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Résumé

La dépression majeure est devenue la cause principale d’incapacité dans le monde. Pourtant,
les antidépresseurs les plus courants sont inefficaces chez 30-50% des patients traités. La
dépression présente une comorbidité élevée avec les troubles gastro-intestinaux, avec une
pathologie commune comprenant le dysbiose du microbiote un profil périphérique hautement
inflammatoire, ce qui suggere une perméabilité intestinale accrue chez ces patients. Il est
proposé que le stress chronique soit 1i¢ a la détérioration de la barriére intestinale et a la
dérégulation de la signalisation intestin-cerveau, cependant, les mécanismes biologiques
restent a identifier. Nous avons utilisé les modéles de la dépression pour étudier les effets du
stress chronique sur la perméabilité intestinale chez les souris males et femelles. Le
séquencage du microbiote a montré une modification des populations microbiennes apres le
stress. De plus, I'expression génétique des jonctions serrées intestinales a été altérée avec des
effets spécifiques au sexe, en fonction du type et de la durée du stress. Certaines
modifications des jonctions serrées sont associées a la résilience ou a la susceptibilité a
I'exposition au stress, déterminée par des tests comportementaux. Nous avons également
identifi¢ la protéine de liaison au lipopolysaccharide (LBP) comme un biomarqueur potentiel

lié a la susceptibilité au stress chronique.

En étudiant les différences entre individus et selon les sexes, nos résultats contribueront a la
connaissance des mécanismes moléculaires qui déterminent la vulnérabilité ou la résilience
au stress chronique. Les femmes ayant un risque environ deux fois plus élevé de développer
une dépression, l'identification des différences entre les sexes est particulierement pertinente.
Ces ¢tudes contribueront a I'¢laboration de nouvelles stratégies thérapeutiques et
diagnostiques pour le traitement de la dépression. Des traitements ciblant 'intégrité de la

barriere intestinale pourraient avoir des effets positifs sur les voies inflammatoires

périphériques et centrales impliquées dans la dépression.
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Abstract

Major depressive disorder (MDD) is the leading cause of disability worldwide. Still, common
antidepressants are ineffective in 30-50% of treated patients, highlighting that biological
mechanisms remain to be elucidated. MDD has high comorbidity with gastrointestinal
disorders including patterns of microbiota dysbiosis and inflammatory peripheral markers,
suggesting enhanced intestinal permeability in these patients. Chronic stress, the main
environmental risk factor for MDD is linked to intestinal barrier deterioration and
dysregulated gut-brain signalling. Therefore, we investigate effects of chronic stress on
manifestations of intestinal permeability in both male and female mouse models of
depression. Sequencing showed altered microbial populations post-stress. Furthermore, gene
expression of intestinal tight junctions was altered with sex-specific effects, dependent on
stress type and duration. Certain tight junction changes associated with resilience or
susceptibility to the stress exposure, as determined by behavioural tests. We also identified
Lipopolysaccharide binding protein (LBP) as a potential biomarker related to susceptibility

to chronic stress.

By investigating individual and sex differences, our results will be contributing to the
knowledge of molecular mechanisms underlying vulnerability or resilience to chronic stress.
As women have roughly a twofold higher risk of developing depression, identifying sex
differences is particularly relevant. These studies will help to develop more effective and
appropriate therapeutic strategies for the treatment of depression and possibly identify
biomarkers which are greatly needed in the field. Targeting the intestinal barrier and
potentially promoting barrier integrity, future treatments could have positive downstream

effects on peripheral and central inflammatory pathways implicated in depression.
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Introduction

General overview

This thesis examines the effects of chronic stress on behaviours, gene expression in the brain
and the gut and peripheral biomarkers in animal models of depression. In the introductory
sections an overview of MDD characteristics and main hypothesis related to its pathogenesis
will be presented followed by animal models of depression relevant for this thesis. Finally, a
layout of gut-related basic knowledge and a highlight of preclinical and clinical evidence

supporting its potential role in MDD precedes my thesis main hypothesis and objectives.

1 Major depressive disorder

1.1 Current state and mechanistic insights

Major depressive disorder (MDD) is currently the most prevalent mood disorder and the
leading cause of disability worldwide *. Depressive disorders fall along a range of severities
from a milder, persistent dysthymia to severe MDD. Core symptoms include low mood,
irritability, anhedonia, apathy, difficulty concentrating, disrupted appetite and sleep (Table
1) °. Still, this disorder is highly heterogeneous and the experience, symptoms and response
to treatment varies highly across individuals. Furthermore, comorbidity between MDD and
other stress and affective disorders is common ®38. Many biological factors have been
suggested as risk factors for MDD, however, it is most plausible that MDD has a
multifactorial etiology. Chronic stress is the leading environmental risk factor for MDD °.
However, not every individual exposed to chronic stressors develops an affective disorder,
and therefore individual differences in reactivity to stress exposure could bring insight for

novel therapeutic strategies.

Prevalence Symptomatology Treatment resistance
Overall Males vs. Females
Decreased energy/Fatigue ~50% do not respond to
Global 2.87% 32.22%/ 93.52% Difficulty concentrating current antidepressant
Weight fluctuations treatments .
Canada | 3.39% 32.50% /94.22% Gastrointestinal problems
Anhedonia > 1/3 of patients are
Us 4.95% 3 3.58% /96.28% Sadness resistant to conventional
Anxiety pharmacologic,
Helplessness psychologic, or somatic
Europe | 3.26% d2.38% /94.12% Thoughts of death or suicide | treatments 2.

Table 1. Prevalence and symptomatology of MDD?
In individuals aged 15-49 years, data from 2019.



The complexity of emotion management and how it impacts the brain has been investigated
for decades but remains a hot topic. Emotional experience, such as stress, can have a negative
or positive valence, for example, if it is associated with fear or reward, respectively. Indeed,
stress affects several brain regions! including the hippocampus (HIPP), prefrontal cortex
(PFC), amygdala (AMY), and nucleus accumbens (NAC). Stress-induced neurocircuitry
alterations in these regions modulate emotions and mood in humans and related behaviours
in rodents !!. The reward circuit, a key component in emotion regulation, is comprised of
frontal and limbic regions centered around the ventral tegmental area (VTA) to NAC
projections, receiving inputs from the PFC, HIPP and AMY. These regions respond to
environmental stimuli and react depending on their rewarding or aversive nature, resulting in
an emotional response '2. The reward circuitry is affected in stress and mood disorders and
functional or structural shifts can be investigated by neuroimaging techniques. Abnormalities
in connectivity or neurodegeneration in these regions lead to behavioural dysfunction like
hyperarousal, attention deficit or altered emotional processing '*!*. Cerebral blood flow, an
indirect measure of neuronal activity observable by functional MRI (fMRI), is altered in
multiple reward-associated regions such as the PFC and related with symptoms in MDD
patients '>"'¥. Specifically, over-firing in reward circuits or alterations in synaptic plasticity

of neurons correlate with symptoms of anhedonia and sadness '>!°,

©@—=< Glutam

atergic

rgic
@—— GABAergic

Nature Reviews | Neuroscience

Figure 1. A simplified schematic of the reward circuit in the rodent brain.

From Russo & Nestler (2013). Abbreviations: Ventral tegmental area (VTA) and nucleus accumbens (NAC),
medial prefrontal cortex (mPFC), hippocampus (Hipp) and amygdala (Amy), lateral dorsal tegmentum (LDTg),
lateral habenula (LHb) and lateral hypothalamus (LH), RTMg, rostromedial tegmentum.

Other brain regions, namely the locus coeruleus and the anterior cingulate cortex (ACC),

receive increasing attention for their roles in modulating arousal, cognition, and reward-



related memory (for in-depth reviews, see 2%2!). Indeed, heightened activity occurs in limbic
regions such as the AMY, insula, and areas of the ACC 2*2%, Hyperactivity in ACC regions
is related to local depletion of the serotonin precursor, tryptophan (TRP), and experiencing
transient sadness 2°. Concurrent heightened AMY activity is implicated in rumination and

maladaptive processing of negative stimuli 2°.

Resting-state activity levels reveal diminished frontal lobe function, specifically in the dorso-
and ventro-lateral PFC and the OFC. Decreased activity in cortical regions may underlie
cognitive dysfunction, such as depreciated emotional state and interest by limiting executive
control over affective processing %¢. Indeed, in MDD patients, positron emission topography
(PET) and fMRI studies show altered region-specific connectivity. Decreased functional
connectivity occurs between ACC and the medial PFC, key default mode network regions 2’.
The default mode network is a set of cortical regions controlling baseline cognitive functions
until they are attenuated by a task requiring active attention. Low functional connectivity
here occurs during self-reflection induced sad mood states '¢. In MDD patients, depression
severity correlates with reduced blood perfusion in the default-mode network '°. Moreover,
extinguishing default mode activity during cognitive tasks is linked to better performance in
healthy individuals. Studies found increased activity in these regions linked to negative
rumination processes in patients, indicative of a loss of active control of attention. Altogether,
reduced PFC function and connectivity between limbic regions may underlie rumination and

poor executive functioning in MDD '8,

1.2 Hypotheses of Depression

1.2.1 Biogenic amine hypothesis of depression

Frontline MDD treatment involves pharmaceutical therapy targeting the monoaminergic
systems, based on the well-established monoaminergic hypothesis of depression 2%. This
theory has been the most prevalent for decades, suggesting deficits in cortical and limbic
monoamine signalling, neurotransmitters serotonin (or 5-hydroxytryptamine [5-HT]),
dopamine, and norepinephrine, underlies the biological basis of depression. However, the
precise mechanisms behind monoamine circuit deficits and how they induce
psychopathology is unclear. Common antidepressants act by inhibiting neurotransmitter

reuptake, enhancing the bioavailability at the synapse. However, many patients are resistant

3



to treatments with classical antidepressants, putting into question the extent of the role of

central monoamines in depression pathogenesis 2°. In recent years, depression research has

diverted away from neurocentric hypotheses and opened to exploring the contributions of

other systems, viewing the disease as more of a whole-body disorder.

1.2.2 Neuro-endocrine dysfunction hypothesis

Dysfunctional glucocorticoid signalling is recognized in
the context of MDD, playing a pivotal role in the
distortion of mood and emotional regulation **33. Via the
release of stress hormones, threatening events directly
modulate brain circuits involved in emotional processing
and cognitive functions. For instance, the formation of
memory and reward-making decisions ** as well as sleep
functions are affected in humans 3. Acutely, stressors
activate rapid-acting sympathetic and para-sympathetic
signalling, preparing the "fight or flight" response >°.
Activation of the hypothalamic-pituitary-adrenal (HPA)
axis initiates downstream pathways of hormone release
with final production and delivery of cortisol from the
adrenal cortex 2. Cortisol principally promotes
mobilization and utilization of energy 3’; however, a
negative feedback loop also allows it to extinguish the
acute stress response. Short-term cortisol signalling in
the HIPP and hypothalamus improves recall of

emotionally relevant information and promotes
vigilance, respectively **2°. While both mechanisms are
protective acutely, repeated exposures or prolonged

duration can lead to maladaptive shifts to the HPA axis
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and these critical brain regions involved in emotion and cognitive processing. Indeed, the

HPA axis is overactivated in MDD, leading to abnormal excitation or inhibition of key brain

regions involved in maintaining stress-response adaption '*4°. Evidence of impaired



glucocorticoid-mediated feedback inhibition in MDD resolves with successful treatments

with antidepressants *.

