated
LPS-induced changes in BDNF and spine density in the nucleus accumbens (NAc) of male mice (J. C. Zhang
et al., 2014). This indicates TrkB might be potentiating these region-specific expression and morphological
changes. Fibrous astrocytes have also been reported to be hypertrophied, having significantly larger cell bodies
and longer yet more ramified processes in ACC/BA24 of depressed suicide patients (Torres-Platas et al., 2011).
This finding was consistent with ACC white matter alterations reported in post-mortem brain from depressed
individuals (Torres-Platas et al., 2011). Decreased expression of the astrocytic variant of TrkB (TrkB.T1) in the
brain of suicide completers (majorly males), have been associated with site specific promoter hypermethylation
and enrichment of the repressive mark, H3K27me3 (Ernst, Chen, & Turecki, 2009). More recent studies also
suggested an important regulatory role of a micro-RNA, mir-185, on this astrocytic variant in the suicide brain
(Maussion et al., 2014; Maussion et al., 2012).

Finally, many studies have associated the single nucleotide polymorphism Val66Met in BDNF gene with
heightened risk for psychiatric traits and suicidal behavior mainly via interaction with early-life adversity (Perroud
et al., 2008; Sarchiapone et al., 2008). Interestingly, meta analyses of these findings suggested that this SNP
may be more important for the development of depressive traits in men than women. For example, male mice
with BDNF+/Met mutation, exhibited decreased BDNF levels and apical dendritic spine density in the PFC along
with depression-like behavior after restrain stress (Yu et al., 2012). While these findings should be considered
carefully, the few evidences of sex-specific variations in BDNF transcriptional alterations in MDD suggest that

the molecular mechanisms underlying neurotrophins expression and activity may be sexually dimorphic.

Neurotransmitter Systems
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The Norepinephrine System

The locus-coeruleus (LC) is the sole source of norepinephrine (NE) to the neocortex, hippocampus, cerebellum,
and most of the thalamus (Alfinito, Chen, Mastroeni, Pawlyk, & Deecher, 2009; Aston-Jones & Cohen, 2005)
and has been shown to be a sexually dimorphic brain region (Bangasser, Wiersielis, & Khantsis, 2016; Mulvey
etal., 2018). Estrogen is an important regulator of NE in LC. Estrogen reduces the a2-andrenoceptor expression,
which has been linked with genetic models of depression. In fact, a2-adrenoreceptor agonist treatment reduces
anxiety-like behavior in female rats more significantly than male rats (Jang, Jung, Kim, & Noh, 2019). Interactions
with function of the HPA axis have also been reported in the LC. For instance, females but not males with deleted
GR expression in NE neurons exhibit reduced social interaction compared to controls. The authors also
suggested that this reduction could explain the prevalence of atypical symptoms in depressed females, as low
GR has been linked with atypical depression (Jacobson, 2018). To better understand the role of LC as a
contributor to depressive pathology, more work is required to see how transcription and its regulation are altered

following chronic stress in mouse models.
The Serotonergic System

The serotonergic system has been extensively investigated in mood disorders, especially in MDD and interesting
lines of evidence suggest that some of its receptors may be regulated differently in males and females with MDD
and in animal models of stress (Du, Faludi, Palkovits, Bakish, & Hrdina, 2001; Turecki et al., 1999)-(Joeyen-
Waldorf, Edgar, & Sibille, 2009). For instance, acute restrain stressed females exhibit lower serotonin receptor,
5-hydroxytryptamine receptor 2A (5-HT2AR) mRNA expression than males in the PVN (Goel, Innala, & Viau,
2014). On the contrary, chronic mild stress (CMS) in rats reduces 5-HT2AR expression in the orbitofrontal cortex
(OFC) males while itincreases its expression in females. Interestingly, treatment with the tricyclic antidepressant
clomipramine rescues these effects in female but not male rats (Pitychoutis, Dalla, Sideris, Tsonis, &
Papadopoulou-Daifoti, 2012). Similarly, 5-HT1A receptor (5-HT1AR) basal expression was reported to be higher
in women compared to men(Parsey et al., 2002), an effect that has been suggested to be mediated by estrogen
(Goel & Bale, 2010). Interestingly, these patterns seem to be reversed by stress. For instance, CMS in rats
increases 5-HT1AR levels in the CA1 region of male hippocampus but not females (Pitychoutis et al., 2012).
Finally, 5-HT receptor 2C (5-HT2CR) has been reported to be significantly upregulated in the CA3 of
hippocampus of male but not female rats exposed to CMS (Pitychoutis et al., 2012). Another serotonergic gene
that received considerable attention in the context of early life adversity (ELA)-induced epigenetic regulation is
the 5-HT transporter (5-HTT; SLC6A4) gene (Caspi et al., 2003). Interestingly, expression of 5-HTT was also
decreased in rhesus macaques with ELA (Kinnally, Lyons, Abel, Mendoza, & Capitanio, 2008; Kinnally et al.,

2010). 5-HTT KO mice show increased anxiety and depression-related behavior (Carroll et al., 2007). High
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methylation levels within the solute carrier family 6 member 4 (SLC6A4) were found in response to childhood
adversity in both sexes although some studies suggested that these levels may be higher in females (Dukal et
al., 2015; Kang et al., 2013; Palma-Gudiel, Peralta, Deuschle, Navarro, & Fananas, 2019). On the other hand,
results from the lowa Adoptee Cohort (Lutz, Almeida, Fiori, & Turecki, 2015) suggest that male victims of child
abuse exhibit global DNA hypermethylation within the SLC6A4 gene whereas females display site-specific
hypermethylation as compared to non-abused (Lutz et al., 2015). Although these studies suggest different type
of stress could affect different players of the same system in a sex specific manner, more information on human

MDD subjects is still awaited.
The GABAergic and Glutamatergic Systems

Alterations of the GABAergic system has been consistently reported in mood disorders, including depression
(Klempan et al., 2009; Merali et al., 2004; Torrey et al., 2005)-(Akbarian et al., 1995; Guidotti et al., 2000; Heckers
et al., 2002; Volk, Austin, Pierri, Sampson, & Lewis, 2000)(Ghosal, Hare, & Duman, 2017). Poulter and
colleagues(Poulter et al., 2008) showed higher expression of DNMTs and lower expression of the GABA receptor
a1 subunitin the brain of both males and females suicide completers. However, DNA methyltransferase 3 beta,
(DNMT3B) expression was greater in female than in male suicide brains (Poulter et al., 2008), as consistently
observed in schizophrenia and bipolar patients (Kundakovic, Chen, Costa, & Grayson, 2007; Veldic et al., 2004).
Hypermethylation in a1 subunit promoter was negatively correlated with DNMT3B protein expression in the PFC
of suicide completers. Additionally, expression levels of the somatostatin (SST), glutamic acid decarboxylase 65
(GADG65) and glutamic acid decarboxylase 67 (GAD67) genes were shown to be lower in males compared to
females MDD, a finding consistent with results in unpredictable chronic mild stressed mice (Seney et al., 2013).
Sex-specific expression patterns of the parvalbumin (PV) gene have also been shown in response to chronic
stress. For instance, Shepard et al (2016) showed that female mice exhibit increased expression of PV following
unpredictable chronic mild stress (UCMS). Interestingly, this female-specific increase was correlated with severe
behavioral deficits along with prefrontal hypoactivity and altered amygdalar activity with no change in
males(Shepard, Page, & Coutellier, 2016). Finally, Gray et al in 2015, investigated glutamatergic genes
expression profile in the dorsolateral prefrontal cortex (DLPFC) of human MDD patients. They found an
upregulation of several glutamate-related genes including GRIN2A-D, GRIA2-4, GRIK1-2, GRM1, GRM4, GRM5
and GRM?7 in females MDD but not males although male MDD displayed downregulation of GRM5 (Gray, Hyde,
Deep-Soboslay, Kleinman, & Sodhi, 2015).

Genome-Wide Approaches
There is a vast literature investigating transcriptional signatures in the brain of humans with MDD. For instance,

genome-wide post-mortem brain studies in males revealed alterations in genes related to the glutamatergic,
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GABAergic, serotonergic and polyaminergic systems across several cortical and subcortical brain regions
(Klempan et al., 2009; Sequeira et al., 2007; Sequeira et al., 2009). Additional transcriptional alterations in lipid
metabolism, immune response, ATP synthesis, regulation of transcription and translation, fibroblast growth
factor signaling, and cell proliferation (Evans et al., 2004; lIwamoto, Kakiuchi, Bundo, Ikeda, & Kato, 2004; Kang
et al., 2007; Klempan et al., 2009; Lalovic, Klempan, Sequeira, Luheshi, & Turecki, 2010; Tochigi et al., 2008)
have been identified in cortical regions. More studies showed changes in genes regulating activity of the HPA
axis in hypothalamus(S. S. Wang, Kamphuis, Huitinga, Zhou, & Swaab, 2008) and controlling circadian rhythms
in cortical and subcortical regions (J. Z. Li et al., 2013). Similar findings have been reproduced in animal models
of stress (Bagot et al., 2016; Carboni et al., 2018; Duman, Sanacora, & Krystal, 2019; Labonte et al., 2017a).
Indeed, Hodes and colleagues showed that the overexpression of the DNA methyltransferase 3 alpha (Dnmt3a)
in the NAc increases stress susceptibility in both sexes. NAc of human MDD shows a similar increase in its
expression (Hodes et al., 2015). However, the downregulation of Dnmt3a in the same brain structure made
female mice resilient to 6 days of variable stress with no effect in males. Moreover, network-based approaches
also identified transcriptional signatures associated with the expression of stress susceptibility and resilience in
a model of chronic social defeat stress (CSDS) (Bagot et al., 2016), antidepressant response following CSDS
(Bagot et al., 2017) and with the expression of phenotypic features (sleep architecture) in a genetic model of

stress susceptibility (P. Jiang et al., 2015)

But very few genome-wide studies have compared directly mice models of stress and MDD transcriptional
profiles across different brain regions. Indeed, Labonté et al., found an overlap of differentially expressed genes
of males and females between depressed humans and CVS stressed mice in the vmPFC and NAc (Labonte et
al., 2017a). They also found gene ontology overlap identifying several pathways commonly associated with MDD
in humans and CVS in mice. Additionally, the authors used network-based approaches to identify network hub
genes, namely- the cytoplasmic dual specific phosphatase 6 (DUSP6) and the transcription factor empty
spiracles homeobox 1 (EMX1) as drivers of MDD susceptibility in females and males, respectively. They showed
that the viral downregulation of DUSP6 in the mPFC of mice increases stress susceptibility, while its
overexpression rescued the stress-induced phenotype in female but not in male mice. These effects were
associated with changes in extracellular signal-regulated kinase (ERK) phosphorylation and frequency of
spontaneous excitatory post-synaptic current (EPSC) in a subpopulation of pyramidal cells in female mice.
Alternatively, the viral overexpression of EMX1 in the mPFC increased stress susceptibility in male but not
female mice with consistent physiological effects in a sex-specific fashion. Hence, validating the shared
alterations between human MDD and CVS (Labonte et al., 2017a). Moreover, using the clustering approach, an
overlap of hippocampal transcriptional signatures between MDD and learned helplessness model of stress and
flinders sensitive line (FSL) rats was observed (Carboni et al., 2018). Interestingly, Lorsch et al. showed out of

30 CSDS-related gene network modules, across several brain regions, 56.6% are preserved in the human brain.
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Intriguingly, greater module preservation in control conditions than in MDD with regard to resilience. They found
Zfp189 as the key driver of a resilience specific gene network module of CSDS mice is also downregulated in
PFC of MDD subjects (Z. S. Lorsch, Hamilton, Ramakrishnan, Parise, Salery, et al., 2019).
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Hypothesis

Most of our knowledge in the field of MDD comes from works on animal models of depression. With the frequent
failure of antidepressant candidate drug at clinical trial, there has been increased scrutiny into the animal models
of depression. In fact, there is a growing concern about the degree of confidence we hold on these preclinical
animal models and their behavioral endpoints (Bale et al., 2019). Therefore, it is of critical importance to validate
these models with the best tools available. As a matter of fact, gene expression is a strong measure that can
provide informative insights into the molecular pathophysiology of the disorder. However, applying such a
measure encompasses an important conflict between the reductionist and “big data” frameworks. In fact, most
studies have employed a reductionist agenda on differential expression, focusing on individual genes. This has
an edge in that individual genes can be targeted therapeutically based on specific information on their
dysregulation from this approach. Although, itis limited in that it ignores the totality of the transcriptional response
to stress (Zachary Spencer Lorsch, 2018; Vella, Zoppis, Mauri, Mauri, & Di Silvestre, 2017). On the other hand,
characterizing gene networks, which is more of a bird-eye approach, reveals the potential of individual genes to
exert their effect on a broader gene expression network. Nonetheless, this requires a thorough understanding
of the hierarchical regulation of gene expression changes (Zachary Spencer Lorsch, 2018). Altogether, a fusion
of the individual-gene based, differential expression approach, network approach with a systems biology

framework would give a more complete view of the molecular pathophysiology of MDD.

As described earlier, various studies describe transcriptional changes in MDD and animal models of depression.
But very few studies compared directly the genome-wide transcriptional alterations between the two species in
specific brain regions (Carboni et al., 2018; Labonte et al., 2017a; Lin, Lewis, & Sibille, 2011; Z. S. Lorsch,
Hamilton, Ramakrishnan, Parise, Salery, et al., 2019). Although these studies provide some answers while
raising other important questions. For instance, are these different mice models of chronic stress potent enough
to model human depression? Which mice model of stress produces the closest molecular pathology to human
MDD and how well the different mice models of chronic stress reproduce the molecular pathology of the human
MDD? Although, different mouse models of chronic stress produce similar phenotypes, we don’t know to what
extent different chronic stress models produce the molecular pathology of human MDD. More specifically, how
are genes differentially expressed in human MDD overlap with that in different mice models of chronic stress?
What happens at the gene network level? How much are the gene networks of human MDD conserved in
different mice models of chronic stress? What happens if we combine DEG and network approaches to compare
the different animal models of depression and human MDD? And what are the network driver or hub genes
relevant to human MDD? Despite the importance of such comparisons in understanding the human disorder and

devising its treatments, no study extensively explored the overlap between human MDD and other models of
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chronic stress in mice. This thesis aims to provide answers to these important questions with the ultimate goal

of validating the molecular face validity of the animal models useful for the study of depression.

This thesis provides a comprehensive comparison of transcriptional signatures of human MDD and 3 different
mice models of stress. Each of the three models employed, uses different paradigms that represent strong
causal relation to MDD and are the most-widely used models to study MDD. As brain gene expression data
shows significant regional variation (Pavlidis & Noble, 2001), we employed region-specific approach.
Consequently, we used publically available RNA-seq datasets of the two most widely implicated brain regions
in MDD which are also associated with treatment resistant depression, mPFC and NAc. These datasets were
assessed using a combinatory approach involving differential expression analysis and network analysis. These
analyses were complemented by other state of art bicinformatics analyses, such as GO analysis, RRHO
analysis, conservation analysis, phenotype analysis and hub calling, to assess the capacity of each chronic

stress paradigm to reproduce molecular pathology of the human disorder.

Our analysis indicates significant overlap between MDD and the three mouse model of stress in mPFC as well
as NAc. No one model is better than the other. Each of the chronic stress paradigms captures a distinct aspect

of the human syndrome.
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Chapitre 1 Shared Transcriptional Signatures in
Major Depressive Disorder and Mouse Chronic
Stress Models

1.1 Résumé

CONTEXTE : La plupart de nos connaissances sur les bases biologiques du trouble dépressif majeur (TDM)
proviennent des études de modéles de stress chronique chez les rongeurs. Bien que ces modéles saisissent
certains aspects des caractéristiques comportementales et neuroendocriniennes du TDM, la mesure dans

laquelle elles reproduisent la pathologie moléculaire du syndrome humain reste inconnu.

METHODES : Nous avons systématiquement comparé les signatures transcriptionnelles dans deux régions du
cerveau impliquées dans la dépression - le cortex préfrontal médian et le noyau accumbens - chez les humains
atteints de TDM et dans trois modéles de stress chronique chez la souris : les modeles de stress chronique
variable, d'isolement social chez I'adulte et de défaite sociale chronique. Nous avons utilisé I'expression
différentielle combinée a I'analyse de réseaux de co-expression pondérée de genes pour créer des réseaux de
génes inter-espéces et évaluer la capacité de chaque paradigme de stress & récapituler I'organisation

transcriptionnelle des réseaux de génes dans le TDM humain.

RESULTATS : Nos résultats montrent un chevauchement important entre les altérations transcriptionnelles du
cortex préfrontal médian et nucleus accumbens dans le TDM humain et dans les 3 modéles de stress chronique
de la souris, avec chacun des paradigmes de stress chronique saisissant des aspects distincts des anomalies
du TDM. Le stress variable chronique et lisolement social chez I'adulte reproduisent mieux I'expression
différentielle des génes, tandis que la défaite sociale chronique et I'isolement social chez I'adulte reproduisent
mieux les réseaux de génes caractéristiques du TDM humain. Nous avons également identifié plusieurs réseaux
de génes et leurs génes les constituant qui sont le plus significativement associés au TDM humain ainsi qu'aux

modéles de stress chez la souris.

CONCLUSIONS : Cette étude démontre la capacité de trois modéles de stress chronique chez la souris a
récapituler des aspects distincts de la vaste pathologie moléculaire du TDM humain, aucun modéle de souris

n'étant apparemment meilleur qu'un autre.
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1.2 Abstract

CONTEXTE : La plupart de nos connaissances sur les bases biologiques du trouble dépressif majeur (TDM)
proviennent des études de modéles de stress chronique chez les rongeurs. Bien que ces modéles saisissent
certains aspects des caractéristiques comportementales et neuroendocriniennes du TDM, la mesure dans

laquelle elles reproduisent la pathologie moléculaire du syndrome humain reste inconnu.

METHODES : Nous avons systématiquement comparé les signatures transcriptionnelles dans deux régions du
cerveau impliquées dans la dépression - le cortex préfrontal médian et le noyau accumbens - chez les humains
atteints de TDM et dans trois modéles de stress chronique chez la souris : les modéles de stress chronique
variable, d'isolement social chez l'adulte et de défaite sociale chronique. Nous avons utilisé I'expression
différentielle combinée a I'analyse de réseaux de co-expression pondérée de genes pour créer des réseaux de
génes inter-especes et évaluer la capacité de chaque paradigme de stress a récapituler I'organisation

transcriptionnelle des réseaux de génes dans le TDM humain.

RESULTATS : Nos résultats montrent un chevauchement important entre les altérations transcriptionnelles du
cortex préfrontal médian et nucleus accumbens dans le TDM humain et dans les 3 modéles de stress chronique
de la souris, avec chacun des paradigmes de stress chronique saisissant des aspects distincts des anomalies
du TDM. Le stress variable chronique et lisolement social chez I'adulte reproduisent mieux I'expression
différentielle des genes, tandis que la défaite sociale chronique et I'isolement social chez I'adulte reproduisent
mieux les réseaux de génes caractéristiques du TDM humain. Nous avons également identifié plusieurs réseaux
de génes et leurs genes les constituant qui sont le plus significativement associés au TDM humain ainsi qu'aux

modéles de stress chez la souris.

CONCLUSIONS : Cette étude démontre la capacité de trois modéles de stress chronique chez la souris a
récapituler des aspects distincts de la vaste pathologie moléculaire du TDM humain, aucun modéle de souris

n'étant apparemment meilleur qu'un autre.
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Introduction

Major depressive disorder (MDD) is one of the most important causes of disability and loss of productivity in the
world ("Global, regional, and national incidence, prevalence, and years lived with disability for 328 diseases and
injuries for 195 countries, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016,"
2017). Past research efforts have highlighted several underlying mechanisms potentially driving the expression
of MDD, but little of this research has revealed new therapeutic targets. Restricted access to high quality brain
tissue has limited the ability to study the human syndrome directly, with subsequent reliance on animal models
driving the field. While several mouse and rat models have been used to study the behavioral impact of
stress(Bale et al., 2019; Menard et al., 2016; Nestler & Hyman, 2010), their capacity to reliably reproduce the

molecular alterations associated with human MDD remains unknown.

Chronic social defeat stress (CSDS)(Berton et al., 2006; Golden et al., 2011), chronic variable stress
(CVS)(Hodes et al., 2015; Labonte et al., 2017b; LaPlant et al., 2009) and adult social isolation (SI) (J. Liu et al.,
2012; Wallace et al., 2009) represent three chronic stress models in mice that have been shown to reproduce
certain phenotypes associated with MDD. All three induce anhedonia and reduce exploratory behavior
(interpreted as anxiety-like responses), with CSDS also inducing social avoidance. CSDS has the additional
feature of differentiating a subpopulation of mice that are resistant (resilient) to the anhedonia and social deficits

seen in susceptible mice.

Global transcriptional analyses in MDD have revealed region-specific alterations in numerous classes of genes
in brain(Labonte et al., 2017b; J. Z. Li et al., 2013; Seney et al., 2018; Sequeira et al., 2007; Sequeira et al.,
2009; Sequeira et al., 2012; S. S. Wang et al., 2008). While similar approaches have demonstrated that CSDS,
CVS and Sl also induce genome-wide changes in gene expression (Bagot et al., 2016; Bagot et al., 2017; Hodes
etal., 2015; Krishnan et al., 2007; Labonte et al., 2017b; Lisowski et al., 2011; Malki et al., 2015), it is not known
how these transcriptional profiles in stressed mice overlap with the ones associated with MDD. Indeed, with few
exceptions (Labonte et al., 2017b; Lin et al., 2011; Z. S. Lorsch, Hamilton, Ramakrishnan, Parise, Wright, et al.,

2019), direct comparative studies of human MDD and chronic stress models in rodents are not available.

Recent advances in statistical modelling of large scale genomic, transcriptional and epigenetic data are now
providing unbiased data-driven alternative approaches to study the molecular changes underlying the
expression of complex diseases in humans, mouse models and cell lines (Bagot et al., 2016; P. Jiang et al.,
2015; Labonte et al., 2017b; Parikshak et al., 2013; B. Zhang et al., 2013). These approaches have revealed
novel targets and functional pathways underlying stress susceptibility and resilience, and sex-specific features
of MDD. In this study, we integrated gene-level and network-level analyses to evaluate how well CSDS, CVS

and Sl reproduce the transcriptional alterations in brain associated with human MDD.
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Materials and Methods

Detailed methods are provided in the following section of Supplemental Methods. Briefly, FastQ and metadata
files from human MDD (GSE102556), mouse chronic variable stress (GSE102556) and chronic social defeat
stress (GSE72343) were obtained from Gene Expression Omnibus. New data for social isolation (J. Liu et al.,
2012; Wallace et al., 2009) were generated. Reads were aligned to the GENCODE release 29 (GRCh38.p12)
and M21 (GRCm38.p6) for human and mouse, respectively, using STAR and TopHat. Reads for each dataset

were counted using HTSeq.

Bioinformatics analyses were performed on human-mouse orthologous genes. Gene expression was
transformed and normalized using voom limma (Smyth, 2005). Differentially expressed genes (DEGs) were
assessed through generalized linear models implemented in limma using phenotype as main factor, with p<0.05.
Rank-rank hypergeometric overlap (RRHO) (Plaisier et al., 2010; Stein et al., 2014) was used to evaluate overlap
in gene signatures between human MDD and the mouse models. Enrichment for functional terms in DEGs in

human MDD and mouse models was performed using DAVID (Huang da, Sherman, & Lempicki, 2009).

We constructed brain region-specific gene networks in each cohort using weighted gene co-expression network
analysis (WGCNA)(Horvath, 2011; B. Zhang & Horvath, 2005b). We tested conservation of brain region-specific
human modules with each mouse model by analyzing overlap of module membership through Fisher's exact
tests. We examined network phenotypic associations by relating module eigengene expression with phenotype
status and calculating module overrepresentation for DEGs in the respective cohort. Finally, we used gene
network correlation matrices to identify key regulators for each gene network and compared their interspecies

preservation.

Supplemental Methods

Data acquisition and collection

FastQ and metadata files from the human MDD, mouse chronic variable stress (CVS) and chronic social defeat
stress (CSDS) cohorts were downloaded from the Gene Expression Omnibus website
(https://www.ncbi.nlm.nih.gov/gds) under the following accession numbers: human MDD (GEO GSE102556,
CVS (GEO GSE102556) and CSDS (GSE72343). A full description of the cohorts, tissue preparation and

RNAseq methods are described in the original manuscripts, but a summary is provided here.

Human cohort
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We utilized gene expression data obtained by means of RNAseq on human postmortem sample published
before in Labonté et al., 2017(Labonte et al., 2017b). Gene expression data from the cingulate gyrus 25
(Brodmann Area (BA) 25; mPFC) and nucleus accumbens (NAc) was gathered from 48 subjects including 26
MDD and 22 healthy controls. Briefly, all subjects were of European ancestry and French-Canadian descent
with a well-identified founder effect(Labuda et al., 1996). Sociodemographic and clinical information are listed in
Table 1. There was no age, pH and postmortem intervals (PMI) significant difference between MDD and controls.
Other sociodemographic and clinical information included presence of comorbid disorders, treatment history,
smoking history and presence of drug and/or alcohol abuse (Table 1). Information concerning psychiatric history
and socio-demographics was obtained through psychological autopsies performed by trained clinicians with the
informants best acquainted with the deceased as described elsewhere, which has been shown to yield highly
valid information(Dumais et al., 2005; McGirr et al., 2006). Both cases and controls were characterized by the
same psychological autopsy methods, therefore avoiding the occurrence of systematic biases. Diagnoses were
obtained using DSM-IV(Association, 1994) criteria by means of SCID-| interviews(Spitzer, Williams, Gibbon, &
First, 1992) adapted for psychological autopsies. Details on the original data generation and library processing
can be found in Labonté et al., 2017(Labonte et al., 2017b).

Chronic Variable Stress (CVS) cohort

The CVS model gene expression data have been published before in Labonté et al., 2017(Labonte et al., 2017b).
We used gene expression data from the medial PFC (mPFC) and NAc from a total of 40 samples including 20
stressed (10 males and 10 females) and 20 control (10 males and 10 females) mice. These data have been
previously shown to be associated with a strong behavioral phenotype characterized by anxiety, anhedonia and
despair-like behaviors(Labonte et al., 2017b). Table 1 lists RIN values and sex as potential covariates. Details

on the original data generation and library processing can be found in Labonté et al., 2017(Labonte et al., 2017b).
Prolonged Social Isolation (SI) cohort

The Sl stress paradigm was modified from Liu et al., 2012(J. Liu et al., 2012) and Wallace et al., 2009(Wallace
et al., 2009). Briefly, it consists in isolating single mice one per cage over a period of 12 weeks. Social isolation
was initiated at 8 weeks of age on a group of 30 mice (only males). Unstressed controls (only males) consisted
in group-housed (5 per cage) mice (n=15) maintained together for the same amount of time (12 weeks). The
mPFC and NAc tissue was collected for RNA-seq using 12- and 14-gauge punches, respectively. RNA from
socially isolated and control brain samples was extracted using an RNeasy micro kit using Trizol, followed by
DNase 1 treatment, as described by the manufacturer (Qiagen). RNA integrity number (RIN) and concentration
were assessed using a Bioanalyzer (Agilent). Table1 lists RIN values as potential covariates. Libraries were

constructed using the ScriptSeq Complete Gold Kit (Epicentre, lllumina) preceded by ribosomal RNA depletion
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starting with 300 ng of mPFC RNA and NAc RNA. Samples were barcoded for multiplexing and sequenced at
50 bp paired-end on lllumina HiSeq2500. Samples were pooled eight per lane and sequenced twice at a depth

of 50 million reads per sample.
Chronic Social Defeat Stress Cohort

The CSDS model gene expression data have been published before in Bagot et al., 2016(Bagot et al., 2016).
We used data from the mPFC and NAc from a total of 33 samples including 11 control, 11 susceptible and 11
resilient mice. The behavioral output associated with this dataset can be found in Bagot et al., 2016(Bagot et al.,
2016). Table1 lists RIN values as potential covariates. Details on the original data generation and library

processing can be found in and Bagot et al., 2016 (Bagot et al., 2016).
Power analysis

Although subtle in number, sample size varies across every cohort (Supplemental Table 1) which could impact
our capacity to detect genes differentially expressed (DEG) in every cohort. In order to insure similar capacity to
detect DEG across every cohort, we performed a power analysis using the data obtained in our analyses
(number of DEG by cohort from the 9888 gene orthologues) to determine whether our power to detect DEGs is
sufficient across cohorts with varying sample size. Using the mPFC, we have a power of 80% to detect DEGs
(p<0.05) with a fold change > than 2 in the Sl cohort with a sample size of 15 controls and 30 cases. This power
increases to 81% for the human (22 controls and 26 cases) and 82% in CSDS (11 controls, 11 susceptibles and
11 resilients) cohorts, respectively. Finally, we have a power of 87% to detect DEGs in the CVS (20 controls and
20 cases) cohort. Thus, we have sufficient and similar power to detect DEGs even with variations in sample size

across our cohorts.
Bioinformatics Analyses
Data processing

Human and mouse cohorts were processed the same way. Reads for the human data were aligned to the
GENCODE release 29 (GRCh38.p12) of the human genome while the mouse (CVS, S| and CSDS) data were
mapped to the GENCODE release M21 (GRCm38.p6) annotation using STAR and TopHat. Data sets from every
cohort were mapped using the comprehensive gene annotation on the reference chromosome only. We first
removed samples from each cohort with excessively low total mapping rates and high ribosomal RNA contents.
In humans, all samples passed quality control thresholds with the exception of 1 control and 1 MDD in BA25 and
1 control in the NAc. In the mouse cohorts, 4 samples (3 CVS in the mPFC, 1 CVS mouse in the NAc) were
removed in CVS, while 6 samples (4 Sl in the mPFC, 1 control and 1 Sl in the NAc) were taken off in SI, and 1
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sample (1 susceptible in the NAc) was excluded in the CSDS cohort. Reads for each dataset were counted
using HTSeq. A gene was considered the union of all its exons in any known isoforms, based on GENCODE
annotations. Any reads that fell in multiple genes were excluded from the analysis. Threshold for filtering out
genes expressed at low level was set to >5 reads in at least 80% of the samples as previously described(Akula
etal., 2014).