1.2.3 Neuro-immune hypothesis

Maladaptive central and peripheral inflammatory responses are associated with affective
disorders. The BBB is a highly selective physical frontier between the central nervous system
(CNS) and peripheral circulation, formed by endothelial cells, a basement membrane,
astrocytes, and pericytes (Fig. 2A). Still, peripheral immune activation influences the CNS
through several communication systems: transport systems, BBB permeable regions, and
neural transmission. Overactivation or prolonged activation of these pathways could create a
highly reactive environment with ramifications to neuronal circuits of mood regulation 34!~
43 HPA axis activation is also integral to neuro-immune responses as cortisol reduces
immune system activity during acute stress to augment energy resources. Suppressing
specific adaptive immune responses preserves energy for a crisis, however, extended stress
exhausts the negative feedback loop and is implicated in immune signalling dysregulation
434445 Downstream effects of these shifts can be chronically increased inflammation **,
Dysregulated peripheral and central innate immune responses are described in MDD patients
4648 Therefore, investigation of stress-associated activation of inflammatory pathways is
crucial in this context.Peripheral immune cells and factors can communicate with microglia,
the primary central immune cells, directly from entering the brain or indirectly through more
permeable regions of the neurovascular network, the circumventricular organs.
Psychological stress induces many of the inflammatory signals such as activation of

49,50

peripheral immune cells: monocytes, lymphocytes and mastocytes , which are linked to

damage and disease. Inflammation processes initiated in the periphery can signal to the brain

regions implicated in emotional processes (Fig. 1) !&°!

. Administration of specific pro-
inflammatory cytokines or endotoxins is sufficient to induce behavioural symptoms
associated with depression 3>°°. Indeed, increased circulating cytokines are a hallmark of
MDD >3 Increased peripheral inflammation is also widely recognized in the pathogenesis
of various maladaptive stress responses, yet mechanistic insight of these relationships is still
lacking. Transport systems allow peripheral pro-inflammatory or anti-inflammatory signals
such as cytokines and chemokines across the BBB. Cytokines modify BBB transporter

expression, increasing their uptake into the brain while promoting the trans endothelial



migration of immune cells >>. Normally, tight junctions and other dynamic barrier-forming
proteins hold together the endothelial cells in the brain's vasculature 6. However, specific
pro-inflammatory cytokines can alter permeability by redistributing tight junction proteins
as demonstrated rodent models of depression 7. A detrimental increase in BBB permeability
occurs through loss of tight junction proteins, promoting infiltration of circulating

inflammatory mediators into the brain and development of depression-like behaviours 34
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Figure 3. Blood-brain barrier in MDD.

Furthermore, other signalling molecules may be involved in immune/ inflammatory
signalling to the brain. Historically, peripheral 5-HT has been discredited in MDD pathology
since it does not cross the BBB, however, many 5-HT precursors and metabolites do. Novel
roles for peripheral 5-HT metabolism are implicated in inflammatory, immune and metabolic
signalling pathways °®*. Accordingly, alterations in peripheral 5-HT signalling could have
direct outcomes on the brain by altered precursor availability, and indirectly by interactions

60,61

with inflammatory and immune pathways . Unraveling the interactions between

peripheral and central inflammation with brain regions affected in mood disorders could

provide strategies for future targeted therapies 26276,

In line with the neuro-immune hypothesis of depression, MDD has a high comorbidity with
inflammatory bowel diseases (IBD) such as Crohn's disease and ulcerative colitis amongst

other inflammatory gastrointestinal conditions 7. It is suggested that inflammation-driven



gut barrier dysfunction may affect emotion regulation and vice versa. In gastrointestinal (GI)
disorders, elevated pro-inflammatory cytokines promote permeability in the intestinal tract
by suppressing tight junction mediated barrier function ®® (Fig. 3A-B) as described above for
the BBB (Fig. 2A-C). Stress has been linked to the deterioration of the intestinal barrier via
alterations of gut-brain signalling >7°. Furthermore, the microorganisms composing gut
bacteria, the microbiota, play a critical role in maintaining health 7' and influence the brain
through complex bidirectional signalling pathways known as the gut-brain axis (GBA) ">,
Alternatively, stress, diet, and other environmental factors can disrupt the microbiota
homeostasis triggering downstream signalling pathways at the intestinal epithelium to the
lamina propria beneath where immune cells elicit a pro-inflammatory response S,
Accumulating evidence implies a contribution of dysregulated GBA signalling in MDD

pathology 43,74,71,79 )

1.3 Treatment strategies and limitations

MDD is a highly heterogeneous disorder not only in the experience of symptoms, but also
the variability in genes, environment, and lifestyle implicated in its onset. Currently, the
diagnosis of psychiatric disorders is based on clinical interview which poses many
opportunities for misdiagnosis. Current research is driving to develop more advanced
strategies including machine learning for clinical assessment *°, biomarkers (Table A3) and
neuroimaging to improve disease characterization for precision medicine *!. Conquering our
understanding of disease heterogeneity in MDD is crucial for tackling the low treatment

efficiency in this disorder.

1.3.1 Sex differences

Women are twice more likely than men to be diagnosed with MDD 3!. Sexual dimorphism is

82 83,84

also reported in the prevalence of various symptoms °° and in treatment response
Females more often exhibit anxiety, somatic symptoms and symptoms from the subtype of
"atypical depression", defined in the Diagnostic and Statistical Manual of Mental Disorders
(DSM)-5 as hypersomnia, leaden paralysis, hyperphagia/weight gain and interpersonal
rejection sensitivity 587, Meanwhile men reportedly have more symptoms of psychomotor
agitation, suicidal ideation and greater comorbidity of alcohol and drug use ¥’. Gene network

analysis of pertinent brain regions for MDD demonstrate major transcriptional



rearrangements in patients, though these patterns have limited overlap between men and
women. Moreover, these results were confirmed in mouse models, highlighting to

importance of defining sex-specific molecular mechanisms %%,

Importantly, vascular
alterations also display sex-specific effects as tight junction expression was downscaled in
the NAC of human postmortem brains from women and men with MDD. However, these
reductions in the PFC were specific to women *°. Nevertheless, there is still an important lack
of data regarding sex differences for these conditions. Until the early 2000s, sex was
generally not considered as a factor that could affect health and illness, and clinical and
preclinical studies mainly used male subjects for homogeneity purposes 2. More recently, sex

31,91,92

has been increasingly considered a significant experimental variable which could

contribute to the adaptation of diagnostics and treatments.

1.3.2 Treatment resistance

Pharmacological treatment with antidepressants is the frontline approach for MDD and
amongst these, selective serotonin reuptake inhibitors (SSRIs) are most prescribed. However,
only 50-60% of patients respond to the first-line antidepressant drugs, and the trial process
to find the most efficient therapy is long and arduous. Treatment resistance represents a major
challenge; approximately half of patients do not respond to currently available antidepressant
treatments !. Even less respond fully to treatments, and therefore therapeutic responses are
often measures of individual symptom remission, as opposed to overall recovery °>. More
than one-third of those affected with MDD are resistant to conventional pharmacologic,
psychologic, or somatic treatments 2. It is therefore essential to research new avenues of

therapeutic interventions.

1.3.3 Prospective biomarkers of Major depression

Currently, there are no reliable biomarkers for detecting MDD, however, many prospective
molecules are being investigated both in the periphery and in the brain. Pro- and anti-
inflammatory cytokines along with other inflammatory markers, neurotrophic factors,
oxidative stress markers, stress hormones, endocrine markers, genetic and epigenetic
markers, as well as neuroimaging strategies are all suggested as candidates for future
diagnosis and treatment monitoring of MDD ** (Table A3). Many markers have revealed

differences between MDD and healthy individuals but none are defined as a diagnostic tool



of this condition **. Therefore, there is an urgent need for a deeper understanding of the causal
biological mechanisms to promote the discovery of biomarkers that would improve diagnosis

and development of new therapeutic strategies.

Neuroimaging studies have been utilized for many years for investigating connectivity,
functional and metabolic adjustments in brain regions associated with MDD. However,
heterogeneity in the results is a limitation for many imaging studies '%*. Disparity in these
findings may be attributed to experimental methodologies, individual differences in

compensatory mechanisms or symptom heterogeneity °°.

Still, a majority concurs on
overactivated limbic circuits paired with reduced top-down regulation, though the precise
mechanisms still need to be elucidated. A novel approach implements dynamic contrast-
enhanced MRI for BBB assessment. Kamintsky et al. (2020) imaged bipolar disorder
patients, who presented BBB dysfunction corresponding to disease severity °’. A lack of
clinical imaging studies investigates BBB permeability in affective disorders and hopefully
this study is the antecedent, prompting future investigations. Comparing BBB imaging

reports with peripheral inflammatory factors could also help to uncover pertinent biomarkers.

Maladaptive responses of the peripheral immune system are observed in MDD patients %%,

particularly in treatment-resistant patients characterized by elevated circulating pro-

99-101 "Thus, cytokines have the exciting prospective to give a

inflammatory cytokine levels
profile beyond symptoms based on self-reported questionnaires (Fig. 1). Many inflammation
markers have been investigated '°>1%; some modulated uniquely in MDD, while others
across multiple disorders (Table A3) '%. It is unclear if peripheral levels reflect central
changes, though some evidence supports this theory '°. Comparative studies of biomarkers
according to symptoms could generate specific signature panels useful for precision of
diagnosis of MDD vs. other comorbid psychiatric conditions '%. Further, blood biomarkers
could help provide individualized selection of pharmacotherapies or for monitoring treatment
response. Indeed, specific panels of immune-endocrine proteins are significantly associated

with treatment response to various types of antidepressants 107198,

BBB markers also hold great promise as putative biomarkers as many have been reportedly
upregulated in affective disorders, revealing dysfunction of this important protective

structure (Table A3). BBB disruption correlates with many psychiatric symptoms, therefore,

9



biological indicators in the periphery could reflect increased interactions of inflammatory
cytokines and other toxic molecules with the brain, particularly in mood regulation brain
regions *2°°. BBB integrity is primarily maintained by tight junction claudin-5 (CLDN5), a
central tight junction protein. CLDNS5 is compromised in multiple brain regions in MDD
patients, highlighting its potential use as a hallmark of this disorder *>-3!%° S100 Calcium
Binding Protein B (S100B), and soluble cell adhesion molecules, Intercellular adhesion
molecule-/ (ICAM-1) and Vascular cell adhesion protein / (VCAM-1) are BBB-related
molecules that indicate pro-inflammatory environment, trafficking of inflammatory cells,
microbial pathogenesis, and antigen presentation ''%!!!, Studies have highlighted a potential

role of these markers as measurable in the periphery in MDD !07:112-118.119.

Shared profiles of upregulated pro-inflammatory cytokines in the blood such as interleukin-
1 beta (IL-1B), tumor necrosis factor-alpha (TNFa), IL-6 and interferon-gamma (IFN-y),
66,120 " occur in GI disorders and MDD, which could be related to increased intestinal
permeability %%¥(Fig. 3). Indeed, markers of gut dysfunction have also been noted in MDD
1217123 (Table 3). Permeability of the epithelial layer may increase interaction of antigens
with immune cells, propagating a pro-inflammatory response (Fig. 3D). Microbial
translocation, from the intestinal lumen into the systemic circulation in the absence of acute
infection, is proposed as a mechanism behind the chronic inflammation in MDD 21124125,
Indeed, the passage of bacterial products and immune factors as indirect measures of bacterial
translocation has been reported in MDD 21124125 (Table 3). Identifying gut-related
biomarkers may be helpful for patients experiencing more somatic symptoms and targeting

treatments towards more peripheral physical symptoms to bolster the therapeutic efficiency

of psychological treatments.

1.3.4 Future therapeutic interventions

As resistant patients are often characterized by elevated inflammatory tone, clinical trials
with anti-inflammatory treatments have been conducted >* with seemingly positive effects
for symptom reduction, despite inconsistent reports 2. Nonsteroidal anti-inflammatory
drugs like Celecoxib have potential benefits when used alone or in combination with other
anti-inflammatory drugs '?°. Cytokine neutralizing drugs, like Infliximab which targets TNF-

o, reduce depression and anxiety-like behaviors in pre-clinical and clinical trials 2”128, The

10



potential of anti-inflammatory treatments is still controversial but efficacy and benefits seem

apparent in subpopulations of individuals more affected by inflammation %,

To be discussed in following sections, the microbiota has the potential to influence emotion
regulation in the context of MDD through various pathways including inflammatory,
endocrine, neural, and metabolic signalling. Attempts to reinstate a healthy microbiota with

probiotics in IBD has shown positive results on gut symptoms 20132

while also improving
depression and quality of life scores '**. Coincidently, fMRI analysis convey that probiotic
treatments can dampen brain responses to negative emotional stimuli in the AMY and in the
frontal and temporal cortices '**. In MDD patients, supplementation of probiotics had
beneficial effects on Beck Depression Inventory scores with an elevation in circulating
BDNF that was inversely related to symptoms severity '3>!3¢, Since peripheral BDNF levels
are linked with antidepressant response in MDD patients *7-138 this finding could be pertinent
in understanding neuroregulatory potential of these types of therapeutics. Combination
treatment with SSRI and probiotics was able to improve cognitive performance in MDD

patients '*°. Thus, probiotics could be an interesting option to complement psychotherapies

and/or pharmacological treatments possibly improving efficiency.

While current treatments target central neurotransmitters, therapeutics directed at peripheral
symptoms may help to bolster positive effects. For instance, MDD patients with GI
dysfunction have more severe depressive symptoms 4, therefore interventions directed at
ameliorating intestinal distress may be of value. Recently, GI disorder research has expanded
towards investigating nanoparticles due to the insufficiencies of conventional treatments.
Nanoparticles have a variety of forms including extracellular vesicles for drug delivery and
scaffolding structures for growth supportive environment with many implications for their

therapeutic potentials across many neuroscience research disciplines !

. A type of
nanoparticle superstructures are synthetic peptides, which are amphiphilic compounds with
hydrophilic and lipophilic properties, have extraordinary self-organizing capabilities. For
applications in GI disorders, pairing these hydrogels with treatments have the advantage
potential to target the therapy on the affected region itself instead of the systemically, while
mitigating local and peripheral inflammation and microbiota dysbiosis '#*. Indeed, in colitis

models, these developments were mediated by re-establishment of tight junction expression,
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reducing local inflammatory cytokines and restoring the gut microbiota diversity '43. Through
their molecular architecture, these products can precisely fit the needs of the controlled

environment '#

, though digestion processes complicate this particular application
considering the dynamic surface, motility, pH gradients among other factors in the GI tract
145 Still, implications for these types of treatments could be relevant for reducing GI

inflammation in specific MDD patients.

1.4 Animal models of depression

Ample choices of animal models of mood disorders are available, developed according to
human etiology '*. However, limitations in the validity, efficiency and translational
relevance restrict their use and interpretation. As chronic stress is the main environmental
risk factor for MDD %7719 it is commonly used in animals to induce anxiety- and
depression-like behaviors 3**°. Other models, namely, genetic, surgical or pharmacological
approaches exist, each providing unique benefits and challenges !*°. In my masters project, I
focus on stress models, which have increased in popularity due to their relevance for studying
major aspects of human disease which limit treatment efficacy, such as sex differences,
individual differences and underlying factors influencing vulnerability vs resilience to

develop a disorder.

1.4.1 Chronic stress models

Chronic social defeat stress (CSDS) is a mouse model of depression whereby mice are
exposed daily to a novel dominant mouse, enduring bouts of physical stress from the
aggressor mouse. This paradigm produces two distinct phenotypes of stress response: stress
susceptible and resilient mice !*!. As in humans, not all stressed mice develop depression-
like behaviours following CSDS, highlighting the potential for uncovering biological
mechanisms of resilience. These subgroups display distinct behavioural changes reminiscent
of depressive symptoms in humans °. Susceptible mice exhibit increased social avoidance,
anxiety-like behaviour, anhedonia, despair, weight changes, metabolic disturbances, and
corticosterone reactivity !>2. Though resilient mice resist developing many of these features,
there is still evidence of stress exposure, indicated by elevated anxiety-like behaviours and
corticosterone reactivity '°2. In mice, chronic psychosocial stress increases between-network

functional connectivity, measured by MRI and magnetic resonance spectroscopy (MRS).
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Modifications included AMY to PFC and AMY to ACC circuits reflecting the clinical
condition ?’. These neuroimaging reports in mice add translational interest in this model 3.
Furthermore, the previously reported reduction in BBB integrity in this mouse model
occurred only in the brain of stress-susceptible, but not resilient, mice 2. This research
contributes to the current theory that behavioural vulnerability and resilience occur based on
individual differences in neuroimmune and neuroendocrine reactions to chronic stress . The
heterogeneity of stress effects also makes this model particularly valuable for studying the
basis of individual differences that exist in humans, as well as deciphering mechanisms
underlying resilience and susceptibility to chronic stress. Identification of molecular and

epigenetic changes associated with stress responses **!3157 has become increasingly popular

in recent years in that respect.

Another leading stress paradigm is the chronic variable stress (CVS) model, during which
mice are exposed to a repetitive sequence of three stressors, most often tube restraint, tail
suspension, and foot shocks. Each stressor endures about 1 hour daily and lasts from 6 days
to several weeks 19415 Afterwards, a battery of tests is run to assess anxiety and depression-
like behaviors . CVS also induces a pro-inflammatory immune profile similar to those
produced by CSDS . In this paradigm, females and males develop depression-like
symptoms at different time points making it a strong model for investigating sex differences
49 Similarly, in the chronic mild stress paradigm, animals are submitted to multiple stressors
from a few weeks to months, in different frequencies for each stressor '¢°. Stress such as food
or water deprivation, wet environment, new cage partner, temperature changes, light during
the dark phase, or flashlight, is randomly presented to the animals preventing their
habituation '¢!. This paradigm is like CVS, though longer lasting and without a repeated order

of stressors.

1.4.2 Sex differences in animal models

As in humans, limited data exists defining biological changes specific to females, in rodent
models of chronic stress and depression-like behaviours '62. In various chronic stress
paradigms, sex differences in stress reactivity have been exemplified '%*. For instance, in the
CVS model, female mice are more vulnerable than males and demonstrate earlier emergence

of depressive behaviors 3. Alternatively, considerably less females display social avoidance
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(characteristic of stress susceptibility) after CSDS than males '®*. In CSDS, difficulties in
conducting the female model occurs due to barriers faced in replicating behaviours consistent
with the male paradigms. Recently, more efficient female models have been developed to
overcome these specific difficulties using chemogenetic activation of the ventromedial

164

hypothalamus in aggressors to induce female-female aggression or applying male

165 Still, they present

odorants to increase resident male aggressivity towards females
challenges such as the confounding variable of sexual motivations of aggressor and
perception of stressor by defeated mice '®*. Female rodent models involve slight adjustments
to the male protocols; however, they may be affected differently and have distinct
behavioural responses. For the development of future paradigms with improved face validity,

careful consideration should be taken to the sensitivities of each sex 2.

Social stress induces neurovascular pathology associated with depressive symptoms in male
mice ¥, however, previously this was not addressed in female mice. Recently, it was
demonstrated that chronic social and subchronic variable stress (SCVS) also promotes BBB
alterations in mood-related brain regions of female mice *°. However, the outcomes were
most prominent in the PFC in female mice compared to the NAC in males. Furthermore,
comparative assessment of the endothelium cell-specific transcriptomic profiles of the male
vs. female PFC identified distinct pathways and genes involved in susceptibility and

resilience to stress ',

Animal models are crucial to our current understanding of the mechanisms involved in MDD.
Chronic stress models are some of the most feasible for recapitulating depressive and anxiety-
like behaviours relevant to that seen in patients while involving stress which is an important
cause of mood and anxiety disorders . It would be unethical to expose humans deliberately
to a chronic stressful environment and the technical approaches such as MRI and postmortem
studies are limited for looking at molecular and structural levels. Moreover, animal models
are valuable for promoting inflammatory body reactions such as response to

168 Therefore, we chose chronic stress models of

lipopolysaccharide (LPS) injection
depression in our study to explore stress-related gastrointestinal pathology inspired from
reports in GI disorders within the context of applications to MDD. To set up the framework

of how stress is connected to intestinal barrier dysfunction via alterations of gut—brain
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signalling and implications for MDD, the following sections overview basic intestinal
functioning in health and diseased states. We highlight relationships that may exist between
gut barrier and BBB leakiness and why their simultaneous investigation in this project is
relevant to contribute to the understanding of consequences of exacerbated peripheral
inflammation in the pathophysiology of mood disorders. Finally, we elucidate potential
biological mechanisms that may underpin emotional distortion with intestinal permeability

in the context of MDD.

2 Intestinal homeostasis and dysfunction

2.1 Intestinal barrier: structures and function

The gut barrier is formed by the mucus layer, the epithelia and a connective tissue layer,
known as the lamina propria '%°. The epithelial cell monolayer faces the luminal side,
interacting with the environment and regulating absorption. Macro-structures of the epithelial
surface consist of elongated villi that protrude into the lumen and crypts of proliferating and
regenerating cells at the base between them (Fig. 3A). These structures contain four main

cell types: enterocytes, enteroendocrine cells, goblet cells, and Paneth cells '7°. The

epithelium provides a dynamic and semi-permeable barrier with tight junction complexes,
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Figure 4. Intestinal barrier leakiness in MDD.

a) The gut barrier is formed by the mucosa, composed of an epithelial cell monolayer, a connective tissue
layer, and the mucosal muscle (b). Epithelial cells maintain intestinal integrity through tight junction
complexes c¢). Peripheral inflammation in MDD is linked to tight junction downregulation and redistribution
d). MDD is associated with dysbiosis, linked to increased intestinal permeability. Together, these mechanisms
may induce excessive bacterial translocation to the bloodstream and heightened pro-inflammatory cytokine
production by gut-associated lymphoid tissue, exacerbating the peripheral inflammatory response. Adapted
from Doney et al. 2021
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linking adjacent cells, mediating the extent of the various functions. Combined, junction
complexes and the overlying mucus layer, maintain a healthy functional barrier which allows
the passage of nutrients, water and ions, but limits entry of pathogens and bacterial toxins

from the lumen 8.

The intestinal barrier is at the forefront of immune-environment interactions where the
specialized cells play a critical role in maintaining health through diverse functions ’!. Not
only is this separation important for limiting exposure to pathogens, but it also keeps the
healthy microbiota contained, preventing dissemination to the blood and rest of the body.
Specialized epithelial cells recognize bacteria-derived molecules whether they be noxious
components such as LPS or peptidoglycans, or commensal bacteria-derived products like
effector molecules which have beneficial action. These molecules are detected through the
engagement of pattern recognition receptors like toll-like receptors (TLRs) and nucleotide-
binding oligomerization domain protein (NOD)-like receptors. Activating these receptors
incites cytokine and chemokine signalling for recruitment of immune cells !”!. Most often,
these signalling pathway activations fluctuate to balance of the microenvironment, however,
sustained reactions or particularly high noxious insults can become unmanageable allowing
aggressive inflammation, pathogenic overgrowth, and downregulation of tight junctions,

creating a long term “leaky-gut environment”.