Gene orthology

All bicinformatics analyses, including differential expression and gene network analyses, have been performed
on human-mouse orthologous genes. Gene orthologues were identified using BioMart implemented in R. We
restricted our gene orthologue selection to genes with a one to one interspecies conservation for maximal

interspecies orthology, leaving a total of 9888 common genes in both species.

In order to determine the proportion of genes differentially expressed in each of the four cohorts captured by
gene orthologues, we performed differential expression analysis on each cohort and compared DEGs identified
from the whole transcriptome and orthologues only analyses. Overall, our results show that the orthologues only
analysis captures between 42% to 75% of the transcriptional changes identified using the whole transcriptome
in human and mouse (Supplemental Table 5). This suggests that a significant proportion of genes differentially
expressed in MDD are also differentially expressed in stress while showing that stress alters the activity of
transcriptional programs specific to human and mouse independently which is one limitation of our study. On
the other hand, our analysis also shows that 93% to 99% of DEGs identified using the orthologues only are also
differentially expressed in the analysis using the whole transcriptome confirming the validity of our approach in

identifying genes differentially expressed in both species (Supplemental Table 5).
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Supplemental Table 5. Whole transcriptome to orthologues only transcriptional overlap

DEG DEG DEG DEG Unique DEG Unique % over % over
All Genome  Orthologues Overlap All genome Orthologues all genome orthologues
Human 779 344 323 456 21 415 93.9
CVS 2376 1806 1769 607 37 74.5 98.0
mPFC Sl 2699 1979 1949 750 30 72.2 98.5
CSDS sus 556 383 368 188 15 66.2 96.1
CSDSres 1346 1005 964 382 41 71.6 95.9
Human 2018 1280 1195 823 85 59.2 93.4
CVS 2603 1909 1882 721 27 72.3 98.6
Nac SI 3190 2423 2398 792 25 75.2 99.0
CSDS sus 560 347 335 225 12 59.8 96.5
CSDSres 1276 939 913 363 26 71.6 97.2

Differential gene expression analysis.

Differentially expressed genes (DEGs) between groups of samples were determined in several stages to ensure
both statistical significance and biological relevance. In the first stage, linear models implemented in the limma
package(Smyth, 2005) of Bioconductor were used to compute the variance of gene expression across all groups.
Gene expression was transformed and normalized using voom in the limma package. DEGs in all four cohorts
were assessed through generalized linear models implemented in limma using phenotype (human: MDD and
control, CVS and SI: stressed and control; CSDS: susceptible, resilient and control) as main factor. An individual
gene was called differentially expressed if the P-value of its t-statistic was at most 0.05. DEGs in every brain
region were assessed through different GLMs. Our statistical models were adjusted to control for the impact of
different covariates in every brain regions as listed in Table 1. These variables were selected for adjustment
based on a combination of domain knowledge and variance analysis of the RNA-seq data. Eigen-R2(L. S. Chen

& Storey, 2008) was used to estimate the amount of variance in RNA-seq data explained by each covariable in
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every cohort. The estimate for each variable is similar to taking the average of the correlations between the
variable and the expression values for each gene. Correlation averages are vulnerable to technical artifacts such
as stochastic noise for genes with little or no expression; Eigen-R2 uses principal component analysis to reduce
the contributions of these and other problematic genes. In the human cohort, our statistical approach allowed us
to generate a comprehensive evaluation of gene expression changes in MDD cases relative to controls, while
controlling for the effects of major covariates. While covariates in the mouse cohorts were much less defined,

the same approach allowed us to control for the effect of sex in CVS and RNA integrity in every cohort.
Rank-rank hypergeometric overlap (RRHO) analysis

The rank-rank hypergeometric overlap (RRHO) test(Plaisier et al., 2010; Stein et al., 2014) was used to evaluate
degree of overlap in gene signatures between human MDD and each of the mouse models for both brain regions.
RRHO difference maps were produced by calculating for each pixel the normal approximation of difference in
log odds ratio and standard error of overlap with expression data in the gene orthologues list (z score). This z
score was then converted to a P-value and corrected for multiple comparisons across pixels. For display, the P-

value was multiplied by the sign of the effect to show both stronger and weaker matching between gene lists.
Gene ontology (GO) and ontological overlap analysis

Enrichment for functional terms in DEGs in human MDD and stressed mice from each of the mouse cohorts was
performed using DAVID(Huang da et al., 2009). We restricted our analysis to the genes differentially expressed
at p<0.05 using biological process, cellular component and molecular function of the GOTERM seed terms with
orthologous genes as background list. Interspecies conservation of GO terms was performed by comparing GO
terms from both species. First, GO categories enriched for genes differentially expressed (P<0.05) were
identified in every brain region. Next, enriched GO categories were compared across species, and only terms

being significantly enriched for DEG in both species were considered overlapping.
Cell type-specific gene enrichment

The assessment of module enrichment for genes expressed in specific cell types was performed using a
published RNAseq dataset(Y. Zhang et al., 2014). We focused our analysis on neuronal, astrocytic, myelinating
oligodendrocytes, microglial and endothelial cell types. We first excluded all genes with no human orthologues
and filtered out genes expressed at values below 1 FPKM. We then created sublists for genes expressed at
least 5 times more in one cell type vs the average of the other cells type and used two-sided Fisher’s exact tests

to quantify the significance of the enrichment with significance fixed at pa<0.05 and OR>2.0.

Weighted gene co-expression network analysis
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We calculated gene networks in each cohort using weighted gene coexpression network analysis
(WGCNA)(Horvath, 2011; B. Zhang & Horvath, 2005b) to identify coexpressed gene modules using RNA-seq
expression data that were first normalized by conditional quantile normalization and corrected for the same
variables applied in the differential expression analysis. We constructed brain region-specific coexpression
networks that simultaneously captured the intra- and inter-tissue gene-gene interactions between the MDD and
healthy controls in humans and stressed and control mice in every mouse models. The weighted network
analysis began with a matrix of the Pearson correlations between all gene pairs; we then converted the
correlation matrix into an unsigned adjacency matrix using a power function, so that the resulting adjacency
matrix—i.e., the weighted coexpression network—is approximately scale-free. To explore the modular structures
of the coexpression network, the adjacency matrix was further transformed into a topological overlap matrix(B.
Zhang & Horvath, 2005b). To identify modules of highly co-regulated genes, we used average linkage
hierarchical clustering to group genes based on the topological overlap of their connectivity, followed by a
dynamic cut-tree algorithm to separate clustering dendrogram branches into gene modules. Each module was
assigned a unique (and arbitrary) color identifier. We used DAVID(Huang da et al., 2009) to assess the functional

annotation (GO) for each module, and we report P-values as provided by DAVID.
Interspecies gene network conservation

We tested conservation of brain region-specific human modules with every mouse models by analyzing overlap
of module membership. Fisher's exact tests (two-sided) were used to quantify significant (Pa<0.05) overlap and
enrichment (odd ratio>1.0, >2.0, >3.0 and >5.0). All analyses have been performed on the gene networks
showing significant enrichment at pa¢<0.05 with a OR>3.0. The human modules that show significant overlap
with a module in each mouse models were considered conserved, while the others were considered species-

specific.
Interspecies gene networks phenotypic association

We evaluated modules relevant to phenotypes by performing two different analyses. The first was a network-
level analysis for which we started by calculating eigengene values for each module in human and each of the
mouse cohorts. The module eigengene of a given module is defined as the first principal component of its
standardized expression profile and, as such, is considered the best summary of a module
expression(Foroushani et al., 2017; Horvath & Dong, 2008). We associated module eigengene expression with
phenotype status. In the human, CVS and Sl cohorts, the statistical significance of the modular eigengene values
was computed through independent sample t-test to compare eigengene expression in cases (MDD in humans
and stress in mouse) with its expression in controls. Given the three phenotypes design of the CSDS mouse

models, module association with phenotype was tested using one-way ANOVA, with phenotype (control,
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susceptible and resilient) as main factor, followed by Fisher LSD post-hoc tests. In a separate set of analyses,
we used two-way ANOVA to assess the impact of sex on module association with phenotype in MDD and CVS,
with sex (male and female) and phenotype (MDD and control in humans; stress and control in CVS) as main
factors, followed by Fisher LSD post-hoc tests. In our initial assessment phase, significance was fixed at p<0.05.
However, given our results from the mPFC show that the strongest gene network associations with MDD are
sexually dimorphic and our Sl and CSDS cohorts are composed of male mice uniquely, we decided to compare
interspecies networks by investigating networks associated with the disease state at a more permissive p-value
(p<0.2). Our second strategy was to assess module relevance to phenotypes, by calculating module
overrepresentation for DEG calculated in the respective cohort. Module enrichment for DEG was calculated
using Fisher's exact test. Modular enrichment and subsequent relevance to phenotype was considered

significant at Pa<0.05 with an odd ratio>2.
Key driver analysis

We called hub genes for every gene networks using connectivity measures generated from the WGCNA
analysis. Hub genes were defined as the top 5% most connected genes based on K.In values generated from
the WGCNA correlation matrices. Interspecies hub gene conservation was determined by recalculating
connectivity measures (K.In) for each mouse models using only genes found in respective human gene

networks. Connectivity values (k.in) were then ranked and compared to human connectivity values.
Statistical approach strengths and weaknesses

By combining all analytical approaches described above, our strategy provides a more complete view of the
transcriptional overlaps between human MDD and all three mouse models. Indeed, differential expression, gene
ontology overlap, RRHO and WGCNA analyses each capture partly overlapping modes of transcriptional
regulation. On one hand, differential expression analysis uses variance in gene expression to identify
directionality of genes differentially expressed in one condition over another (i.e. MDD vs CTRL). However, this
approach, by itself, is prone to type 1 and 2 errors and is restricted by stringent statistical cutoffs. RRHO analysis
ranks genes by their differential expression patterns to test the transcriptional overlaps between two conditions
(i.e. MDD vs CTRL). This method is not restricted to stringent statistic thresholds but is more informative on
global transcriptional patterns than identifying single gene targets. Similarly, gene ontology analysis has the
advantage to identify gene ontology terms enriched for genes differentially expressed between two conditions
(MDD vs CTRL) and compare these terms across different datasets (i.e. human vs mouse). Thus, common
ontological terms can come up in different conditions even if the same genes are not differentially expressed.
However, this approach relies on differential expression and ontological terms are defined from curated public

datasets as opposed to data driven approaches such as gene network analyses. WGCNA is a data driven
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approach to create biological gene networks based on pairwise correlations between genes. Applied in our
context, it allows to define gene modules and intra-modular hub genes. It has the advantage to be well suited
for the integration of different levels of analysis such as differential expression data. All together, the combination
of every levels of analysis used in our study provides a more compete view of the complex transcriptional
overlaps taking place between human MDD gene expression profiles and those from three mouse models of

chronic stress in the brain.

Statistical analyses. Sample size calculation was not performed. However, we justified every experiment
sample size based on several previously published reports using similar or even smaller sample sizes and
showing the power to detect significant statistical differences. RNA-seq gene expression data for differential
expression was normalized. The human RNAseq cohort was originally composed of 48 subjects (26 MDD; 22
controls (CTRLs)). The CVS cohort was composed of 40 mice (20 stressed, 20 control). RNAseq from S| was
generated from a total of 45 mice (30 Sl and 15 CTRL) and the CSDS cohort was originally composed of 33
samples (11 susceptible, 11 resilient and 11 control). RNA-seq and RRHO statistical methods are described
above. Differential expression was not corrected for multiple testing. RRHO analysis was corrected using the
Benjamini-Hochberg method. Bonferroni correction was used to correct for multiple testing when several Fisher’s
exact tests were performed simultaneously. The same samples used for differential expression analysis were
included in the network analysis, the statistical methods for which are described above. Network analyses,
including network construction, module conservation and module differential expression enrichment were

adjusted for multiple testing while modular eigengene calculation and GO enrichment were not.
Code availability. Major network analysis tools are available as R packages at CRAN (http://cran.r-project.org/).

Data availability. Sequencing data and source files are available on NCBI GEO website.
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Results

To identify converging MDD-relevant transcriptional pathways in mPFC and NAc in three mouse chronic stress
models, we used publicly available human MDD (Labonte et al., 2017b) and mouse CVS(Labonte et al., 2017b)
and CSDS(Bagot et al., 2016) datasets, and generated RNAseq profiles for these brain regions in mice after
prolonged Sl in adulthood (J. Liu et al., 2012; Wallace et al., 2009). We then systematically compared
transcriptional profiles associated with each mouse model to human MDD (Figure 1). Details of the human and

mouse cohorts are listed in Table 1.