The claudin family of proteins is highly involved in regulating intestinal barrier permeability,
with upwards of 27 members currently recognized !’>. Claudins exert diverse functions and
have different tissue expression '”>. Combinations of claudins together with other tight
junction associated proteins form multiprotein tight junction complexes, the function of
which is determined by the overall composition '™, Claudin-5 is predominant in the
vasculature of the brain, whereas claudins 2, 3, 7, and 15 are the most highly expressed in
the intestine !”>. The exact function of intestinal claudins remains elusive. Broadly, tight
junctions are grouped into "tightening" or "leaky" categories, which depict the main functions
of sealing the barrier or forming charge-selective paracellular channels, respectively.
Tightening claudins include claudin-1, -3, -4, -5, -6, -8, -12, -18, and -19 '7¢17° while leaky
claudins consist of claudin-2 and claudin-15 8132 Specific function of claudins and their

role in pathogenesis in respective tissues is still poorly understood. Some barrier proteins are
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expressed in both the BBB and the gut barrier, such as zonulin (pre-haptoglobin-2), zonula
occludens (also known as tight junction protein or Tjp), occludins (Ocln), and potentially
Cldnl and Cldn3, though the presence of the latter in the BBB is still debated !78183-185,
Therefore, shared mechanisms related to their influence on increased permeability could be

occuring.

2.2 Microbiota and gut-brain axis signalling

The microbiota critically maintains health in numerous ways, including the facilitation of
nutrient absorption, mediating immune functions, and providing a barrier to prevent
pathogens from entering into circulation ’'. Generally, a diverse microbiota is associated with
the integrity of the epithelial barrier '** and preservation of intestinal metabolic and immune
homeostasis '%¢. The microbiota influences the brain through the GBA, involving the
inflammatory/immune axis, the HPA axis, enteric nervous system to CNS signalling and
modulation of neurotransmitters and other bioactive molecules such as monoamines and

brain-derived neurotrophic factor (BDNF) !%7,

A prominent role for the microbiota is the development and maintenance of the intestinal
barrier through the production of metabolites that serve as an energy source for epithelial
cells and modulation of tight junction expression. Thereby, microbiota richness and diversity
are critical for maintaining dynamic functions as each species plays an essential role. Indeed,
a microbiota comprising high species diversity is linked to better health ?%13¢18% Commensal
species break down carbohydrates to form short-chain fatty acids (SCFAs): acetate,
propionate, and butyrate. SCFAs provide an energy source as well as exert local and systemic
immunomodulation '¥. Hence, SCFAs boost intestinal epithelial cell integrity by enhancing
anti-inflammatory cytokine production '°°, modulating the mucous layer °! and activating
regulatory T cells '°2. In healthy humans, predominant bacterial phyla include Firmicutes,
Bacteriodetes, and Actinobacteria 3. Commensal Firmicutes such as Faecalibacterium
prausnitzii (F. prausnitzii) and Eubacterium rectale/Roseburia spp., produce the most
butyrate in the human intestine '**, while Bacteroidetes are mainly responsible for making

acetate and propionate '¥°.

Through the GBA, commensal microbes can also influence the central immune system, such

195 Microbiota depletion in animal models by
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antibiotics or in germ-free mice compromises microglia maturation and ability to respond to
microbial pathogens such as endotoxins '*>. Reversal can be seen by reinstating a healthy
microbiota or by supplementation with butyrate '°>. GBA communication to microglia may
be occurring by two predominant routes, the vagus nerve or signalling molecules such as
SCFAs in the peripheral circulation °%!°7. The mechanisms by which the microbiota and
GBA signalling influence microglia phenotypes and activity in the CNS are complex systems
that are not well understood. However, this is a promising direction for research unraveling
how stress-induced dysbiosis, the altered gut microbiota, could promote low-grade systemic

and central inflammation.

2.3 Intestinal Dysfunction

2.3.1 Gastrointestinal disorders

A compromised intestinal barrier function is a hallmark of IBD, as well as other GI and
metabolic disorders. Altered protein expression at the junctional complexes such as claudins
are at the center of barrier dysfunction, resulting in increased paracellular and transcellular
permeability of the epithelial layer '’* (Table 2). Gut barrier permeability or "leaky gut", may
increase the interaction of antigens with immune cells of the lamina propria, encouraging
robust pro-inflammatory responses. LPS is a product of the cell wall of gram-negative
bacteria and is a well-known endotoxin. Evidence points to increased endotoxin levels in
circulation in IBD cases, hinting that enhanced intestinal permeability in these patients
increases bacterial translocation and endotoxemia '**!°. Indeed, macrophages containing E.
coli, Listeria and Streptococci and their products were found in the lamina propria and
mesenteric lymph nodes of patients with Crohn’s disease, indicating a barrier breach 2%,
Mucosal breaches may progress the pathology to the gut vascular barrier and into circulation

promoting systemic inflammation.

Indeed, IBD patients have increased local inflammation in the intestine but also increased
markers of systemic inflammation. Heightened circulating cytokines such as IL-1f3, TNFa,
IL-6, IFNy %¢2°! among others, occur in ulcerative colitis and Crohn’s disease. Similar to the
impacts on the BBB, upregulated pro-inflammatory cytokines can be implicated in increased
intestinal permeability °°, propagating the response through local effects on tight junctions.

Pro-inflammatory cytokines TNF-a and IL-1f downregulate tight junction protein 1 (Tjpl)
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through activation of the NF-xB pathway and subsequently increases intestinal paracellular
permeability 2°%2% (Fig 3). IL-6, IFNy and TNF-a have been shown to regulate CLDN2
expression %429 whereas the two latter can abate CLDN3, and redistribute CLDN4 206297,
CLDNI, TJP1 and OCLN % with marked increase in the gut paracellular permeability. Many
studies have identified claudin fluctuations in specific intestinal disorders (Table 2; '7°),

however, the precise mechanisms by which claudins' expression and localization is regulated

in the intestinal epithelium during pathological states remains unclear.

Disease Claudin changes

IBD Claudin 1]

Ulcerative colitis Claudin 21, 7|

Crohn’s disease Claudin 21, 4].5], 8], 12|17
Celiac disease Claudin 21.,3]1,5]. 7], 157

Table 2. Claudin expression changes in the intestines associated with gastrointestinal diseases.
Adapted from Lu et al. 2013.

2.3.2 Microbiota dysbiosis in gastrointestinal disorders

Disrupted microbiota homeostasis triggers downstream signalling pathways at the intestinal
epithelium to the lamina propria beneath where immune cells elicit a pro-inflammatory
response '®. Dysbiosis in IBD patients presents as an overall loss of alpha diversity which is
a measure of species richness and variety 2. Indeed, decreased composition of the phyla
Firmicutes and Bacteroidetes occurs, leaving a higher ratio of Proteobacteria and
Actinobacteria **. Depleted ‘healthy’ microbes Bifidobacterium and Lactobacillus species
are reported with proliferating invasive species such as Escherichia coli and Enterococci **.
Dysbiosis profiles of GI disorders are linked to pathogenesis of the disease by promoting
intestinal inflammation and permeability, upregulating mucosal adherence and invasion,

microbial translocation, inefficient clearance of invasive bacteria and loss of immunologic

tolerance to commensal bacteria >!°.

Patients with active IBD have lower SCFA producers, such as species of the order Clostridia
and genus Bacteroides 2%, and lower SCFA concentrations in fecal extracts 2!1*12, SCFAs
modulate genes involved in tight junction expression, regulates epithelial cell proliferation,

differentiation, and mediates the intestinal inflammatory response '*°. Specifically, SCFAs
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are ligands for G-protein coupled receptors that activate anti-inflammatory signalling
cascades ' Therefore, limited SCFA production impairs pathways implicated in barrier
permeability and may play a role in the establishment of aberrant immune responses in IBD
patients. Indeed, altered tight junction expression is reported in colon biopsies from Crohn’s
disease patients with upregulated CLDN2 and downregulated CLDN5 and CLDNG6 213,
Furthermore, butyrate induces tight junction encoding genes through transcription factor
signal transducer and activator of transcription 3 (STAT3) and Specificity Protein 1 (SP1)
189 therefore a lack of butyrate-producing species may contribute to increase barrier

permeability by limiting activation of this pathway.

The gut microbiota is also sensitive to stressors >'* and HPA axis activation can influence
population densities 2'°. In mouse models, chronic stress alters microbiota diversity 2'® and
promotes intestinal permeability 2!7. The resulting dysbiosis upsets colonization resistance,
the ability of commensal bacteria to resist the expansion of opportunistic pathogens 2'%.

Overexpansion of pathogenic strains suppresses healthy species populations and overall

219-221 18

biodiversity , which is associated with negative health issues '*® including reduced
intestinal barrier integrity 228 Glucocorticoid secretion resulting from HPA-axis activation
increases gut permeability, promoting recruitment of Helper T cells as well as other immune
cells to interact with bacteria in the mucus layer and produce pro-inflammatory cytokines .
Aberrant stress response is suspected to play a role in the development and relapse of IBD
patients, contributing to disruption of host-microbial balance, intestinal permeability, and
uncontrolled flux of antigens across the intestinal barrier challenging the peripheral immune

system.

2.4 Microbial antigens and intestinal tight junctions

Many pathogenic microbial species have the capacity to compromise tight junctions either
by direct interactions or translocating through the epithelial cell membrane to target
downstream signalling pathways. Indirectly, microbial antigens can trigger a pro-
inflammatory response with repercussions for tight junction expression. Certain
opportunistic pathogens modulate CLDN2 expression to alter the environment in their favor.
Cldn2 is a component of ion channel complexes that allows the passage of water and small

cations, while preventing the passage of anions and large molecules 22, Cholera toxin (CT)
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from species Vibrio cholerae (V. cholerae) and shiga toxin from pathogenic E. coli gain
access to cells and disrupt ion flux by binding Cldn2 2. Exposing cells in vitro to CT
upregulated Cldn2 expression, decreased transepithelial resistance (TEER) and facilitated
further antigen absorption 22*. These mechanisms could be at work in IBD pathology as
inflated Cldn2 expression in the jejunum (JEJ) was identified in these patients 2%, Cldn2
dysfunction is also believed to play a role in intestinal food allergies in patients and intestinal

224 Similarly, another species, Clostridium

antigen-specific hypersensitivity in mice
perfringens enterotoxin, binds directly to CLDN3 and 4 with detrimental outcomes. This
toxin joins the tight junction complex to modulate the pore function, ultimately allowing

uncontrolled influx of calcium and compromising the paracellular barrier 22°.

LPS from members of gram-negative enterobacteria are also known to be immunogenic 2422

with implications for barrier permeability through the zonulin pathway. Zonulin is a protein

123,227,228

that regulates endothelial and epithelial permeability and therefore regulates

permeability of both the BBB and the intestinal barrier >*°. Zonulin acts by dissociating Tjp1

228230.231 which, among other effects, can mediate the

and Ocln from the junctional complex
transport of paracellular antigens >*2. The zonulin analog, zonula occludens toxin (Zot) is an
enterotoxin produced by V. cholerae **}, which can activate these pathways, dissociating tight
junction protein complexes in intestinal epithelial cells 2**. Other enteric pathogens, including
E. coli and Salmonella typhi can release zonulin from the intestine 2*°. Considering zonulin
is also expressed in the BBB, circulating levels of these toxins achieving the peripheral could
influence permeability there as well. Indeed, in mice, imbalances of healthy gut microbes are
associated with increased permeability of the BBB 2*® indicating that perhaps, inflammatory
gut responses can even trigger BBB permeability, promoting depression behaviors.