Table 1. Human and mouse cohorts’ demographics

MDD (n=26)  Control (n=22)

Age 452 +17.0 48.1+17.0

pH 6.66 + 0.25 6.56 +0.29

PMI 27.2+16.5 271.0+227

Sex (M/F) 13/13 13/9

RIN BA25 6.42 £ 0.90 6.7 £0.94

RIN NAc 7.83+0.75 7.35+1.03

Smokin

(NAINo/gModeratelHeavy) 8/611/11 6/6/0/8

Alcohol 4 1

Drug of abuse 0 1

Antidepressant 14 2*

Mouse CVS CVS (n=20)  Control (n=20)

Sex (M/F) 10/10 10/10

RIN mPFC 8.76 + 0.40 8.91+0.36

RIN NAc 9.14 £ 0.24 9.15+0.32

Mouse SI Control (n=15)

Sex (M/F) 30/0 15/0

RIN mPFC 8.87 £0.19 9.0+0.18

RIN NAc 9.29 +0.21 9.39£0.13

Mouse CSDS Susceptible Resilient Control
(n=11) (n=11) (n=11)

Sex (M/F) 11/0 11/0 11/0

RIN mPFC 8.46 + 0.30 8.39+0.34 8.56+0.26

RIN NAc 8.62 +0.23 855+0.17 8.90+0.28

Values are mean 6 SD except where indicated, *Prescribed for sleep disorders. BA, Brodmann area; CSDS,

chronic social defeat stress; CVS, chronic variable stress; MDD, major depressive disorder; mPFC, medial
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prefrontal cortex; NA, no available information; NAc, nucleus accumbens; RIN, RNA integrity number; S, social

isolation.
PF
CSDS mEFC
Human
MDD Differential Gene g%
Expression Network
Analysis Analysis NAc
o ) ,"}, 5
O o 3 278 publicly
mPFC  Nac m L, SR ___ available
: )59 OS%; o <.~ RNAseq
Publicly % % & | W% 80 ovs
available = Qo ) &%y
RNAsqu OO on o° .
mim e 5

Interspecies Transcriptional Analysis

O « Differential Expression + Conservation Analysis
« Gene Ontology « Phenotype Association
« Rank Analysis » Hub Calling

Model-Specific Conservation
of MDD Transcriptional Signatures

Figure 1. Interspecies assessment of transcriptional signatures in MDD and CSV, Sl and CSDS in mice.
Publically available RNAseq data were obtained from cohorts of human major depressive disorder (MDD) and
three mouse models of depressive-like behavior. These mouse models included the chronic variable stress
(CVS), prolonged social isolation (Sl) and chronic social defeat stress (CSDS) paradigms. Differential expression
and weighted gene coexpression network analyses (WGCNA) were performed on each cohort by brain regions,
including the medial prefrontal cortex (mPFC) and nucleus accumbens (NAc). Results from these analyses were
combined and consistently compared across species. With these dataset, additional analyses including gene
ontology overlap, hypergeometric rank, interspecies network conservation, phenotype association and hub
calling analyses were performed. The final results allowed to catalogue the capacity of each mouse models to

reproduce the transcriptional signatures relevant to MDD across different regions of the human brain.

Shared transcriptional regulation revealed by differential expression analysis

We first identified 9,888 interspecies gene orthologues that are expressed in mPFC or NAc of both humans and

mice. All subsequent analyses were performed on this gene set. Our analysis identified transcriptional changes
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shared between human MDD and mouse CVS, Sl or CSDS (p<0.05) in both brain regions (Supplemental
Tables 1,2), among which are numerous shared alterations demonstrated previously, such as Dusp4-6, Egr1-2
and Nr4a3(Labonte et al., 2017b) (Figures 2A,D). We also identified transcriptional changes in GABAergic
markers (Sst, Gabra4, others) and transcription factors (Crem, Creb, cFos). Figures 2A,D exhibit the degree
and directionality of differential expression of these genes in mPFC and NAc in CVS, Sl and mice susceptible to
CSDS.

We compared gene ontology (GO) categories enriched for DEGs across species (Supplemental Table 3,4) and
found that alterations of mitochondrial functions are common between human MDD and every mouse model in
both mPFC and NAc (Supplemental Figure 1A,B). MDD-relevant mPFC alterations of metabolic processes,
DNA methylation and translational elongation were uniquely reproduced in CVS, Sl and susceptible CSDS mice,
respectively (Supplemental Figure 1A). In NAc, alterations of histone arginine methylation, immune responses
and regulation of glutamate secretion were common between human MDD and CVS, Sl and susceptible CSDS
mice, respectively (Supplemental Figure 1B). Interestingly, GO terms enriched for DEGs in mPFC and NAc of
mice resilient to CSDS showed better similarity with human MDD than the susceptible mice, with important
differences observed between the susceptible vs resilient phenotypes in both brain regions (Supplemental
Figure 1A,B).
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Supplemental Figure 1. A-B, GO ontology overlap between terms enriched for genes differentially expressed
(p<0.05) in humans with MDD and those enriched with differentially expressed genes (p<0.05) in CVS, Sl and
susceptible or resilient mice to CSDS in the (A) mPFC and (B) NAc. Each models are enriched with similar but

also distinct terms relevant to MDD in humans

Next, we compared DEGs in human MDD with those induced by CVS, Sl or CSDS. Figure 2B shows that 16.9%
of DEGs in mPFC of human MDD are also differentially expressed in mouse mPFC after CVS (58/344; 24
common, 34 opposite), 18.6% following SI (64/344; 39 common, 25 opposite) and 5.2% in CSDS susceptible
mice (18/344; 16 common, 2 opposite). Similarly, in NAc, 20.0% of DEGs in human MDD are also differentially
expressed in mouse NAc after CVS (257/1280; 150 common, 107 opposite), 26.7% following SI (342/1280; 210
common, 132 opposite) and only 2.7% in CSDS susceptible mice (34/1280; 14 common, 20 opposite; Figure
1E). Globally, our analysis identified 3 genes differentially expressed in NAc of human MDD and all three mouse
models (Zranb1 [H: logFC: -0.054; p=0.045, CVS: logFC:0.09; p=0.015, SI: logFC:-0.08; p=3.23E-5, CSDS
susceptible: logFC:0.13; p=0.040)], Copg?2 [H: logFC: -0.13; p=0.001, CVS: logFC: 0.08; p=0.002, SI: logFC=-
0.071; p=0.0037, CSDS susceptible: logFC:-0.13; p=0.025 ], 2410131k1Rik [H: logFC: -0.14; p=6.7E-4, CVS:

42



logFC=0.07; p=0.03, SI: logFC=0.07; p=0.037, CSDS susceptible: logFC: -0.13; p=0.038]). No genes were
commonly differentially expressed across all three models in mPFC. Our analysis also revealed overlap with
human MDD and CSDS resilient mice in mPFC (15.7%; 54/344; 52 common, 2 opposite; Supplemental Figure
2A) and NAc (9.2%; 118/1280; 67 common, 51 opposite; Supplemental Figure 2B).

Because DEG analysis depends upon significance cut-offs and the statistical test used—with widely divergent
DEGs identified by different approaches, we extended our interspecies analysis using an unbiased, threshold-
free rank-rank hypergeometric overlap (RRHO) procedure(Stein et al., 2014). In mPFC, dramatic shared
regulation of genes was observed between human MDD and CSDS susceptible mice, with much weaker shared
regulation observed for Sl and CVS (maximum Fisher's Exact Test [FET] pag<1.0E-742, Figure 2C). A weaker,
but significant signal was found in NAc where coordinated up and downregulation of transcriptional signatures
was found between human MDD and all three mouse models (maximum FET pag<1.0E-742, Figure 2F).
Comparison of human MDD and CSDS resilient mice revealed strong overlap for genes commonly up and
downregulated in mPFC (maximum FET pag<1.0E-742, Supplemental Figure 2C), with weaker concordance

in NAc (Supplemental Figure 2D).

Overall, results from DEG and RRHO analyses show that each chronic stress model recapitulates a significant
subset of gene expression changes seen in mPFC and NAc of human MDD, with DEG analysis showing stronger
effects for Sl and CVS and RRHO analysis showing stronger effects for CSDS. Explanations for this difference
are considered in the Discussion. Another important observation is that the specific genes that comprise the

overlap with human MDD are largely different for each mouse stress model.
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Figure 2. Differential expression analysis reveals gene signatures associated with MDD in humans and
CVS, Sl and CSDS in mice. A, Representative list of genes differentially expressed in the mPFC of human
MDD and mouse models. Colors represent fold changes values with bleu showing genes downregulated and
yellow showing gene upregulated in MDD or stressed conditions compared to controls. The radius of the circles
represents the statistical significance of the differential expression. Blank compartments represent genes being
non significantly differentially expressed (p>0.1). B, CVS (yellow), SI (green) and susceptible mice to CSDS
(red) each reproduce specific transcriptional changes found in the mPFC of human with MDD (blue). Values in
the different portions of the Venn diagram represent the number of genes differentially expressed in common
between humans and each of the mouse models of depressive-like behaviors. C, Unbiased rank-rank
hypergeometric overlap (RRHO) analysis reveals shared transcriptional changes in the mPFC between human
MDD and all three mouse models of depressive-like behaviors. The bar on the right of the plots show levels of
significance for the rank overlap between humans and each of the mouse models with maximum Fisher’s Exact
Test [FET] p<1.0E-742. D, Representative list of genes differentially expressed in the NAc of human MDD and
mouse models. Colors represent fold changes values with bleu showing genes downregulated and yellow
showing gene upregulated in MDD or stressed conditions compared to controls. The radius of the circles
represents the statistical significance of the differential expression. Blank compartments represent genes being
non significantly differentially expressed (p>0.1). E, CVS (yellow), SI (green) and susceptible mice to CSDS
(red) each reproduce specific transcriptional changes found in the NAc of human with MDD (blue). Values in the
different portions of the Venn diagram represent the number of genes differentially expressed in common
between humans and each of the mouse models of depressive-like behaviors. F, Unbiased rank-rank

hypergeometric overlap (RRHO) analysis reveals shared transcriptional changes in the NAc between human
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MDD and all three mouse models of depressive-like behaviors. Similar transcriptional overlap is also observed
across mouse models. The bar on the right of the plots show levels of significance for the rank overlap between

humans and each of the mouse models with maximum Fisher’s Exact Test [FET] p<1.0E-742.

Resilient

(Resilient)

Supplemental Figure 2. A-B, CVS (yellow), SI (green) and resilient mice to CSDS (red) mouse models each
reproduce specific transcriptional changes found in the (A) mPFC and (B) NAc of humans with MDD (blue).
Values in the different portions of the Venn diagram represent the number of genes differentially expressed in
common between humans and each of the mouse models of depressive-like behaviors. C-D, Unbiased rank-
rank hypergeometric overlap (RRHO) analysis reveals shared transcriptional changes in the (C) mPFC and (D)
between human MDD and all three mouse models of depressive-like behaviors. The bar on the right of the plots
show levels of significance for the rank overlap between humans and each of the mouse models with maximum
Fisher’'s Exact Test [FET] p<1.0E-742.
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Shared transcriptional regulation revealed by gene network analyses

Recent work in mouse and human has revealed the value of going beyond differential expression analysis to
characterizing gene networks, which reveal distinct but equally important transcriptional insight(Bagot et al.,
2016; Horvath, 2011; Labonte et al., 2017b; B. Zhang & Horvath, 2005b). To determine the conservation of gene
networks in human MDD and mouse stress models, we constructed brain region-specific co-expression gene
networks for human MDD and mouse CVS, Sl and CSDS. We identified 26, 58, 46 and 25 mPFC gene networks,
and 39, 29, 31 and 42 NAc gene networks, in MDD, CVS, Sl and CSDS, respectively. Each of these gene
networks was given an arbitrary color name and was attributed a functional term based on their constituent

genes.

Next, we calculated module conservation between the human and mouse cohorts by directly comparing the
genes contained within each module. To avoid artifactual overlap due to module size, we first tested different
odds ratio thresholds (OR>1.0, >2.0, >3.0 and >5.0) on gene networks showing significant interspecies
enrichment (pag<0.05; Supplemental Figure 3). In mPFC, we found that the proportion of overlap between
human and each of the mouse models does not vary much with increasing OR thresholds: the proportion of
human modules being conserved in one, two or every mouse model varied from 92% at OR>1 to 77% with
OR>5.0. In contrast, in NAc, this proportion went from 85% at OR>1.0 down to 36% at OR>5.0. This suggests
that, while a significant number of human gene networks in mPFC and NAc are conserved in mice, those from

mPFC are better conserved.
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Supplemental Figure 3. Human-mouse interspecies module conservation in the mPFC (A) and in the NAc (B).
Enrichment was performed on module membership by brain region with p.<0.05 at increasing odd ratios (OR<1;
OR<2; OR>3; OR>5). Pie plots are depicting the % of human modules conserved in each of the mouse models.
Color legend is shown at the bottom of the figure. CVS: chronic variable stress, Sl: social isolation, CSDS chronic

social defeat stress.

Based on this analysis, we used an OR>3.0 for further analyses. At this threshold, 81% of human gene networks
in mPFC are conserved in at least one of the mouse models (FET pag< 0.05; OR>3.0), with 27% of the human
networks conserved in all three mouse models (Figure 3A). More specifically, 69% of human networks are
conserved in CVS and 54% in both Sl and CSDS (Figure 3A). In NAc, 69% of human networks are conserved
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in at least one of the three mouse models (FET pagi< 0.05; OR>3.0), and 18% are conserved in all three mouse
models, with 31% of human networks conserved in CVS and 49% and 46% preserved in Sl and CSDS,
respectively (Figure 3B). GO terms associated with these shared modules in mPFC and NAc are shown in
Figure 3. Together, these results show that CVS, S| and CSDS each reproduces common but also unique

transcriptional features of gene networks in human MDD.
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Figure 3. CVS, Sl and CSDS reproduce the transcriptional structure of gene network in human brain.
Human-mouse interspecies module conservation in the mPFC (A) and in the NAc (B). Enrichment was
performed on module membership by brain region with padj<0.05 at odd ratio (OR)>3. Pie charts are depicting
the % of human modules conserved in each of the mouse models. Color legend is shown at the bottom of the
figure. Besides each section of the pie appear the human modules (colored square) along with their ontological

term. CVS: chronic variable stress, Sl: social isolation, CSDS chronic social defeat stress.
Transcriptional organization of gene networks associated with human MDD and mouse chronic stress

In the previous section, we determined which human gene networks were conserved in each mouse model. We
then extended these analyses by testing whether the preserved genes networks were associated with
“phenotype”: namely, with MDD in humans and with stress exposure in the three mouse models. To determine
which gene networks are most strongly associated with these phenotypes, we integrated our network and DEG
analyses. We started by correlating the first principal component of each gene network (‘module eigengene”)
with phenotype status to determine which networks are most strongly associated with DEGs in both species.
Our analyses revealed that seven (4 upregulation; 3 downregulation; Figure 4A) gene networks in mPFC and
20 (5 upregulation; 15 downregulation; Figure 4C) in NAc are associated with MDD, while several gene networks
in both brain regions of each mouse model associated with chronic stress (Supplemental Figures 4, 5 and 6).
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Supplemental Figure 4. Gene networks in the mPFC associate with the expression of stress in CVS, Sl and
CSDS. Bar graphs show significant differences in the module eigengene values between unstressed control and
(A) CVS, (B) Sl and (C) CSDS in the mPFC. Bars represent mean eigengene values with error bars showing
standard error on mean. A,B, * p<0.2, ** p<0.05 for stress vs control. C, £ p<0.2, # p<0.05 susceptible vs control

and* p<0.2, ** p<0.05 resilient vs control.
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Supplemental Figure 5. Gene networks in the NAc associate with the expression of stress in CVS, Sl and

CSDS. Bar graphs show significant differences in the module eigengene values between unstressed control and

(A) CVS, (B) Sl and (C) CSDS in the NAc. Bars represent mean eigengene values with error bars showing

standard error on mean. A,B, * p<0.2, ** p<0.05 for stress vs control. C, ¢ p<0.2, # p<0.05 susceptible vs control

and* p<0.2, ** p<0.05 resilient vs control.
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We next directly compared the capacity of each mouse model to reproduce the associations found in human
MDD. In mPFC, we identified two gene networks associated with human MDD that are also associated with
CVS, while one with SI, two with CVS and SI but none with CSDS susceptible mice (Figure 4A). In NAc, we
identified seven gene networks commonly associated with MDD and Sl, one with CSDS susceptibility, and two
with both Sl and CSDS susceptibility (Figure 4C). GO terms associated with these shared networks are shown

in Figure 4A,C. Similar associations with CSDS resilience are provided in Supplemental Figure 6.

We also assessed the capacity of each mouse model to reproduce the overrepresentation of DEGs in human
gene networks. Our analyses in mPFC show that CVS has a limited capacity to reproduce the enrichment
patterns for DEGs: when combining genes significantly up- and downregulated, CVS reproduced only 15% of
the human enrichment patterns, while 58% were reproduced by Sl and 65% by CSDS susceptible mice (Figure
4B). These patterns did not change when considering genes up- or downregulated uniquely in mPFC, but
increased to 62% for CVS, 77% for Sl and 85% for CSDS susceptible mice when considering only significantly
downregulated genes (Figure 4B). In contrast, our results in NAc suggest that all three chronic stress models
similarly reproduced human DEG enrichment patterns in gene networks: 56% for CVS and 64% for both Sl and
CSDS susceptible mice (Figure 4D).
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Figure 4. The transcriptional organization of gene networks associates with MDD in human and stress
phenotypes in CVS, Sl and CSDS. A, C The proportion of interspecies preserved gene networks associated
with MDD in human and stress in CVS, Sl and CSDS susceptible differs by stress paradigms in the (A) mPFC
and (C) NAc. Values in the Venn diagrams represent the number of gene networks preserved in human and
mouse (padj<0.05; OR>3.0) and associated with MDD and stress (p<0.2) in human (blue) and CVS (yellow), SI
(green) and CSDS susceptible (red). The legends below Venn diagrams in A and C represent the gene network
(colored square) associated with their ontological terms commonly associated with the phenotype in human and

mice. The arrows in the legend indicate directionality of the association in human MDD (up: increased in MDD
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compared to control, down: decreased in MDD vs control) followed by directionality of the association in
respective mouse models. Human, CVS, Sl and CSDS susceptible indications at the end of each network line
represent whether each networks are conserved (based on module membership) in CVS, Sl or CSDS or not
(human only). B,D Heat maps showing the capacity of each mouse model to reproduce patterns of enrichment
of genes differentially expressed in the human gene networks in the (B) mPFC and (D) NAc. Numbers in the
maps show the percentage of human gene networks showing the same enrichment patterns (black: up and
downregulated genes combined, blue: downregulated genes only and yellow upregulated genes only) for genes

differentially expressed in each of the mouse models.
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Supplemental Figure 6. The proportion of interspecies preserved gene networks associated with MDD in
human and stress in CVS, SI and CSDS resilient differs by stress paradigms in the (A) mPFC and (B) NAc.
Values in the Venn diagrams represent the number of gene networks preserved in human and mouse (pag<0.05;
OR>3.0) and associated with MDD and stress (p<0.2) in human (blue) and CVS (yellow), Sl (green) and CSDS
resilient (red). The legends below Venn diagrams in A and B represent the gene network (colored square)
associated with their ontological terms commonly associated with the phenotype in human and mice. The arrows
in the legend indicate directionality of the association in human MDD (up: increased in MDD compared to control,
down: decreased in MDD vs control) followed by directionality of the association in respective mouse models.
Human, CVS, Sl and CSDS resilient indications at the end of each network line represent whether each networks

are conserved (based on module membership) in CVS, Sl or CSDS or not (human only).
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Identification of mouse model-specific hub genes relevant to human MDD

We integrated these analyses to rank each human gene network by their “relevance” based on: a) association
with MDD or stress exposure and b) enrichment of DEGs in human MDD and in each of the three mouse models
for mPFC (Figure 5A) and NAc (Figure 5C). GO terms associated with these shared networks are shown in

these figures.

Next, we calculated and compared hub genes in all human and mouse networks. Hub genes are highly
connected with neighboring genes within a given module and have been shown to be significantly associated
with disease traits in other experimental systems (Bagot et al., 2016; Horvath, 2011; Labonte et al., 2017b; Z.
S. Lorsch, Hamilton, Ramakrishnan, Parise, Wright, et al., 2019; B. Zhang & Horvath, 2005b). In mPFC, we
concentrated our interest on the hYellow gene network (Figure 5B), which is composed of 675 genes out of
which 34 (top 5% most connected genes) are hub genes. This module is involved in the regulation of membrane
potential. ~6% of genes in this module are enriched in oligodendrocytes (pag<2.2E-14; OR>6.0; Supplemental
Figure 7A). hYellow is conserved in every mouse model and is significantly associated with stress in Sl, an
observation consistent with previous findings showing significant alterations of oligodendrocyte structure and
function induced by Slin mice(J. Liu et al., 2012) and with recent postmortem observations in suicide completers
with a history of child abuse(Lutz et al., 2017b; Tanti et al., 2018). hYellow is also enriched for genes significantly
downregulated in human MDD (paq<4.0E-4, OR>1.3), S| (pag<2.4E-12, OR> 1.8) and both CSDS susceptible
(Pagi<5.4E-30, OR>2.6) and CSDS resilient (pag<4.1E-29, OR> 2.5) mice, with no association seen for CVS
(Figure 5A). Our analysis shows that the mouse equivalent of hYellow in CVS shares 172 genes, while Sl and
CSDS equivalent networks share 148 and 39 genes, respectively, with their human counterpart. Our analysis
also shows that human hub genes in hYellow are well conserved in all three mouse models (Figure 5B). For
instance, restricting our analysis to the 5% most highly connected (hub) genes, we found that, out of the 34
human hub genes within the hYellow network, 8 conserved their hub status in CVS, 7 in Sl and 6 in CSDS
(Figure 5C,D). Figure 5E lists conserved hub genes between all human and mouse models. Our analysis shows
that the GRB2-associated-binding protein 1 (Gab1) gene serves as a hub in human and every mouse model

suggesting that it may have similar control over this network activity in both species.

In NAc, we focused our investigation on the hSalmon network (Figure 5F), which is composed of 196 genes (10
hub genes) involved in control of behavior. hSalmon is significantly associated with human MDD and is enriched
for genes significantly downregulated in human MDD (pag<0.005, OR>1.8), CVS (pag<0.05, OR>1.5) and CSDS
susceptible mice (pag<0.05, OR>1.4; Figure 5F). The mouse equivalent of hSalmon in CVS shares 12 genes,

while S| and CSDS mouse equivalent networks share 8 and 26 genes, respectively, with their human
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counterpart. Additionally, out of the 10 hub genes within the hSalmon network, 3 conserved their hub status in
CVS, 2in Sl and 3 in CSDS susceptible mice (Figure 5G-lI). We found Lrrc7, encoding leucine rich repeat

containing 7 protein, as a common hub between humans and all three mouse models (Figure 5J).
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Figure 5. CVS, Sl and CSDS recapitulate the transcriptional organization of gene networks associated
with MDD in human mPFC and NAc. A Circos plots displaying the degree of enrichment for DEGs (p<0.05) in
human gene networks in mPFC. Each slice of the chart represents a gene network. The key for the concentric
circles is shown on the right of the graph. The outermost rectangle is an arbitrary color as the network name,
followed by module “importance” (a composite measure considering the degree of enrichment for DEGs and
association with phenotype in human, CVS, Sl and CSDS susceptible or resilient). The innermost concentric
circles represent the degree to which DEGs in humans and each of the mouse models are contained within a
given module from the mPFC (colors reflect corrected FET pval with key provided to the right of the plot). B
Scatter plot comparing hYellow network gene ranking (connectivity K.In) in humans and each mouse model
(vellow: CVS, green: Sl and red: CSDS). The inner square represents the 20% most connected genes. C Scatter
plot showing the proportion of most highly connected genes in human and each mouse stress model
(enlargement of inner square in B) with the top 5% representing interspecies conserved hub genes in the hYellow
gene network. D Venn diagram depicting the number of hub genes within hYellow preserved in each mouse
model (blue: human, yellow: CVS, green: Sl and red: CSDS). E Table listing hYellow hub genes preserved in
human and each of the mouse models with colors in the table indicating fold change in the expression of each
gene over respective control conditions (scale presented below the table). n.s.: non-significant transcriptional

change. F Circos plots displaying the degree of enrichment for DEGs (p<0.05) in human gene networks in NAc.
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The innermost concentric circles represent the degree to which DEGs in humans and each mouse model are
contained within a given module from the NAc (colors reflect corrected FET pval with key provided to the right
of the plot). G Scatter plot comparing hSalmon network gene ranking (connectivity K.In) in humans and each
mouse model (yellow: CVS, green: Sl and red: CSDS). The inner square represents the 20% most connected
genes. H Scatter plot showing the proportion of most highly connected genes in human and each mouse model
of chronic stress (enlargement of inner square in G) with the top 5% representing interspecies conserved hub
genes in the hSalmon gene network. | Venn diagram depicting the number of hub genes within hSalmon
preserved in each mouse model (blue: human, yellow: CVS, green: Sl and red: CSDS). J Table listing hSalmon
hub genes preserved in human and each of the mouse model with colors in the table indicating fold change in
the expression of each gene over respective control conditions (scale presented below the table). n.s.. non-

significant transcriptional change.
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Supplemental Figure 7. Gene networks in human mPFC and NAc are enriched with genes expressed in specific

cell types. A subset of human gene network in (A) the mPFC and (B) NAc are enriched with genes highly

expressed in neuronal, astrocytic, oligodendrocytic, microglial and endothelial cell types. Heatmaps plot the

adjusted p values of the enrichments with colors representing variations in odd ratio in (A) the human mPFC
and (B) the human NAc.
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Discussion

Dissecting the molecular underpinnings of MDD has relied heavily on the use of rodent stress models, the
validation of which is based on construct, face and predictive validity (Nestler & Hyman, 2010; Willner, 1984).
However, there has recently been increased scrutiny of mouse chronic stress models given the inherent difficulty
of achieving face validity by relating behavioral abnormalities in mice vs. humans (Bale et al., 2019). A major
goal of the present study was to ascertain face validity of mouse chronic stress models at the molecular level
through genome-wide transcriptional analysis which is inherently far more objective than behavioral

comparisons.

Leveraging DEGs and WGCNA, we evaluated the capacity of CVS, Sl and CSDS, three of the most widely used
mouse chronic stress models, to reproduce the transcriptional profiles associated with human MDD in two brain
regions—mPFC and NAc—widely implicated in depression. Our results show that each model efficiently
reproduces common but also unique transcriptional features of the human syndrome. A striking finding is that
each of several bioinformatics approaches identified distinct overlaps between human MDD and the three mouse
stress models in mPFC and NAc. These differences reflect the knowledge that DEGs, RRHO and WGCNA each
captures only partly overlapping modes of transcriptional regulation. Overall, the results of this comprehensive
analytical pipeline suggest that no one mouse model is better than another, consistent with the interpretation
that each model captures a significant portion of the molecular pathology associated with the broad and

heterogeneous human syndrome.

Our analyses culminated with the identification of network hub genes as performed previously for human MDD
(Labonte et al., 2017b) and mouse CSDS and CVS(Bagot et al., 2016; Labonte et al., 2017b; Z. S. Lorsch,
Hamilton, Ramakrishnan, Parise, Wright, et al., 2019). This multilevel integrative analysis allowed us to identify
hub genes for each gene network and evaluate whether these hubs are preserved in each mouse model. We
used this approach to rank gene networks integrating simultaneously their association with human MDD or stress
exposure in mice with DEG patterns across species. In mPFC, we identified hYellow as being involved in the
regulation of membrane potential, including numerous genes enriched in oligodendrocytes. Disruption of white
matter integrity has been associated with MDD(L. Wang, Leonards, Sterzer, & Ebinger, 2014). Recent findings
in human postmortem brain showed impaired myelin-related gene expression and reduced myelin thickness in
the anterior cingulate of suicide completers with childhood abuse(Lutz et al., 2017b). Elevated numbers of
mature oligodendrocytes along with decreased expression of myelin basic protein has also been reported in
mPFC of abused suicide completers(Tanti et al., 2018). Our results show that hYellow is conserved in all three
mouse models and enriched for DEGs in human MDD and Sl and CSDS but not CVS in mice. Interestingly, SI(J.
Liu et al,, 2012) and CSDS(H. Zhang et al., 2016) have been associated with consistent changes in
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oligodendrocytic genes along with loss of myelin integrity in mPFC. Overall, our results are in accordance with
previous findings linking altered oligodendrocytic functions with MDD and provide a transcriptional substrate

through which these alterations in MDD could be reproduced by these mouse stress model.

We successfully identified a series of hub genes consistently preserved in human MDD and each of the three
mouse models. Of particular interest, GAB1 was the only human hub gene in the hYellow network conserved in
all mouse models. Gab1 is known to enhance PI3K/AKT activation and to extend the duration of Ras/MAPK
signalling (Kiyatkin et al., 2006); it is also downregulated by glucocorticoids (Juszczak & Stankiewicz, 2018).
Additionally, PKA activates ERBB2 and its effector GAB1 to elevate Oct6 and Egr2 expression and trigger
myelination(Ghidinelli et al., 2017).