Therefore, stress-induced dysbiosis may compromise the intestinal barrier, feeding into a

loop of exacerbated pro-inflammatory environment 27,

3 Gut Barrier dysfunction and potential mechanisms (in MDD)

3.1 Intestinal dysfunction and dysbiosis in MDD
Similar inflammatory pathologies appear in MDD and GI disorders, characterized by low-

238

grade systemic inflammation, increased intestinal permeability “*° and altered gut microbiota

239,240 Reportedly, the prevalence of depression is 40% higher in patients with IBD ¢,
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241 and

Approximately 49% of people with IBD suffer from depressive symptoms
symptomatic IBD patients have the highest depression and anxiety scores compared to non-
active patients. Furthermore, psychological score were coincident with heightened intestinal
expression of IL-1B and IL-6 and extracellular matrix protein, MMP-9 %, Additionally, fMRI

studies of patients with IBD demonstrate aberrant brain function in emotion processing and

242,243 D 27,140,244,245

regulation regions reflecting changes seen in patients with MD
Specifically, in IBD patients with high anxiety symptom severity, diminished functional
connectivity occurs between the medial PFC with the ACC, a core node of the limbic system

with a unique integrative role in emotion regulation 4.

d 239,246,247

In MDD, dysbiosis, or altered gut microbiota, has been reporte along with

increased intestinal permeability 2*® (Fig. 2D). Reduced alpha diversity and shifts in

24829 some of which correspond to reports in inflammatory

prominent species also occurs
GI disorders 2!1*3°, Depressed patients have expanded populations of predominant phylum:
Bacteroidetes, Proteobacteria and Actinobacteria, compared to healthy subjects and many
further transformations at lower taxonomic ranks 2°'. These changes may have negative
downstream action on the GI system as assessment of microbiome in MDD patients, KEGG
(Kyoto Encyclopedia of Genes and Genomes) analysis, highlighted enriched pathways
related to pathogenic enterotoxins >*7. For MDD, distinct signatures within global
communities are associated with specific symptoms 2**2°%233 Hence, treatments for re-

establishing commensal populations could be beneficial for mood symptoms both

retroactively and as prophylaxis.

3.2 Peripheral serotonin

Approximately 95% of all 5-HT is found in the gut, produced mostly by enterochromaffin
cells and certain microbial species 2°>?>*, TRP is the sole precursor of 5-HT; however, more
than 90% of the dietary source is degraded through the pre-dominant kynurenine (KYN)
pathway 2%°. The KYN pathway is strictly immune-related and evidence suggests that stress
and inflammation increase KYN production by activating TRP-degrading enzymes, diverting
away from 5-HT synthesis 2°62%%. Supporting this hypothesis, IBD patients have higher
circulating KYN:TRP ratio . Hyper-function of the KYN pathway and its downstream

metabolites paired with TRP depletion may be implicated in mood disorder pathogenesis as
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it is other stress-related disorders but specific roles are still unclear *®. KYN and other TRP
metabolites can activate the aryl hydrocarbon receptor (AHR), resulting in
immunoregulatory effects such as regulatory T-cell induction that suppresses inflammation
239260 Therefore, KYN upregulation may have a protective purpose during acute stress,
though overextending these pathways, resulting in TRP depletion could have negative
influence in the context of chronic stress. Many studies have found low circulating TRP in

261-263

MDD patients with connections to emotional and cognitive symptoms such as suicidal

ideation 2%, KYN pathway metabolites have different neuroactive potentials in the brain,

265

linked to neuro-toxic or neuroprotective developments “*> and this balance can be reflected

by metabolite ratios in the blood and thus TRP pathways’ activity 2%

It is suggested that depleted serum TRP levels leads to immune activation in inflammatory
disorders through Indoleamine 2,3 dioxygenase-1 (IDO-1) ?%’, Fig. 5. IDO-1 is primarily
expressed in innate immune cells and is the main rate-limiting enzyme in TRP to KYN
conversion and further downstream metabolites 7. Elevated IDO-1 expression modulates
the TRP catabolism pathway to favor KYN synthesis over 5-HT in the periphery and brain
263 Human IDO-1 is highly upregulated in the gut epithelium during inflammation, injury,

and infection 268

, induced by pro-inflammatory factors 2* or directly by LPS 27027,
Furthermore, KYN levels increasing along with inflammatory factors in the cerebral spinal
fluid have a positive link to depressive symptoms 2°’. This evidence highlights the
relationship between TRP/KYN metabolites and the immune system in the manifestation of
mood symptoms. Indeed, low serum 5-HT is detected in MDD patients in conjunction with
higher IDO-1 and amplified pro-inflammatory cytokines 2’2, Interestingly, SSRI treatment,
reduced concentrations of IDO-1 which positively correlated with symptom improvement
272 Therefore, IDO-1 function is proposed as a mechanism connecting inflammation and
TRP in the context of MDD (Fig. 5). However, more work to confirm mixed findings on

peripheral IDO-1 expression or KYN pathway activity in MDD 2622 as this suggesting a

missing link in the underlying mechanisms.
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Figure 5. Tryptophan metabolism alterations by stress in MDD.
Modified from Doney et al., 2021.

3.3 Peripheral markers of gut dysfunction and link with MDD

D 217123273275, a5 summarized in

Markers of gut dysfunction have also been noted in MD
Table 3. Serum levels of intestinal cell proteins can indicate gut damage, such as Intestinal
Fatty Acid binding protein (FABP2) 7?7 which is augmented in GI disorders with levels
correlated with antibodies to bacterial products LPS and flagellin 2’°. Increased levels have
also been implicated in MDD !2!122 (Table 3) and been associated with predicting better
clinical outcomes 2”7, Yet, limitations exist for these markers, for lack of spatial and temporal
specificity 7?76, Otherwise, elevated serum zonulin in patients with GI disorders coincides
with intestinal tissue expression >’3?7?. Levels are also significantly mounted in patients with
MDD and anxiety '?* (Table 3). However, disputes of the tissue and protein specificity of
current tests limit the application of these measurements at this time 28%2%!, Still, it will be
interesting to compare in future studies circulating tight junction and cytokine profiles along

with brain functional assessments to possibly reveal commonalities between gut disorders

and MDD.

Bacteria in the external environment as well as the internal intestinal environment constantly
shed LPS fragments. The intestinal barrier is constantly patrolled by immune cells to
maintain homeostasis and protect against infection. Indeed, LPS elicits a strong immune
reaction and can trigger pro-inflammatory and microbicidal responses through activation of
TLRs on immune cells 2*2. Specifically, toll-like receptor 4 (TLR4) is well-known for
recognizing LPS along with co-receptor cluster of differentiation 14 (CD14). Binding of the
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immune complex with LPS initiates downstream pathway activation of transcription factor
NFkB, upregulating production of TNF-o and IL-1p, as well as VCAM-1 and ICAM-1 2%,
Increased permeability in the gut is proposed to allow higher levels of translocation of
microbial products into the periphery. Indeed, serum detection of specific microbes by testing
for pathogen-associated molecular patterns has proven insightful in GI disorders 28428,
Proliferating pathogens may be entering circulation in MDD as clinical trials have found

123287 and in women with post-partum depression 2%,

higher serum levels of LPS in patients
Furthermore, high levels of circulating IgM and IgA directed to pathogenic enterobacteria
are related to symptoms of fatigue, autonomic, and GI symptoms '**. Serum levels of
endogenous immune responses to microbes provides an alternative to be tested, however,
CD14 can be released by immune cells via non-LPS dependent mechanisms. Peripheral and
central TLR4 levels have been found to be elevated in MDD patients *® and related to levels
of anxiety 2%, however, elevated levels are implicated in many pathologies®*°. Finally,

lipopolysaccharide binding protein (LBP) !232842% indicates immune activation secondary

to microbial translocation ?°!. LBP activation of TLRs leads to cytokine production through

the NOD2 pathway. LBP is reported to be elevated in IBD patients'?%,>? and in MDD patients
121

Changes o
Type Markers (MD%)) Description References
FABP-2 1 Plasma biomarker of gut epithelial cellular | 117.119.275.291
dysfunction.
] 1 119
Zonulin Modulatory protein of TJ permeability 118
Intestinal -
proteins columnar epithelium, reflects mucus layer 16
TFF3 1 thickness and epithelial healing rates
nonessential amino acid synthesized by 51 56
Citrulline l P R . X 271,292
enterocytes of the small intestine
Microbial . 119,280,281
icrobia LPS 1 Endotoxin
toxins
LBP 1 Soluble PRR molecule 117,291
Marker of microbial translocation
LPS-iIg)eclﬁc 1 Antibody to endotoxin 273293
Immune — —
proteins Antibodies to Saccharomyces cerevisiae
y commensal intestinal organism
ASCA 1 ( g ) 294
Increased levels related to inflammation.
CD14. sCD14 Marker of LPS-induced monocyte or {i&57
»S — macrophage activation e
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Table 3. Serum intestinal permeability markers associated with MDD.

Abbreviations: ASCA, Anti- Saccharomyces cerevisiae antibody; CD14, cluster of differentiation 14; FABP-
2, Fatty Acid-Binding Protein 2; IgA, Immunoglobulin A; LPS, lipopolysaccharide; LBP, lipopolysaccharide
binding protein; PRR, pattern recognition receptor; sCD14, soluble CD14; TJ, tight junction; TFF3, Trefoil
factor 3.

3.4 LPS and low-grade systemic inflammation

293 and is

LPS treatment causes expression of certain depression-like symptoms in rodents
clinically relevant to human depression '?!. A single injection of LPS induces symptoms of
anorexia, reduction of locomotion and social interaction, paralleling event in chronic stress
models . Administration of LPS is frequently applied in neuroinflammation-associated

diseases studies in mice >3

; ergo this model enables a focus on the inflammatory-related
pathways associated with depression-like behaviors °>?**2%_ Indeed, in mice, intraperitoneal
LPS administration significantly upregulated pro-inflammatory cytokines and chemokines,
including IL-1a, IL-1B, IL-9 and MCP-1 in the blood and the PFC, HIPP and striatum 27,
Furthermore, LPS is linked to BBB disruption as LPS administration enhances uptake of
tracer molecule 99mTc-DTPA in mice, along with brain levels of pro-inflammatory
cytokines associated with innate immune cell trafficking '®**°7>°®, However, the BBB is
relatively resistant to impacts of LPS on permeability, with some brain regions being more
vulnerable than others. Only high doses (>3 mg/kg) induce BBB damages ?°’ as measured by
permeability of small molecule 14C-sucrose (340 Da) and three peripheral injections of
3mg/kg LPS significantly and consistently permeabilizes the BBB to large molecule albumin
as well 168,

In humans, intravenous or intramuscular injection of LPS alters mood and produces related
behavioural symptoms in humans *!, implicating peripheral LPS in cognitive symptoms
through inflammatory actions on the brain. A PET imaging study shows healthy humans
injected with LPS have amplified uptake of translocator protein (TSPO), an inflammatory
marker 2 ; and MDD patients displayed elevations of TSPO volume in PFC, correlating
with depression severity and duration 3*3%!, However, discordant reports do not observe this
elevation, although alternate methodologies could be liable these discrepancies 2°23%. Still,
bacterial translocation may impact BBB integrity directly or even be able to migrate into the

parenchyma itself 3%

. Mice peripherally injected with pathogenic S. aureus exhibit evidence
of BBB uptake, with inflammation and significant levels of brain bacterial counts 3%, The

microbial endotoxin peptidoglycan, can translocate from the gut into the blood and ultimately
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cross the BBB 3%, Peptidoglycan triggers pattern recognition receptors and in mice,
manipulation of the microbiota induced corresponding fluctuations of peptidoglycan-
recognition proteins in the brain *°®. Substantiating these effects, knockout of these receptors
in mice causes alterations in social behavior 3%. This is an intriguing novel concept of a
pathway linking the microbiota directly to the brain, however, the mechanisms behind
peptidoglycan entry into the brain is unclear. A proposed route is through extracellular
vesicles, which can cross the BBB and stimulate trafficking of immune cells into the CNS
307 LPS treatment in mice stimulates the trafficking of immune cell extracellular vesicles
across the BBB **® and differentially modulates extracellular vesicles uptake into different
regions of the brain 3%. Elevated systemic LPS-positive extracellular vesicles have been
detected in the serum of IBD patients >!°, therefore, even though limited knowledge exists on

the mechanisms of these vesicles, they could be valuable to investigate for roles in MDD.