Similarly, in NAc we identified hSalmon as a gene network enriched with genes associated with the GO term
“control of behavior”. We found the Lrrc7 hub gene, which encodes Densin-180, conserved in all mouse models.
Densin-180 is found in postsynaptic densities (PSDs) where it interacts with key synaptic signaling proteins
including a-actinin, CamKlla, shank, maguin-1 and B- and d-catenin(Thalhammer, Trinidad, Burlingame, &
Schoepfer, 2009). Densin-180 controls positioning of CamKlla at the PSD (Strack, Robison, Bass, & Colbran,
2000), and its deletion impairs glutamate receptor-dependent forms of long-term depression and modifies spine
morphology (Carlisle et al., 2011). Thus, by playing central roles in crucial intracellular pathways, Gab1 and Lirc7
likely modulate the expression of adaptive responses to chronic stress, although more work is required to
elucidate their specific contributions in CVS, Sl and CSDS.

Another interesting finding emerging from our study refers to the degree of overlap that Sl shares with CSDS
and, to a lower extent, with CVS, while CVS and CSDS share very few similarities in terms of network association
with human MDD. This may refer to the type of chronic stressors constituting these different paradigms. CVS
uses physical stressors (e.g., foot shocks, tail suspension and tube restraint)(Hodes et al., 2015; Labonte et al.,
2017b), whereas Sl and CSDS rely on psychosocial stressors either social exclusion(J. Liu et al., 2012; Wallace
et al., 2009) or social defeat(Berton et al., 2006; Golden et al., 2011). The molecular similarity between Sl and
CSDS may therefore reflect the involvement of common coping strategies triggered by psychosocial stress. Our
results raise the possibility that each of three chronic stress models might capture a distinct subtype or aspect
of the heterogeneous MDD syndrome. Analysis of much larger human cohorts will be needed to test whether a
given mouse model is associated with a given symptom cluster or historical feature (e.g., early life stress) of
MDD.

Interestingly, our results highlighted a significant level of overlap between human MDD and CSDS resilience.
This overlap could reflect the fact that all organisms mount resilient-related adaptations in an attempt to cope

with stress. Indeed, numerous molecular adaptations induced by chronic stress in mouse have been linked
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causally to behavioral resilience(Bagot et al., 2016; Bagot et al., 2017). Another possibility is that prior
antidepressant medication, although clinically ineffective, may have triggered the activation of resilient-like
molecular programs, as shown before in mice following CSDS(Bagot et al., 2017). While we controlled for the
effect of medication in our human cohort, we cannot exclude the possibility that such treatment may have
induced long-term transcriptional changes. Future work with larger human cohorts is also needed to address

this question.

mPFC and NAc differ considerably at the molecular, cellular, and circuit levels between mouse and human, and
such divergence represents an obvious limitation intrinsic to interspecies comparative studies. This being said,
significant degrees of conservation have also been demonstrated for both brain regions(Defelipe, 2011; Duzel
et al., 2009; Geschwind & Rakic, 2013; Hodge et al., 2019; McCutcheon, Abi-Dargham, & Howes, 2019; Strand
et al., 2007), with significant preservation in processing of rewarding and motivational cues and in the top-down
control of emotions. The high levels of interspecies transcriptional convergence observed in the present study

presumably reflects this conservation.

The transcriptional signatures of MDD exhibit strong sexual dimorphism (Fatma & Labonte, 2019; Labonte et
al., 2017b; Seney et al., 2018). Despite this important fact, we performed our study by controlling statistically for
the effects of sex. Only our human and CVS cohorts included females. This may, unfortunately, limit our
interpretation of the data and may have potentially masked some effects, as we (Labonte et al., 2017b) and
others (Seney et al., 2018) have shown dramatic transcriptional sex differences with several examples of
opposite changes in gene expression seen in males vs. females. The statistical approach we used, controlling
for the main effect of sex in humans and CVS accounted for this effect. SI and CSDS (Harris et al., 2017) can

be performed in females, and it will be interesting in future studies to assess our predictions in the two sexes.

To conclude, by identifying the transcriptional signatures shared between human MDD and CVS, Sl and CSDS
in mice, our analyses provide a framework supporting the use of mouse models for the study of MDD and guide
their selection for studying specific aspects of the syndrome. Clearly none of the mouse models fully
recapitulates MDD nor would they be expected to(Nestler & Hyman, 2010). Rather, they replicate aspects of the
syndrome. This is not an impediment, but instead an opportunity to use these three and presumably other mouse
models to more fully integrate molecular mechanisms of MDD. The approaches used in this study are highly
reliable when associating specific molecular signatures with precise clinical and behavioral assessments in
humans(B. Zhang et al., 2013) and mice(P. Jiang et al., 2015). This enterprise is certainly ambitious, especially
considering the intrinsic limitations associated with postmortem tissue, although studies using peripheral tissue

(e.g., blood) would be worth exploring. Nevertheless, by knowing that transcriptionally speaking CVS, S| and
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CSDS each reproduces certain details of the transcriptional signatures of MDD, future studies can more precisely

associate these transcriptional signatures with specific symptomatic and historical profiles of the syndrome.
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Conclusion

Around three hundred million people worldwide suffer from depression. The burden of this dreadful disorder is
ever increasing (Mena & Benoit, 2019a). In fact, only around 30% of patients who are treated for depression
show complete improvement in their symptoms (Blackburn, 2019; Mena & Benoit, 2019a). Sadly, we are still
stagnant in improving the therapeutic options for this disorder (Bale et al., 2019). Factually speaking, newly
designed drugs display very low success rate and are very prone to failure in clinical trials (Blackburn, 2019).
Consequently, there has been increased questioning recently on the use of animal models in depression as they
display low face validity at the behavioral level as compared to humans (Bale et al., 2019; Planchez, Surget, &
Belzung, 2019). This thesis aims to ascertain face validity of mouse chronic stress models at the molecular level
through genome-wide transcriptional analysis, which is intrinsically far more powerful than subjective behavioral
comparisons. Here, three most commonly used chronic stress mouse models - namely CVS, CSDS and SI-
were used to evaluate transcriptional overlap with human MDD in two brain regions, mPFC and NAc, repeatedly
cited in MDD. Different bicinformatics tools, i.e DEGs, RRHO, WGCNA, GO, conservation analysis, phenotype
association and hub calling, were applied on self generated and publically available RNA-seq datasets of human
MDD and all mouse models of stress. Our results catalogued the capacity of each chronic stress mouse model
to replicate the transcriptional signature of MDD across the two brain regions. We showed that each mouse
model not only recapitulates shared but also exclusive transcriptional landscapes of MDD efficiently. We
presented a large, rigorous and comprehensive analysis of the brain regions of human MDD and mouse models
of stress. Interestingly, all bioinformatics tools, DEGs, RRHO, and WGCNA, yielded unique overlaps between
MDD and the three mouse models of stress. The statistical approach that DEGs (threshold-dependent), RRHO
(threshold-free), and WGCNA (correlated network) use are different. Hence, they capture only a distinct portion
of the transcriptional overlap between MDD and mouse model of stress. Conclusively, no model is better than

the other and each and each mouse models model specific molecular aspects of the human disorder.

Our results show that hYellow module as being conserved in mPFC of all 3 mouse models. Our GO analysis
shows the involvement of this module in the regulation of membrane potential. Also, hYellow was enriched with
numerous oligodendrocytic genes. In this thesis, we efficiently identified a series of hub genes that are
consistently conserved in human MDD and each of the 3 mouse models of stress. We found GAB1 (GRB2-
associated-binding protein 1) of human Yellow network as the only hub gene conserved in all mouse models of
stress in mPFC. Similarly, in NAc we concentrated on hSalmon module, associated with the GO term control of

behavior. We found the Lrrc7 hub gene, which encodes densin-180, conserved in all mouse models.

An important outcome of this thesis is the degree of overlap that Sl shares with CSDS and, to a lower extent,

with CVS, while CVS and CSDS share very few similarities in terms of network association with human MDD.
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Differences in the type of stress used in these paradigms might explain these results. This may be related to the
type of chronic stressors constituting these different paradigms. Surprisingly, we also found a significant overlap

between human MDD and CSDS resilience.

In conclusion, none of the three mouse models of stress examined, completely reproduce the transcriptional
alterations seen in human MDD, nor would they be expected to do so (Nestler & Hyman, 2010). Indeed, the
associated different types of stress in these paradigms mimic different human pathological stressors. These
mouse model of stress, rather, reproduce different subtype and aspects of the human disorder. As a matter of
fact. this is not an impediment but instead an opportunity to appropriately use these 3 mouse models, and
presumably other ones, to more fully integrate molecular mechanisms of MDD. The approaches used in this
study are robust and highly reliable when associating specific molecular signatures with precise clinical and

behavioral assessments in humans (P. Jiang et al., 2015) and mice (P. Jiang et al., 2015).
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General Discussion

MDD is a debilitating condition, which affects a major chunk of our society. Epidemiological statistics of MDD
indicates that we still lack proper therapeutic interventions. One of the important factors responsible for this gap
is the failure of candidate anti-depressants drugs at clinical trials. Consequently, there are doubts in the field that
if these animals model are a reliable tool to study depression. Factually speaking, modeling complete depression
pathology in animals is nearly impossible, primarily due to its heterogeneous etiology and complex inheritance.
Indeed, MDD lacks true genetic models but stress based animal models have been extensively used to study
depression. Although chronic stress is known to induce depressive-like behaviour in animals, it is extremely
important to determine if it induces molecular pathology of human MDD as well. This thesis provides a critical
proof-of-principle necessary to ascertain the face validity of chronic stress animal models at the molecular level.
We ran a deep dig into the transcriptomes of the two species, human and mouse, employing statistical
approaches of different resolutions which provides detailed information starting from single-gene level to its gene
network dynamics. These approaches include differential expression and network analysis which complement
each other and together bring out better transcriptional insights than these do alone. In other words, a
combination of these two tools paints a more complete picture of the complex transcriptional response to stress.
Eventually, this blend gave us a higher degree of freedom to navigate and compare the transcriptome of the two

species.

In this thesis, we used several different bicinformatics approaches to inspect overlaps between human MDD
and the three mouse stress models. We used both threshold-dependent (DEGs) and threshold-free (RRHO)
approaches to compare gene expression of MDD and mouse models of stress. The network approach (WGCNA)
added more rigor to the structure of analysis, by allowing integration of gene significance data (e.g. correlation
between gene expression and MDD or mouse model of stress) and module membership data for identification
of biologically and statistically interesting genes (B. Zhang & Horvath, 2005a). These different analyses capture
different dimensions of big and highly complex datasets. DEGs and RRHO reflect single-dimensional changes-
comparison of expression of ‘a gene’ between different conditions-, while network differential connectivity
presented changes in two-dimensional setting where it captures changes in the correlations between sets of
genes. Differential expression and differential connectivity are very different and are fundamentally independent
metrics but could co-exist (Bagot et al., 2016). We integrated these analyses to rank each human gene network
by its relevance/importance based on phenotype association (MDD or stress exposure) and enrichment of DEGs
in MDD and in each of the 3 mouse models for both brain regions. We related the resultant modules to gene
ontology information to evaluate their biological plausibility. As it is known the modules may correspond to
biological pathways (Langfelder & Horvath, 2007), we focused the analysis on intramodular hub genes (or the

module eigengenes) which are genes highly connected with neighboring genes within a given module. This is
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an excellent biologically driven data reduction strategy for huge and complex datasets like ours (Fuller et al.,
2007). Hub genes have been reported to be significantly linked with the other clinical outcomes in different
studies (Fu, Zhou, Zhang, Wang, & Wang, 2019; Mosca et al., 2017; B. Zhang et al., 2013). Identification of
network hub genes has been performed previously for human MDD (Bagot et al., 2016) and mouse CSDS and
CVS (Bagot et al., 2016; Labonte et al., 2017a; Z. S. Lorsch, Hamilton, Ramakrishnan, Parise, Salery, et al.,
2019). In our study, we performed a very sophisticated multilevel integrative analysis which allowed us to identify
hub genes for each gene network related to human MDD and evaluate whether these hub genes are preserved

in each mouse model.

Our results show that hYellow module is conserved in mPFC of all 3 mouse models. Our GO analysis shows
the involvement of this module in the regulation of membrane potential. Also, hYellow was enriched with
numerous oligodendrocytic genes. Interestingly, MDD has been linked with altered white matter integrity (Boda,
2019; L. Wang et al., 2014). In fact, oligodendrocyte involvement in mood regulatory mechanisms has been
long-anticipated (Edgar & Sibille, 2012). For instance, GRs are expressed in mature oligodendrocytes as well
as their progenitors and are involved in the promotion of myelination (Cheng & de Vellis, 2000; Matsusue, Horii-
Hayashi, Kirita, & Nishi, 2014). Also, GRs on activation affects oligodendrocytes and their progenitors
morphology and proliferation rates via downstream intracellular pathways (Alonso, 2000; Miyata et al., 2011;
Wennstrom, Hellsten, Ekstrand, Lindgren, & Tingstrom, 2006; B. Zhou, Zhu, Ransom, & Tong, 2021). Talking of
neurotrophic theory of depression, BDNF plays vitally important roles in myelination. Also, it is known that BDNF
mimetic agents promote oligodendrocyte-mediated myelination in vitro (A. W. Wong et al., 2014). Among the
many assorted neurotransmitter receptors present in OL lineage cells, glutamate receptors seem to be a little
exclusive as they are sundry and differentially expressed by progenitors and mature OLs. Recently, a study
reported that nerve-glia antigen 2 (NG2) cleavage by an enzyme in OPCs impairs N-methyl-D-aspartate (NMDA)
receptor-dependent long-term potentiation (LTP) in pyramidal neurons of the somatosensory cortex (Sakry et
al., 2014). Moreover, higher glutamate levels in depression could be at least partially explained by alterations in
NMDA and AMPA/kainite receptors of OL which can cause glutamate receptor-induced excitotoxicity and
glutamate overload in OLs. It's worth mentioning that OPC activation-derived GABA release might shape
GABAergic synapses and impact hippocampal excitatory—inhibitory balance in CSDS mice model, although yet
to be confirmed (B. Zhou et al., 2021). Even though the role of purinoceptors in depression is yet to be clearly
understood, there are sound evidence of ATP-gated purinergic receptors, P2X7 receptors (P2X7R), playing an
important role in the pathology of depression. For instance, P2X7Rs in OL lineage cells regulate the release and
uptake of various neurotransmitters such as 5-HT, glutamate, GABA, noradrenaline and nitric oxide in stress
animals as well as in MDD (Verkhratsky, Krishtal, & Burnstock, 2009). Also, over activation of P2X7Rs is
associated with demyelination and cell death of OLs (Matute, 2008; B. Zhou et al., 2021). Moreover, ablation of

P2X7Rs significantly upregulates basal BDNF levels in the CNS which eventually rescues depressive-like
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behavior in mice (Csolle et al., 2013). Interestingly, the two important 5-HT receptors, 5-HT1AR and 5-HT2AR,
are expressed in OL lineage cells. Reports confirmed that myelin-related transcriptional factors are
downregulated on exposure to 5-HT and eventually results in the myelination malformation and injury of OL
lineage cells through 5-HT2AR (Fan et al., 2015; B. Zhou et al., 2021). To add, two DA receptors, D2 and D3,
play an important part in myelin maintenance and are also predominantly expressed in mature OLs and OPCs
during myelin formation (Bongarzone, Howard, Schonmann, & Campagnoni, 1998; Howard et al., 1998; B. Zhou
et al., 2021). Interestingly, D2 receptor ablation (D2R-/-) results in augmented anxiety and depression-like
behaviors in mice and a decrease in myelin levels as well when chronically stressed (Choi et al., 2017; B. Zhou
etal., 2021). Exciting genome-wide findings in human postmortem brain indicate myelin-related gene expression
dysregulation and reduced myelin thickness in the anterior cingulate of suicide completers with childhood abuse
(Lutz et al., 2017a). Also, an increase in numbers of mature oligodendrocytes in conjunction with decreased
myelin basic protein expression has been reported in mPFC of suicide completers with childhood abuse (Tanti
et al., 2018). Most importantly, recently at a single-nucleus transcriptomics level analyses of dIPFC from
postmortem brains of MDD patients, it has been reported that excitatory neurons and immature oligodendrocyte
precursor cells (OPCs) sponsored almost half of all the DEGs found to be relevant to MDD (Nagy et al., 2020).
Additionally, hYellow was also enriched for DEGs in human MDD and in S| and CSDS but not CVS in mice.
Interestingly, SI (J. Liuetal., 2012) and CSDS (H. Zhang et al., 2016) have been linked with significant alterations
in oligodendrocytic genes in conjunction with loss of myelin integrity in mPFC. Overall, our results are in

agreement with previous and recent findings linking altered oligodendrocytic functions with MDD.

Interestingly, GAB1 (GRB2-associated-binding protein 1) was the only human hub gene in the hYellow network
conserved in mPFC of all mouse models of stress. As a matter of fact, phosphorylation of TrkB leads to
recruitment of adaptor proteins including Gab1 which in turn leads to subsequent activation of PI3K/AKT pathway
and extension of the duration of Ras/MAPK signaling (Duman & Voleti, 2012; C. Jiang & Salton, 2013; Kiyatkin
et al., 2006; Marshall et al., 2018). It is also downregulated by glucocorticoids (Juszczak & Stankiewicz, 2018).
Moreover, PKA activates ERBB2 and its effector GAB1 to elevate Oct6 and Egr2 expression and trigger
myelination (Ghidinelli et al., 2017). In addition, a recently published report confirms that Gab1 is crucial to CNS

myelination and oligodendrocyte differentiation (L. Zhou et al., 2020).

Likewise, in NAc we focussed on human Salmon network module. This module is associated with the function
‘control of behavior’. One of its hub genes, Lrrc7 which encodes densin-180, was conserved in all mouse models.
Densin-180 is found in postsynaptic densities, where it interacts with key synaptic signaling proteins, including
a-actinin, CamKlla, shank, maguin-1, and b- and d-catenin (Thalhammer et al., 2009). It controls the positioning
of CamKlla at the postsynaptic density (Strack et al., 2000), and its deletion impairs glutamate receptor—

dependent forms of long-term depression and modifies spine morphology (Carlisle et al., 2011). Also, densin-
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180 has been recently reported to control trafficking and signaling of L-type voltage-gated Ca2+ channels
(Cay1.2), associated with MDD risk, at excitatory synapses (S. Wang et al., 2017). Thus, with central roles in
crucial intracellular pathways and working around key MDD-risk-potential molecules, Gab1 and Lirc7 are likely
to regulate the expression of adaptive responses to chronic stress, although more work is required to elucidate
their specific contributions in CVS, SI, and CSDS.

All the other modules mentioned in mPFC and NAc are also important as they are also common between human
and all mice models. They are fairly associated with the phenotypes and contain a significantly high degree of
DEGs. For example, ‘blue’ module which is associated with the GO term ‘synapse’, ‘brown’ with ‘mitochondrion’,
‘midnightblue’ with regulation of transcription, etc. in mPFC; and ‘brown’ associated with ‘nucleotide binding’,
‘pink’ with ‘synapse’, ‘darkorange’ with ‘mitochondrion’, etc, in NAc. Unfortunately, this thesis could not cover
them all but it would be something interesting to explore in the future. Also, in future designing therapeutic
interventions to target these gene networks subsets rather than simply modulating DEGs may be critical to

generate more effective treatments (Bagot et al., 2016; Schrattenholz, Groebe, & Soskic, 2010).

Mitochondria are known to be one of the first organelles to react to stressors (Klinedinst and Regenold 2014).
They are involved in a variety of metabolic pathways- ATP production, calcium homeostasis, maintaining the
levels of ROS, activation of some signalling cascades and regulation of apoptosis. Our results indicate
mitochondrial dysfunction as a commonly associated term between human MDD and every mouse model in
both mPFC and NAc. During a stressful event, as the energy demand surges up, an increased number of
mitochondria are recruited and their volume increases. This demand is met by the utilization of stored energy
substrates like glucose, fatty acids and amino acids. Also, mitochondria crosstalk with several signalling
pathways, like mitogen-activated protein kinase (MAPK), to help meet energy demands in the advent of stress.
Indeed, some of the vegetative symptoms of MDD associated with energy metabolism like weight changes,
fatigue, psychomotor retardation, etc. might be related to mitochondrial dysfunction. Interestingly, GRs are
expressed in mitochondria in several cell types including brain cells (Demonacos, Djordjevic-Markovic,
Tsawdaroglou, & Sekeris, 1995; Hunter et al., 2016). In fact, prolonged exposure to GCs leads to mitochondrial
structural and functional abnormalities. Additionally, mitochondrial dysfunction is thought to be associated with
the impairment of neural network and cellular resilience. In fact, mitochondria dysfunction can alter the potential
of neuronal plasticity at the axonal synapses and dendritic spines (Bansal & Kuhad, 2016). Inhibition of
mitochondrial complexes |, lll and IV were seen in the cerebral cortex and cerebellum of chronically stressed
rats, which could be rescued by the administration of N-methyl-D-aspartate (NMDA) antagonist, ketamine.
Moreover, MAOs are bound to the outer membrane of mitochondria and irreversible MAO inhibitor, L-deprenyl,
inhibits state 3 respiration. Norepinephrine B2 receptor agonist, formoterol, showed upregulated FCCP-

uncoupled oxygen consumption rate, mtDNA copy number and expression of peroxisome proliferator-activated
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receptor y coactivator 1a (PGC-1a) and multiple mitochondrial genes in mice (Bansal & Kuhad, 2016). In the
same vein, establishment of mitochondrial biogenesis was observed with agonists for 5-HT receptors 5-HT1F
and 5-HT2 (Bansal & Kuhad, 2016). Furthermore, mitochondria are finely associated with neuroplasticity and
neurotrophic factors. For instance, one of the ways through which BDNF establishes its neuroprotective effects
is significantly increasing the efficiency of respiratory coupling through (MEK) kinase pathway (Markham, Bains,
Franklin, & Spedding, 2014). This effect is reversed by rotenone which is a mitochondrial complex | inhibitor.
Finally, CREB, found in the mitochondrial matrix of neurons, binds directly to cyclic AMP response elements
(CREs) found within the mitochondrial genome (Bansal & Kuhad, 2016).

Although, it is evident that we cannot fully model complex disorders like depression in animals, but they are
certainly reflective of important phenotypes relevant to the disorder (Bale et al., 2019). Take behavior as an
example, animal models of chronic stress present anhedonia — a key feature of human depression whereas
human symptoms like feelings of excessive guilt are not apparent. Additionally, different chronic stress models
present some uniqueness in parallel to the common features. For example, CVS, Sl and CSDS, mouse models
induce anxiety-like responses & anhedonia, but CSDS uniquely induces social avoidance. Not just behavior,
these stress models also present distinctive physiological consequences like neuroendocrine and immunological
outcomes of stress. This implies obvious molecular differences between these stress models. Consistent with
this implication, our results revealed that every mouse model captures a subset of molecular changes relevant
to human MDD. This also answers a very important question ‘which model best represents the human
syndrome’. According to our results, no one model is better than the other and each of the three mouse models
reproduces a significant portion of the molecular alterations of human MDD. Every model of chronic stress
employed, reflect unique human MDD relevant transcriptional landscapes along with the common signatures.
This implies every model holds special importance as a tool to study specific aspects of the human syndrome.
Furthermore, our results show Sl shares significant overlap with CSDS and, with a lesser magnitude with CVS,
while CVS and CSDS share very few similarities in terms of network association with human MDD. The
difference in the type of stress paradigms employed in these models may explain these observations. As a
matter of fact, CSDS and Sl are psychosocial stress whereas CVS is a physical stressor. Consequently, same
type of stress may ping similar coping strategies which might reflect molecularly (Sapolsky, 2015). As a matter
of fact, neural correlates of stress processing is strongly dependent on stressor type. Physical stress is reported
to trigger a more motoric-sensoric fight-or-flight response while psychosocial stress is shown to challenge more
emotion regulation, goal-directed behavior and reward processing (Kogler et al., 2015; L. Liu et al., 2018). There
are other studies that highlighted the difference between the two types of stress. For instance, Kavushansky et
al. confirmed that the hormonal response profile and the expression of plasticity-related genes in the
hippocampus differ in response to physical stress and psychosocial stress (Kavushansky, Ben-Shachar, Richter-

Levin, & Klein, 2009). Also, changes in hippocampal concentrations of extracellular zinc, a signaling molecule
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in synaptic neuro-transmission, vary between physical and psychological stress (Takeda, Sakurada, Kanno,
Minami, & Oku, 2006). Moreover, metabolic profiling of hippocampus shows that physical stress is mainly
associated with lipid metabolism and glutamate metabolism while psychosocial stress is linked with cell
signaling, cellular proliferation, and neurodevelopment (Kogler et al., 2015; L. Liu et al., 2018). Altogether,
different stressors can root diversified and even opposite stress responses. This being said that they do have
common trajectories. For instance, an imaging study comparing physical and psychosocial reported these
stressors do share activation patterns along with the functional heterogeneity (Kogler et al., 2015). For future,
these findings can be further validated with other psychosocial stress paradigms like crowding, social instability,

etc. and physical stress paradigms like CUMS, learned helplessness, etc.

Interestingly, we found a significant overlap between human MDD and CSDS resilience. It's important to revisit
what is resilience in order to understand these results better. Resilience is not simply the absence of
susceptibility, but an active homeostatic coping response to stress. The concept of resilience is difficult to define
since it covers many divergent behavioral phenotypes. However, resilience refers to the ability of an individual
to protect themselves from the negative social, psychological, and biological effects of stress conditions that
would otherwise compromise their physical or psychological functioning. The resilience capacity comes not only
from the mere absence of key molecular abnormalities of susceptible animals (passive resilience), but also from
the presence of novel molecular adaptations which occur in resilient individuals to help promote normal
behavioral function (active resilience) (Z. S. Lorsch, Hamilton, Ramakrishnan, Parise, Salery, et al., 2019).
Similarly, in animal models, resilient animals are not totally devoid of symptoms and, in fact, exhibit some
important behavioral adaptations that appear maladaptive, but they exhibit clear resistance to many other
maladaptive sequelae of the chronic social stress. In fact, various molecular adaptations induced by chronic
stress in mice have been causally linked to behavioral resilience (Bagot et al., 2016; Bagot et al., 2017). This
might explain our results as all organisms undergo resilience-related adaptations in an attempt to cope with
stress. Resilience is also linked with several important aspects of life like demographical, cultural and socio-
economic factors. Socio-economic status is an interesting research topic and has been conceived as “a broad
concept that refers to the placement of persons, families, households, and census tracts or other aggregates
with respect to the capacity to consume goods that are valued in society” (Miech & Hauser, 2001; Stepleman
L.M., 2009). In fact, low position in the social (and economic/resource) hierarchy has been suggested to be
stressful across a wide range of species, eg non-human primates (Beery & Kaufer, 2015; Sapolsky, 2005, 2015;
Sapolsky & Ray, 1989; Shively & Day, 2015; Virgin & Sapolsky, 1997), humans, etc. Interestingly, subjective
perception of socioeconomic status appears to be an even more powerful stressor than objective socio-
economic status itself (Beery & Kaufer, 2015; Siegrist & Marmot, 2004; Singh-Manoux, Marmot, & Adler, 2005).
Excitingly, several studies have revealed that low status is not potentially always stressful. It is partly dependent

on species-specific life-history traits. For instance, subordinate status is most stressful in species with dictatorial
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or despotic hierarchies, and may not be a stressor in democratic or egalitarian hierarchies. Similarly, high status
is more stressful in cultures where dominance has high competition and must be continuously defended than in
stable social hierarchies (Sapolsky, 2005). In fact, a study on primates found that subordinates had higher basal
CORT levels only when they are exposed to higher rates of stressors due to subordinate status, and when
subordinate status gave them few opportunities for social contact (Abbott et al., 2003). In naked mole rats, a
highly social rodent, except a few all animals of the colony are reproductively suppressed subordinates which
are related to breeders but do not have CORT levels higher than the breeders (Beery & Kaufer, 2015). While it
is not yet clear how stress relates to status in this species, social subordination must be considered in the context
of how it affects the individuals involved. Another possible explanation for the overlap seen between CSDS
resilience and MDD is that prior antidepressant medication, though clinically ineffective, may have triggered the
activation of resilient-like molecular programs, as shown before in mice following CSDS (Bagot et al., 2017).
Although, the effect of medication was controlled for in our human cohort, we cannot ignore the possibility that
such treatment may have induced long-term transcriptional alterations. Though, this needs to be tested with

much larger human cohorts.