Though common mechanisms behind barrier disruption have been receiving increasing
attention, there are many unanswered questions. Stress activates inflammatory and immune
pathways, as well as other GBA systems such as peripheral nerve neurotransmitters and
direct neural innervation, influencing the gut in the context of stress and mood disorders.
This may drive dysbiosis and lead to greater systemic inflammation. Contrarily, gut dysbiosis
could be a source of inflammation that impacts the brain of individuals at risk for psychiatric
illnesses. The origin and directionality of these dysregulated systems are debated however
the clinical relevance remains promising. Uncovering novel pathways and mechanisms
linking the BBB and/or the intestinal barrier in the development of maladaptive stress
responses and neuropsychiatric disorders may elucidate new ways to bolster current

treatments and promote resilience to the development of depression.
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Hypotheses and objectives

Study 1: Sex-specific effects of chronic stress on intestinal barrier integrity

In this study, we compare the outcomes of chronic stress on intestinal barrier characteristics,
microbiome, local and systemic inflammation, and depression-like behaviours in male and
female mice. We chose chronic stress models in mice to examine how stress can influence
manifestations of gut permeability through examining tight junction expression. In the social
stress model, we predict that stress-induced changes will occur in tight junction expression
that may impair gut barrier integrity, playing a role in vulnerability or resilience to chronic
stress. Recent work from our team identified tight junction changes to the BBB in regions
implicated in stress response and symptoms of depression. To compliment these findings, we
propose that recent preclinical and clinical findings as well as mechanistic insights raise the
intriguing possibility of a direct implication of BBB and/or the intestinal barrier in the
development of maladaptive stress responses and neuropsychiatric disorders. Until recently,
the BBB and gut barrier had not been compared directly, however, a study evaluating these

311 Specifically, they demonstrated shared

in female rats facing social isolation stress
modifications in Ocln, Tjpl and Cldn5 gene expression when comparing the PFC and the
most distal part of the small intestine (the ileum) in females. Therefore, we expect to also see

some coinciding changes between the expression in the brain and the gut for our gene targets.

We conduct our experiments in both males and female mice as we predict sex-specific effects
due to our previous study °°. Furthermore, the prevalence of MDD is two-fold higher in
women, however, until recently, chronic CSDS experiments have been conducted
exclusively in male mice highlighting to importance decipher sex-specific mechanisms. Sex
differences in stress reactivity have been exemplified in other chronic stress paradigms ',
where female mice are more vulnerable than males and demonstrate earlier emergence of
depression-like behaviors 3. Thus, we also conducted our intestinal barrier analysis across
different stress models in both sexes, to consider the potential influence of stressor type or

duration.

Many pathways of interaction between the gut and the brain may be involved in intestinal
barrier dysfunction during chronic stress. However, the microbiota plays an important role

in mediating GBA communications on many fronts. For that reason, we characterize the
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composition of the microbiota across males and females from various stress models to
potentially identify any profiles related to a specific sex or stressor type. Indeed, chronic
stress-induced dysbiosis allows for the proliferation of pathogenic species that can promote
inflammation locally but also in the periphery. Implications of microbes themselves,
microbial products or microbe metabolites have direct implication for tight junction in the
gut but are also proposed to affect barrier proteins of the BBB. Therefore, based on the
literature, it is hypothesized that stress transforms microbiota composition and gut-barrier

integrity in a sex-specific manner, playing a role in vulnerability or resilience.

Objectives:

1. Investigate intestinal permeability of stressed mice vs. unstressed controls by focusing
on expression of genes involved in permeability-related functions to those previously
determined in the BBB such as tight junction proteins.

2. To study the potential role of the microbiota in mediating vulnerability vs. resilience to
chronic stress by analyzing microbiome from various stress models and evaluating sex

differences.

Study 2: Investigation of a novel therapeutic intervention to prevent stress -induced
alteration to intestinal barrier integrity

The recent years, research for the development of nanoparticles for biomedical applications
has hit with increasing popularity, with potential for treatment of leaky gut. Specifically, a
gel obtained by self-assembly of a non-synthetic dairy peptide (sequence: LIVTQTMK) has
been generated and studied within the laboratories of Drs. Pouliot and Doyen. This peptide
has unique characteristics in that, it is very hydrophobic, soluble only between pH 2 and 3
and forms a translucent gel at basic pH (pH 7 and 11). Due to its non-conventional properties,
it is thus possible to consider using this peptide as a protective agent for the natural intestinal
wall. In this study, we contribute to the investigation of this peptide treatment by testing the
therapeutic potential in chronic stress animal models of depression. We attempt to support
the structure of the gut by adding this treatment to the diet of the mice experiencing the
chronic stress paradigms. By restoring gut integrity, we attempt to promote resilience to stress

by reducing peripheral inflammation and downstream repercussions on the brain.
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Sex differences in stress reactivity to various types of stressors prompted the decision to
conduct our peptide trials in a CSDS cohort males while complimenting it with a SCVS
model in females to optimize the efficiency of the first rounds of testing this treatment. First,
we confirm behavioural responses of the male cohort following CSDS in the SI test to divulge
any potential behavioural consequences from consuming the peptide treatment. We expect
that if consuming the peptide can negate any negative effects of chronic stress on the gut,
that we may see a ratio higher in resilient mice compared to susceptible in the treatment group
of this cohort. Whereas any adverse impacts of the treatment may be displayed as increase
anxiety/ depression-like behaviour. Next, we characterize the tight junctions and other genes
related to barrier integrity in the JEJ, identified from study 1, in these cohorts to determine
any treatment-related responses. Indeed, if this treatment coats the intestinal wall thereby
supporting it against any stress-induced permeability we expect that gene expression changes
identified from study 1 will be countered in this study for the animals receiving the peptide

treatment.

Previously, studies from our group have identified BBB changes in mood-related brain
regions in male and female mice following chronic stress *°. Specifically, the NAC and PFC
feature alterations in the BBB depicting leakiness. There are also sex-specific regional
outcomes as males experienced more modifications in the NAC while female changes were
predominantly PFC. These results prompted us target the NAC and PFC for transcriptional
profiling of genes in our cohorts of mice receiving peptide treatment. We expect the
previously identified gene alterations will be replicated and potentially display treatment
effects if the treatments indeed alter behaviour and/or have intestinal integrity promoting

outcomes.

Consequences of stress on the gut such as barrier dysregulation and dysbiosis, could lead to
unwanted circulating molecules in the blood and triggered immune response. Thus, we
examine a potential marker of gut permeability, lipopolysaccharide binding protein (LBP) in
our male and female models. We expect that this marker will be promoted by experiencing
chronic stress. Further we expect to see minimized signs of intestinal permeability in peptide
supplemented stressed mice, which will be reflected by reduced circulating levels of LBP.

Elevated serum inflammatory markers have previously been reported following various
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mouse models of depression %3-!2, therefore we also examined serum in male mice after
social defeat stress for a panel of inflammatory markers to potentially identify any other
indirect markers of aggravated inflammation that may be subsided through successful

treatment with the peptide polymer.

Objectives:

1. Explore potential treatment outcomes on expression of genes involved in permeability-
related functions in the JEJ.

2. Confirm previously highlighted BBB tight junction related changes in the NAC and PFC
of stressed mice and identify any potential downstream effects of peptide treatment.

3. Investigate gut-related biomarkers as novel targets in the context of chronic stress.
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Methods

Animals

Experimental mice were naive male (~25g) and female (~20g) C57BL/6 mice, 7-9 weeks of
age at arrival (Charles River Laboratories, Québec, Canada). Sexually experienced retired
male CD-1 breeders (~40 g), 9-12 months of age were used as aggressors (AGQG), residents
for the social defeat procedures (Charles River Laboratories, Québec, Canada). All mice were
group housed in 27 X 21 x 14 cm polypropylene cages upon their arrival and left undisturbed
for one week of acclimation at the housing facility of CERVO Brain Research Center prior
to any procedures commencing. Mice maintained on a 12-h light—dark cycle (lights on from
0800 to 2000 h) with temperature (22 °C) and humidity (63%) kept constant were provided
free access to water and food (Teklad Irradiated Laboratory Animal Diet, Madison, USA).
All experimental procedures were approved by the animal care and use committee of
Université¢ Laval (2018-052) and met the guidelines set out by the Canadian Council on

Animal Care.

Chronic Social Defeat Stress

As previously described '!, in the CSDS model, a C57BL/6 mouse is repeatedly
subordinated by an AGG mouse for daily bouts of social stress. Before the experiment, AGG
mice are screened for aggressive behaviours against a C57BL/6 mouse for 3 days. Then the
AGG is designated a social defeat cage (26.7 cm width x 48.3 cm depth % 15.2 cm height,
Allentown Inc.) separated in half with a clear perforated Plexiglas divider (0.6 cm % 45.7 cm
x 15.2 cm). The experimental C57BL/6 mice are placed in the home cage of an unfamiliar
CD-1 male for bouts of physical stress lasting 5 minutes daily over a period of 10 consecutive
days. After each physical stress period, the mouse is returned to the other side of the clear
plastic divider, leaving the experimental mouse exposed to overnight sensory contact with
the AGG mouse. Control animals were housed 2 per social defeat cage, one each side of the
Plexiglas divider and kept in the same room as experimental mice. After the last day of social
defeat, the experimental mice are single-housed for 24 hours before conducting the social

interaction (SI) test.

In the female CSDS paradigm, the procedure is adjusted as described by Harris et al. '®.

Before each defeat, ~30ul of urine collected from a CD-1 male was applied to the tail base
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and vaginal region of the female mouse. The odour from the urine induces dominant
behaviour from the AGG mouse. For urine collection, CD-1 mice were placed in metabolic
cages (Life Science Equipment) during the dark phase of the light/dark cycle. Urine was
collected the following morning, filtered, aliquoted in 0.5 mL tubes and stored at -80°C until

use.

Social Interaction Test
Following CSDS, mice are characterized for vulnerability to stress by way of SI test to

151 In this test, the mouse’s propensity to socialize is

establish behavioural phenotypes
evaluated. In two trials, this test assesses exploratory behavior of mice in an open field, first
alone and then in the presence of an unfamiliar CD-1 mouse contained in a small wire cage
within the open field (42 cm x 42 cm x 42 cm, Nationwide Plastics). Movements are tracked
by an automated system (AnyMaze™ 6.1, Stoelting Co.) during each 2.5-minute trial. The
time spent in the interaction zone, the region surrounding the small cage, compared to the
rest of the arena is assessed. The SI ratio is the score obtained by dividing the time spent in
the interaction zone with AGG present divided by the time when AGG is absent. Equal time

spent when in Trial 1 and Trial 2, giving an S1 ratio of 1, is typically used as the cutoff point,

dividing those mice with a ratio below 1.0 to be classified as stress-susceptible (SS), while

mice with a ratio above 1.0 are considered resilient (RES) '3'.
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Figure 6. Chronic social defeat paradigm and social interaction test procedure

a) Timeline of social defeat paradigm, social interaction test and tissue collection. b) Experimental mice spend
5 mins/day subjected to physical stress by an aggressor mouse. ¢) Arena used for social interaction test
highlighting the different zones. d) Mice are recorded for exploratory behaviour in the social interaction test
in two trials: to determine behavioural phenotype.
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Chronic Variable Stress

As previously described '*°, mice are exposed to a series of alternating variable stressors
(restraint stress, tail suspension, foot shocks) for 1 hour per day unpredictably for 28 days.
Stressors were administered as follows: 100 mild foot shocks of 0.45mA at random intervals
for 1 h (10 mice/ chamber), a tail suspension stress for 1h and restraint stress, where animals
are placed inside a 50ml falcon tube, for 1h within the home cage. After day three the

stressors restart with foot shocks and cycles through in this pattern for 28 days.

Subchronic Variable Stress Model

The subchronic variable stress model (SCVS) paradigm consists of the same procedure as
CVS but for a total duration of 6 days only. Female C57BL/6 mice were used as experimental
mice and stressors were administered as previously described for the CVS paradigm.
Stressors were administered daily for 6 days, as follows: 100 mild foot shocks for 1h (days 1

and 4), a tail suspension stress for 1h (days 2 and 5) and restraint stress for 1h (days 3 and 6).

Peptide treatment

Two cohorts of animals: 1 group of male 10d CSDS (Fig. 6a) and 1 group of female SCVS
(Fig. 6b) received a dietary supplement of a non-synthetic dairy peptide in gel form
throughout stress paradigm. The peptide treatment is mixed into a neutral hydrogel
(ClearH20; Hydrogel, 70-01-1062) at a dose of 200mg/kg. Water was withdrawn from the
cage so that mice will opt for hydrogel as their main source of hydration. Mice are fed a
neutral hydrogel with or without (vehicle/treatment control group) peptide treatment for the
duration of the stress paradigm and until the day of sacrifice. Treatment commences 6 days
prior to the first stress exposure as an adjustment period. Mice are monitored daily for body

weight, physical state, and consumption of hydrogel.
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Figure 7. Timelines of CSDS male and SCVS female paradigms receiving peptide
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Serum, tissue, and feces collection

Blood and feces samples were collected 48h before the start of the stress protocol. Blood was
collected by the submandibular bleeding method and one or two fecal pellets were collected
from each mouse by voluntary defecation into a sterile microtube (Eppendorf, Germany).
Fecal samples were immediately placed on dry ice during collection and blood was left at
room temperature in nuclease-free microtubes for 1h before processing for serum extraction.
Blood samples were centrifuged for 2 min at 10 000 RPM at which point the separated serum
was collected and transferred into a new tube. This process is repeated with centrifugation at
10 min at 3000 RPM and supernatant was collected. Serum was stored at -80°C for

subsequent determination of protein levels.

Blood, feces, and tissues from the same mice were collected 24h (for SCVS or CVS) or 48h
(for CSDS) after the last stressor. Trunk blood was immediately collected after euthanasia
by rapid decapitation. Post-sacrifice, the small intestine is removed, placed in a petri dish on
ice and cut into 3 sections. The most anterior portion and distal section is discarded, and the
mid-section (jejunum) is kept and flushed with 0.1 M phosphate-buffered saline (PBS 1X).
Two biopsies were taken with Unicore 2.00mm punch (Harris, 7093508) from intact
intestinal segments, placed immediately in nuclease-free microtubes on dry ice and stored at
—80 °C for subsequent analysis. The remaining intestinal segment is prepared for subsequent
protein analysis following a modified version of the swiss roll protocol *'*. Briefly, intestinal
segments were cut open longitudinally along the mesenteric line. Tissue is rolled over a
wooden skewer with mucosa facing outwards and then transferred into a tissue mold filled
with Tissue-Tek® O.C.T. Compound (Sakura, NC1862249) to embed samples. The tissue is

snap frozen in isopentane on dry ice and stored at -80°C.

Additionally, from the mice who underwent chronic stress paradigms with peptide treatment,
tissue was collected from brain regions for transcriptional profiling. Brain samples from the
NAC and PFC were collected and processed as described previously *2. Briefly, bilateral
2.0mm punches were collected from Imm coronal slices on wet ice after rapid decapitation

and immediately placed on dry ice and stored at —80 °C until use.
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Transcriptional profiling of mouse tissue

Quantitative polymerase chain reaction (QPCR) using SYBR green chemistry was performed
on JEJ tissue samples for evaluation of gene expression of targets related to intestinal
permeability, such as tight junctions, tight junction associated proteins and inflammatory
markers. Total RNA was extracted with TRIzol (Invitrogen, 15596026) homogenization and
chloroform layer separation. Tissues were processed using PureLink® RNA Mini Kit
(Invitrogen, 12183018A) following manufacturer’s protocol for Purifying RNA from Animal
Tissues. Yields and purity (ratio of absorbance at 260 and 280 nm) of extracted RNA was
assessed by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, ND-2000).
Complementary DNA (cDNA) was synthesized using Maxima™ H Minus cDNA Synthesis
Master Mix, with dsDNase (Thermo Fisher Scientific, M1681) from 5pug of RNA. The cDNA
was applied as a template for qPCR reaction using PowerUp SYBR Green Master Mix
(Applied Biosystems, A25742) containing ROX™ Passive Reference Dye. QPCR was
performed with Applied Biosystems QuantStudio 5 Real-Time PCR System (ThermoFisher
Scientific, MA, USA). Oligonucleotide primers are listed in Table A1 and primers that
amplify Actb and Gapdh were used as reference genes. Analysis was done by way of the

AACt method.

Microbiome Analysis

Total DNA was extracted from fecal samples using a Stool DNA Isolation Kit (Norgen
Biotek, 27600) following manufacturer’s protocols. Extracted DNA yields and purity were
assessed by a Qubit Fluorometer (Invitrogen, Q33238) and only samples with high purity
(absorbance ratios A260/A280 greater than 1.8 and A260/A230 greater than 1.6) were kept
for downstream analysis. The V3 and V4 hypervariable regions of the 16S ribosomal RNA
gene (16S rRNA) were amplified from bacterial DNA and sequenced using a MiSeq Illumina
system. For analysis of microbiome data of each mouse, QIIME 2.0 3'* was used to initially
process the data, followed by MicrobiomeAnalyst to calculate diversity indices using
methods as previously described *'>. The parameters evaluated were alpha diversity, number
of taxonomic units within the ecosystem, represented by Chaol and Shannon indices and

beta diversity, difference in the abundance of taxonomic units between samples ecosystems.

Immunohistochemistry of Cldn3

Swiss rolls of JEJ tissue samples from male CSDS mice were sectioned on a cryostat
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(CryoStar™ NX50 cryostat, Thermo Scientific), cut into 7 um thick sections at —17°C and
mounted on Superfrost Plus slides. Slices were rinsed in PBS 1X and incubated for 30 mins
in blocking solution, consisting of 10% normal donkey serum in PBS 1X. Slides were
incubated overnight at 4°C with primary antibodies (Table A2) in solution, 1% bovine serum
albumin (Life Sciences, SH3057401) and 0.01% Tween 20 (Fisher BioReagents, BP337-
100) in PBS 1X. The slices from male mice were double stained with primary antibody
CD326 for visualization of epithelial cells and tight junction Cldn3. Sections were washed
three times with PBS 1X and incubated with secondary antibodies (see Table A2) for 1h at
room temperature. Slices were washed three times in PBS 1X and stained with 4',6-
diamidino-2-phenylindole (DAPI) for nuclei visualization. Finally, slides were mounted with
ProLong Diamond Antifade Mountant (Invitrogen, P36961), and cover slipped. Six 0.5um
thick z-stack images were acquired using an Axio Observer.M2 microscope (Carl Zeiss) with
a 20X objective. Processing of images was done with Imaris (Bitplane, Zurich, Switzerland)
for volume quantification and intensity colocalization. To measure the intensity of Cldn3
expression within a region of interest in the intestinal epithelium, solid surfaces were created

based on CD326 fluorescence.

Two JEJ tissue swiss roll slices per female mouse were double stained with primary
antibodies for Cldn3 and actin filaments (F-actin) with the same protocol as described above.
Ten 0.250 pum thick z-stack by six tiles were acquired with a 40X lens. Images were imported
into Imaris for 3D reconstruction. For volume quantification of Cldn3 expression within the
region of interest in the intestinal epithelium, solid surfaces were created based on Cldn3
fluorescence and F-actin fluorescence. Masks were made of the volume renderings and

colocalization analysis was performed.

ELISA and Multiplex assay of LBP and inflammatory markers

The quantitative detection of serum lipopolysaccharide binding protein (LBP) was performed
by Mouse LBP ELISA assay (Abcam, ab213876) according to the manufacturer protocol.
Serum was diluted 1:100 for LBP detection, measured on an Eon Microplate
Spectrophotometer (BioTek Instruments Inc., Winooski VT) and calculated from a serial
dilution curve using Gen5 Data Analysis Software. Serum levels of inflammatory molecules

were determined by cytokine multiplex assay (Bio-Rad, M60009RDPD) according to
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manufacturer’s protocol. The Bio-Plex murine cytokine kit measures 23 cytokines: IL-1a,
IL-1p8, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12(p70), IL-13, IL-17,
eotaxin (CCL11), G-CSF, GM-CSF, IFN-y, KC (CXCL1), MCP-1 (CCL2), MIP-1a (CCL3),
MIP-1B (CCL4), RANTES (CCL5), and TNF-a. The multiplex plate was read with Bio-Plex
200 system Luminex (Bio-Rad, 171000201) and analyzed using the Bio-Plex Manager™ 6.0

software.

Statistical Analysis

All data are presented as means + standard error of the mean (S.E.M.). Comparisons between
group was performed using t-test, one-way ANOVAs and two-way ANOVAs with
Bonferroni post hoc follow up test when required. Values of P<.05 were regarded as
statistically significant. Graphs and statistics were generated using GraphPad Prism Software
version 8 (GraphPad Software Inc.). Normality was determined Shapiro—Wilk tests and
Levene’s test for homogeneity of variances. Data was analyzed using the nonparametric
Kruskal-Wallis test when it did not meet the assumption of normality, or the Mann-Whitney
U test for pairwise comparisons. Visual representation of average and S.E.M. with heatmaps
was created using Matlab-based software. Individual values were used to compute correlation
matrices and p-values were determined by Matlab-based software (MathWorks). Comparison
of microbiota alpha diversity was performed with Microbiomeanalyst using the phyloseq
package !¢ and further comparisons using the Mann-Whitney U test. Beta diversity was
performed using Bray—Curtis (dis)similarity matrices using the phyloseq package. The
principal coordinate analysis (PCoA) was performed to visualize the distance matrix and the
importance of the modifications at the community level was assessed using one-way

permutational multivariate analyses of variance (PERMANOVA) tests.
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Chapter 1: Results of sex-specific effects of chronic stress on
intestinal barrier integrity

Chronic social defeat stress induces social avoidance in a subset of mice

To investigate the implications of stress on gut barrier characteristics, tight junction
expression in the JEJ of male and female mice was observed after CSDS exposure.
Specifically, a comparison of any identified alteration with levels of avoidant behaviour in
the SI test was determined if chronic stress-induced gut barrier alterations may be playing a
role in vulnerability or resilience. CSDS induced expression of both phenotypes— SS and
RES-based on behaviour in the SI test (Fig. 8a). Among the 29 male mice that experienced
social defeat, 16 had SI ratios <1 and were classified as SS (55.2%) and 13 had SI ratios of
>1 and were classified RES (44.8%). These ratios of resulting phenotypes aligns with other
CSDS reports 3>!%2, Average SI ratios per group among CTRL (non-stressed) (1.566
0.2726), SS (0.4888 + 0.3018), and RES (1.422 £ 0.3835) mice, differed significantly from
one another, (H(2)=29.20, P<.0001). Follow up comparisons indicated less interactions with
the novel social target for SS mice compared to both CTRL (P<.0001) and RES (P<.0001)
Fig. 8b. Time in corners confirmed avoidance behavior in the SS group when aggressor was
present F(2, 37)= 9.567, P<.0004 (Fig. 8d) while total distance travelled was consistent
between groups (Fig. 8d). Representative heatmaps of normalized time spent in the arena of

each phenotype in males are presented (Fig. 8e).