ELS seems to be another attractive animal model for the extension of the work presented here. In humans, the
phenomenon of resilience has been shown to be a common consequence of adversity in both children and
adults (Masten, 2001; Russo et al., 2012). Remarkably, children display significant resilience across a range of
negative environmental stressors (Masten, 2001). “Stress inoculation” has been shown to be beneficial in various
animals (Russo et al., 2012). For instance, infant rats exposed to intermittent foot shocks subsequently respond
more effectively when confronted with novel situations compared to their non—stressed counterparts (Levine,
1962). Subsequent work on brief intermittent mother—offspring separations in squirrel monkeys at 17 weeks of
age has confirmed that after 10 separation sessions previously separated monkeys showed improved behavioral
and hormonal response compared to non—separated monkeys (Parker, Buckmaster, Schatzberg, & Lyons,
2004). Separated monkeys also demonstrated reduced anhedonia, suggesting improved cognitive control of
behavior (Parker, Buckmaster, Justus, Schatzberg, & Lyons, 2005). These and related findings highlight the
importance of early critical window of stress exposure and suggest that early intermittent separations promote
resilience (Russo et al., 2012). Therefore, adequate exposure to ELS could impart resilience in future life. The
potential of conferring susceptibility or resilience makes ELS an interesting target for future extension of this
thesis. It would be exciting to check if the ELS conferred susceptibility or resilience shares the same overlap with
MDD and other models. Also, another stirring question would be, how much ELS conferred resilience and CSDS

associated resilience overlap with each other.

Our results indicate the possibility that similar types of stress, might reproduce a distinct subtype of MDD.

Segregating specific causal subtypes like partner loss, burnout, bullying in human patients might bring out very
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useful insights. Assorting and comparing human patients with similar subtypes to a related mouse model of
stress would probably bring out interesting latent information. Although a much larger human cohort will be
needed to test whether a particular mouse model is associated with a given stressor (e.g., early life stress) of
MDD. Although, this would be complex as very often human MDD is multifactorial. Also, checking for any
association between specific human symptoms and specific mouse models of stress would be another
interesting avenue to explore but, again, would require a huge sample size. Furthermore, in future it would be
interesting to see how other psychiatric disorders with converging symptoms with MDD like bipolar disorder,

anxiety disorder, etc. overlap with each other.

However, there are significant differences between mPFC and NAc at the molecular, cellular, and circuit levels
between mice and humans. This discrepancy represents an obvious weakness of interspecies comparative
studies. This being said, significant degrees of similarities have also been documented for both brain regions
(Defelipe, 2011; Duzel et al., 2009; Geschwind & Rakic, 2013; Hodge et al., 2019; McCutcheon et al., 2019;
Strand et al., 2007), with significant conservation in the processing of rewarding and motivational cues and in
the top-down control of emotions. The high levels of interspecies transcriptional convergence observed in the
current study presumably reflect this conservation. Importantly, our study suggests that, while a significant
number of human gene network modules in both mPFC and NAc are conserved in mice, but in mPFC, they are
better conserved. Although mPFC and NAc are two potent MDD-relevant pathological regions, extending our
analysis to other MDD-relevant brain regions would be a great avenue to explore in future. For instance,
hippocampus is an extremely stress-sensitive region and is a core component of the limbic-cortical circuitry
(McEwen, Nasca, & Gray, 2016). It has important roles in memory and cognitive functions along with regulation
of stress and emotions (McEwen et al., 2016). In fact, many studies reported abnormal activation of the
hippocampus in MDD patients (Milne, MacQueen, & Hall, 2012). MDD patients may have cognitive impairment
along with memory deficits which may be associated with hippocampus dysfunction. Hippocampus can be
divided into three different components. These are: the cornu ammonis (CA), dentate gyrus (DG) and subiculum.
CA s related to learning and memory functions, and is further divided into CA1, CA2, CA3, and CA4 sub regions.
It mainly participates in short-term image contact, image formation and fear memory formation(K. S. Anand &
Dhikav, 2012). In addition, it is involved in medium-term and short-term spatial memory. The DG, on the other
hand, is the receptacle for incoming spatial information to the hippocampus. Additionally, it also processes and
encodes spatial information and helps form spatial learning and memory (K. S. Anand & Dhikav, 2012). On the
other hand, the subiculum is associated with information output, transmitting information processed from the DG
to the other brain regions and is also the effector of the baroreceptor reflex (Hao et al., 2020). The hippocampus
is a key regulator of prefrontal cortical function along with the nucleus accumbens and the ventral tegmental
area (MacQueen & Frodl, 2011). Hence, it serves as one of the interesting targets for an extension of our study,

with sub region specific investigation. The ventral tegmental area is another interesting region in MDD pathology,
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which is an important source of dopamine in mesolimbic regions, involved in motivation and reward circuitry. It
is well intertwined with mPFC, NAc as well as hippocampus and is widely implicated in MDD pathology (Fox &
Lobo, 2019).

MDD features strong sexual dimorphism at different biological levels, including its transcriptional landscape
(Labonte et al., 2017a; Mena & Benoit, 2019a; Seney et al., 2018). Nonetheless, in our study, we statistically
controlled for the effects of sex as females were included only in our human and CVS cohorts. This is a major
caveat of our study. Indeed, it might restrict our interpretation of the data and may have potentially masked some
effects, given the fact that previous studies (Labonte et al., 2017a; Seney et al., 2018) have shown dramatic
transcriptional sex differences. The statistical approach we used for controlling the main effect of sex in humans
and CVS, accounts for this effect. Indeed, Sl and CSDS (Harris et al., 2018) can be performed in females, and

it will be interesting in future studies to know how our findings stand in the two sexes.

Transcriptome is significantly region-specific as well as cell-type specific (Itoh et al., 2018; LoVerso & Cui, 2016).
Although our study was region specific, it lacked the cell-type specificity. This limitation could also potentially
lead to masking of some effects and limit our understanding of the results. Our results, nevertheless, indicated
the possible role of oligodendrocyte in the pathology of MDD, in future, it would be interesting to validate this
finding in a cell-type specific setup and also to see the extent of overlap of other cell-types’ transcriptome
between human MDD and mouse models of stress. Importantly, the overlaps presented in this thesis don't
include the whole transcriptome, instead, represent 9888 interspecies gene orthologues that are expressed in
mPFC or NAc of both humans and mice. All analyses in our studies were performed on this gene set. Hence,

the findings should be carefully interpreted

For better modelling of a subjective disorder like depression, understanding the ethology of the model animal is
essential. Understanding the actions of our experimental animals would allow us to paint a better picture of what
is actually happening and to establish a better correlation with the human syndrome. For instance, activities like
jerking, freezing, rearing, grooming, mobility, scanning, sniffing, stretch attend, etc. (Z. S. Lorsch et al., 2020)
are important behavior features of rodents that should be taken together into account while assessing
depressive-like behaviors. It is more informative than just assessing a single parameter and can specifically
delineating the behavioral domains abnormality associated with a specific animal model (Z. S. Lorsch et al.,
2020). Unfortunately, as most of our datasets were already published, we couldn't test these behaviors in our
study. But including these assessments in future research would definitely strengthen MDD research. Analysis
as such could serve as a better tool to assess anti-depressant candidate drugs’ effectiveness than the usual

behavioral test batteries which is obviously, not effective enough.
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Another smirched arena of MDD is the clinical criteria of its diagnosis. These criteria are rather subjective than
objective. In other words, the tests are non-quantitative and the chances of human error are high. Moreover,
these diagnostic criteria for MDD cannot be applied to animal models. Consequently, this directly affects the
quests for causal mechanisms and treatment drugs for the disorder. From this perspective, having robust

laboratory-based diagnostic tools would enrich MDD research more.

Furthermore, we should try to understand depressive behavior with a more holistic approach. Defining the
etiology of a complex subjective disorder like depression is not easy. We should try to understand what happens
in different brain regions that give rise to a depressive episode. Then, what are the environmental cues which
influenced cells of these regions? Next, how and what hormones sensitized these regions days before the
depressive episode? Then, how do experiences reshape our brain circuitry and its response to a trigger, weeks
to months before? Also, how does that immature frontal cortex in adolescence shape our brain and eventually
our personality as an adult? Next, how do early life experiences cause lifelong changes in brain function and
gene expression? What combinations genes you inherited as a fertilized egg that define your stress response
system? Followed by, how do ecological and cultural factors that shape the social environment contribute to
stress resilience and susceptibility and does the evolution of these factors revert the stress resilience or
susceptibility? Finally, how did the behavior, brain and eventually, genes evolve? All these aspects of research
should be taken into account when we are trying to understand the disorder and we cannot devise its optimal

treatment if just focus on just one aspect.

These questions cannot be answered using human tissues only as not only the access to human brain tissues
is limited but also they are only available as post-mortem samples which restrict us to seek answers to some
very important questions. Animal models are our only way out to seek solutions to these essential questions.
Although, animal models should be chosen thoughtfully according to the question we ask and our data provides
a molecular catalogue encompassing the transcriptional capacity of each mouse model to reproduce the

molecular signatures relevant to MDD across different regions of the human brain.

The next logical question would be how are these transcriptional networks regulated in the two species and how
do they differ? Epigenetics guide transcriptional alterations on the notes of environmental cues like stress. There
are a variety of mechanisms that regulate gene expression. These include DNA methylation, post translational
modification of histone tails which includes methylation, acetylation, sumoylation, ubiquitination,
phosphorylation, etc. of residues in the N-terminal tails of histones, chromatin remodelling, histone variants, non-
coding RNAs. With its sensitivity to stress and its ability to regulate subtle genome-wide transcriptional changes,
short as well as long-term, epigenetic mechanisms are directly related to the pathogenesis of MDD. In fact,

transcriptional changes associated with epigenetic alterations have been observed in the mouse brain as well
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as human in the context of stress and MDD (Mena & Benoit, 2019a). As a matter of fact, DNA methylation is the
most studied epigenetic mark in human MDD and in mice models of stress while the others remain minimally
explored. Not only that, we also lack knowledge on how these epigenetic mechanisms affect transcriptional
networks on a global scale. An interesting study, reconcile this relationship between epigenetic changes and
gene networks in MDD by evaluating DNA methylation patterns in PFC of MDD patients through WGCNA (A. C.
Bustamante, Armstrong, & Uddin, 2018). Although the no probes utilized in this analysis remained significant
following multiple test correction, genome-wide network analysis revealed a module relevant to MDD, associated
with transcription and DNA binding function. As it is evident that these mechanisms can also explain changes in
transcriptional profiles in MDD, involving both single-gene and network level, these alterations are likely the
product of a complex epigenetic code involving key regulatory genes (Zachary Spencer Lorsch, 2018).
Delineating the relationship between these epigenetic changes and MDD transcriptional networks is an important
step in understanding the mechanism of MDD and formulating its optimal treatment. Although similar overlap
between MDD and mice models is anticipated, there would be some obvious shifts as well. For future, it would
be a vital venture to explore to see if the overlap of each of the several epigenetic marks synchronise with the
transcriptional overlap between human MDD and mouse model of stress and to see how these epigenetic marks
regulate their transcriptional networks. To conclude, epigenetic mechanisms have the ability to be the medicine

of the future, hence should be the subject of future research.

Mice are considered the most widely used laboratory animals in basic as well as translational research. This is
mainly because mice can be easily genetically manipulated compared to other mammals and most paradigms
translate well between the species. There is various evidence that suggests the conservation of brain across
species, from mouse to human. This includes basic behaviors and underlying brain structure, circuitry, cellularity,
and molecular functions and their mechanisms. For instance, the fear and fright circuits are highly conserved in
its components and function across mammals (Bale et al., 2019). Evolutionarily talking, around 90 million years
ago humans and mice had their last common ancestor (Springer & Murphy, 2007). Since then, the two species
evolved in different aspects eg their body size, life span, ecological niche, behavior, and pathogenic challenges.
Naturally, mouse models of human diseases do have limitations. They can show mild to strong divergence from
human disease in terms of incidence, symptoms, pathology, severity, treatment effectiveness, recovery, etc.
This presents a key hurdle in translational research. Consequently, interspecies comparative studies identifying
cellular and molecular differences between human and mouse brains is so much more important than being
realised. Importantly, the presence of such differences does not invalidate the mouse as an experimental model,
but rather highlights the importance of the need to define interspecies difference to optimize their utilization and
eventually improve their contribution to human disease/disorder research. Although utilization of human
inducible pluripotent stem cells and organoids provide a decent complement to mouse models, it is far from the

symptomology of human neuropsychiatric diseases (Bale et al., 2019). Indeed, there are several factors that
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stresses the importance of animal models such as mice. One of such factors is the limited access to human
tissue and many techniques routinely used in studies of models cannot be applied to human patients or human
tissue samples. For instance, mouse models can be used for in-vivo manipulations in the brain to affirm causal
effects on depression-like behaviors (Z. S. Lorsch et al., 2020). Moreover, we can seek answers to important
biological questions through mouse as experiments can be performed relatively quick with adequate statistical
power in contrast to human studies that are generally time consuming and is limited to smaller numbers.
Furthermore, mouse models offer less variability, genetically as well as inter-individually through controlled
experimental setups. Therefore, mouse models will continue to be an irreplaceable tool of choice for MDD
research. The identification of human-mouse interspecies differences will accelerate translational research from
mouse models to human patients (Li J, 2020; Z. S. Lorsch et al., 2020). Although, this should be kept clear that
we are not modeling MDD per se, but instead only the specific aspects of the disorder.
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Fig-1: Mice model of chronic stress captures significant overlap with human MDD.

The transcriptional overlap of the three mouse models, chronic variable stress (CVS), prolonged social isolation
(Sl) and chronic social defeat stress (CSDS) with human Major Depressive Disorder (MDD) across two different
brain regions, including the medial prefrontal cortex (mPFC) and nucleus accumbens (NAc), has been
summarised here. A sophisticated bioinformatics analyses pipeline employing different analyses including
differential expression analysis, rank rank hypergeometric overlap analysis (RRHO), interspecies network
conservation analysis, phenotype association and hub calling analyses along with Gene ontology overlap (not

shown here) was used. Here differential expression analysis, RRHO, interspecies network conservation
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analysis, phenotype association show the degree of overlap found between the three mouse model and MDD
across the two brain region while hub calling analysis shows the names of the hub genes, with common hub
gene between human MDD and all the three mouse mode highlighted in bold.

Overall this thesis provides a strong molecular framework supporting the use of mouse models for the study of
MDD by identifying the transcriptional signatures shared between human MDD and CVS, Sl, and CSDS in mice.

It is a helpful guide for the selection of the mouse models presented for studying specific aspects of the MDD.
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