Of the total female mice (n=31) that experienced social defeat, 11 were classified as SS
(35.5%) and 13 RES (64.5%). This is a lower amount of SS and more RES then typically
seen but is not uncommon due to the aforementioned potential confounders in the female
CSDS paradigm. Average SI ratios per group among CTRL (1.406+ 0.2919), SS
(0.5118 £0.2778), and RES (1.352+£0.2115) mice were distinct (F (2, 39) = 47.43,
P<.0001). Again, there was a decline in SS mice compared to CTRLs (P<.0001) and RES
(P<.0001) (Fig. 8f). As in males, baseline time spent in corners (Fig. 8g) and distance
traveled (Fig. 8i) were consistent for all groups in females. Corner time with AGG present
differed between phenotypes (F (2, 39)= 22.92, P<.0001, Fig. 8h). Follow up test confirmed
that SS mice spent more time in corners compared to both CTRL (P=.0001) and RES
(P=.0001) mice, highlighting the socially avoidant behaviours.
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Figure 8. Chronic social defeat stress induces a depression-like phenotype (social avoidance, anhedonia)
in a subset of mice (males and females).

a) Timeline of the CSDS paradigm. b, f) Ratio of time spend interacting with novel social target declined in
SS mice for both male and female mice. ¢, g) Cumulative time (in seconds [s]) spent in corners with social
target present was augmented in SS mice for both males and females. d, h) Cumulative distance traveled
(meters [m]) in arena with social target present were consistent between groups. e) Representative heatmaps of
normalized time spent in the arena during social interaction test in males. Data are assessed by one-way
ANOVA followed by Bonferroni’s multiple comparison test and represented as mean + S.E.M.; **p <.01,

Social defeat stress induces changes to intestinal tight junction expression with sex-
specific effects

Using qPCR for mRNA expression we performed transcriptional profiling of various genes
of interest involved in intestinal barrier integrity (see Table A1 for a list of all primers used).
Gene targets involved tight junctions (Cldn3, Cldn7, Cldnl2) and tight junction-associated
proteins (Zjpl, Tjp2, Tjp3, Ocln, MARVEL domain-containing protein 2 /Marveld2]), as
well as proteins involved in serotonin metabolism (/do/ and Ahr) and mucus layer formation,
Mucin-2 (Muc?2). Gene expression profiles in the JEJ of stressed mice following 10d CSDS
and unstressed controls (CTRL) and were compared (Fig. 9a). In males, exposure to CSDS
altered the mRNA expression of various tight junctions in the JEJ (Fig. 9b). Cldn3, an
important intestinal tight junction, was upregulated in male mice after CSDS (P=.0002, Fig.
9¢). Further, we compared SS to RES mice to identify individual differences in the intestinal
barrier as a response to chronic stress. Between groups there were marked differences for

Ocln (F(2,36) = 6.603, P=.004), Tjp2 (F(2, 34) = 11.33, P<.001) and Marveld2 (F(2,34)=
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8.598, P=.02) expression (Fig. 9b). Post hoc comparisons confirmed SS mice had lower
expression of Tjp2 (P=.006, P<.00l) and Ocln (P=.02, P=.007), Fig. 9b. Marveld?
expression levels were unaltered in SS mice but raised in RES mice compared to both CTRL
and SS (P=.02, P=.047, Fig. 9b). In males, tight junction mRNA expression was linked to
the extent of social avoidance (Fig. 9d). Fold changes were positively correlated with SI
ratios for Cldnl2 (P=.006, 1=0.44), Tjpl (P=.03, r=0.36), Tjp2 (P=.004, r=0.46, Fig. 9e)
and Ocln (P<.001, r=0.55), Fig. 9d. A trend (P=.0845, r=-0.29) indicated that mice with the
most avoidant behaviour had the highest Cldn3 expression, though it did not reach

significance (Fig. 9e).

In female mice, exposure to CSDS altered mRNA expression of only Tjp! (P=.001) in the
JEJ, out of all the genes tested (Fig. 9f). Post hoc comparison revealed group differences
(H(2)=9.837 P=.007), specifically, RES mice had more 7jp/ than controls (P=.006, Fig. 9f).
Unlike in males, Cldn3 was not elevated in female mice after CSDS (Fig. 9g) and did not
follow the same pattern of trend with SI ratio (Fig. 9i). However, Ocln diminished with SI
ratio (P=.04, r=0.31) for all mice and the same relationship was detected for Cldn7 (P=.02,
=0.41) and Idol (P=.04, 1=0.24), but uniquely in stressed mice (Fig. 9h). These specific
tight junction changes in respect to depression-like behaviours were not observed in male
mice and could be unveiling a pro-susceptible phenotype in females. There was a main effect
of sex on Cldn3 (F (1, 54) = 7.508, P=0.008, Fig. 9j left) and Tjp! (F (1, 53) = 10.88,
P=.002, Fig. 9j center) expression in SS and RES mice. Post hoc tests confirmed that female
mice had lower Cldn3 expression than males in both SS and RES groups (P=0.0499,
P=0.0499). Similarly, SS males had lower Tjp/ expression than SS females (P=0.01). There
was an interaction between the factor sex and behavioural phenotype on 7jp2 expression (F'
(1, 54) = 4.332, P=0.04). Specifically, promoted 7jp2 expression was only occuring in male
RES mice (P=0.01, Fig. 9j right). Therefore, CSDS modified tight junction expression in

both male and female mice, these changes were specific to each sex.
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Figure 9. Chronic social defeat stress induces changes to intestinal tight junction expression.

a) Experimental timeline of social defeat stress paradigm, social interaction test and jejunum tissue collection.
b) Quantitative PCR revealed significant shifts in jejunum of SS and RES mice compared to controls for gene
expression of targets related to tight junctions. The range of color indicates individual differences within a
group; S.E.M. from the average represented by the dashed line. ¢) Heightened Cldn3 in stressed males was
independent of phenotype group. d) Social stress impacts on mRNA expression of tight junction proteins in the
jejunum of male mice as a function of group condition. Red boxes highlight genes with significant correlation
with social avoidance. e) Social avoidance escalated along with 7jp2 expression and showed a trending
relationship with Cldn3. f) Tight junction changes as a function of phenotype in female mice. g) Cldn3
expression is unchanged in female mice following social stress. h) Ocln, Cldn7 and Ido1 expression correlated
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with social avoidance behaviours. Red boxes highlight genes with significant correlation with social avoidance.
i) Sex-specific effect of stress on the Cldn3 and Tjp1 expression. j) There is an effect of sex as a factor on Cldn3
and Tjp1 gene expression, and an interaction occurs between the factor Sex and behavioural phenotype on 7jp2
expression. T-tests and one-way ANOVA followed by Bonferroni’s multiple comparison test for between
groups analysis; two-way ANOVA followed by Bonferroni’s multiple comparison test for comparison between
sexes; correlations were evaluated with Pearson’s correlation coefficient; *P< .05, **P<.01, ***P<.001.

Intestinal tight junction expression changes depend on stress type and duration.

It is established that female and male mice are disparate in their reaction to various types of
stress. Thus, accounting for observations in the previous section between sexes in tight
junction expression following CSDS, we decided to further compare across various stress
paradigms (Fig. 10a, b, ¢). Females are susceptible to short-term chronic variable stress (6-
day SCVS), whereas males are not. However, both sexes display depression-like behaviours
after weeks of stress exposure %1%, Therefore, we evaluated the same profile of genes in

male and female mice after both SCVS and CVS (Fig. 10a).

Notably in males, previously amplified Cldn3 (Fig. 10a left), remained consistent following
SCVS (Fig. 10b left). Furthermore, in males SCVS exposure did not yield changes in the
expression of any other of the genes investigated (Fig. 10d). After long-term exposure, in the
CVS paradigm, stressed males had declined Cldn3 (P=.03, Fig. 10c left), Cldn7 (P=.04),
Cldni2 (P<.001), Tjp2 (P<.0001), Tjp3 (P<.001), Ocln (P<.0001) and Marveld2 (P=.02),
Fig. 10d. In males, a significant difference in Cldn3 expression appeared in comparing across
the three models (F (2, 41) = 40.00, P<.0001). Social stress elevated Cldn3 expression
compared to short- and long-term CVS (P=.001, P=<.0001), Fig. 10e top. At the same time,
CVS abated Cldn3 relative to CSDS and SCVS (P=<.0001, P=.0023), Fig. 10e. The effects
incurred by social stress were not specific to the SS or RES phenotype (Fig. 10e bottom).
The opposing effect of CSDS vs. CVS on Cldn3 expression may reflect a habituation
mechanism in play where an original gain in Cldn3 expression begins to get suppressed after

long term stress in male mice.

Alternatively, in female mice, SCVS modulated expression of many tight junction genes.
Previously unchanged Cldn3 (Fig. 10a right) was lower for stressed mice (P=.008, Fig. 10b
right). Further, Tjp2 (P=.009) and Tjp3 (P=.009) expression diminishes (Fig. 10d), while
opposite expression modifications ensued for Cldni2 (P=.009) and Tjpl (P=.02), Fig. 10d.

The SCVS-induced 7jp2 reduction was maintained after long-term variable stress (P=.04)
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though to a lesser extent, which may indicate a slow habituation attempt to reinstate normal
levels. Otherwise, after SCVS, a trend of inflated 4Ar expression was seen (P=.0519), that
was significant after CVS (P=.001). Also, a decrease in Idol expression arose after CVS
exclusively (P<.0001). Overall, when comparing stressed mice Cldn3 expression across
stress paradigms in females, a difference was noted (F(2,43)=5.581, P=.007). Specifically,
a reduction (P=.007, Fig. 10f top) occurs uniquely after SCVS that is distinct from levels in
CSDS mice (Fig. 10f top). Furthermore, when distinguishing RES vs. SS groups, the SCVS
group Cldn3 levels are significantly reduced from the RES mice only (P=.009, Fig. 10f
bottom). This effect indicates that perhaps, though SS and RES groups do not differ
significantly to each other for Cldn3 expression, there could still be a protective mechanism
elevating Cldn3 in the resilient animals. Variable stress may affect females more intensely
than CSDS, with a downregulated Cldn3 that seems to subside after a longer-term exposure

which could be a compensatory mechanism.
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Figure 10. Changes in intestinal tight junction expression are dependent on stress type and duration

a) Experimental timeline of chronic social defeat with graphs of Cldn3 gene expression comparing control and
stressed groups of male and female mice. b) SCVS experimental timeline with comparison of Cldn3 gene
expression results below of male and female mice. ¢) Experimental timeline of CVS with Cldn3 gene
expression results between control and stressed groups of male and female mice from this paradigm. d)
Representation of gene expression changes in the JEJ of stressed mice across stress models in both males and
females. Circle diameter represents the statistical significance of the gene expression change. Circle colour
represents directionality of change with green as a downregulated gene and yellow, an upregulated gene e)
Direct comparison of Cldn3 gene expression changes in male stressed mice exposed to different stress types;
CSDS, SCVS and CVS [top], with CSDS phenotypes separated to SS, RES [bottom]. f) Direct comparison of
Cldn3 changes in female stressed mice exposed to different stress types; CSDS, SCVS and CVS [top], with
CSDS phenotypes separated to SS, RES [bottom]. T-tests and one-way ANOVA followed by Bonferroni’s
multiple comparison test for changes between groups. *P< .05, **P<.01, ¥***P<.001, ****P<.0001

Impact of chronic stress on the intestinal microbiota

Due to the relationship between intestinal microbiota and tight junctions of the intestine, we
analyzed microbiota populations in various stress models for both male and female mice to
determine if dysbiosis could be playing a role in the altered expression that we saw in certain
groups. Feces samples were collected from mice prior to and after CSDS and similarly,
samples were collected from unstressed controls (Fig. 11a). Alpha diversity at the feature-
level, as measured by Shannon and Chaol indexes, remained consistent following CSDS in
female mice (data not shown). Furthermore, no differences were detected between phenotype
groups, SS or RES (Fig. 11b). To quantify potential differences in microbial communities,
beta diversity was measured by Bray-Curtis index (Fig. 11¢). There were no differences in
the presence or absence of feature taxonomic abundances in communities from stressed mice
compared to unstressed controls (Fig. 11¢). Examination of relative abundances throughout
taxonomic ranks highlighted CSDS induced transformations to various populations
following CSDS. Mice exposed to social stress had higher levels of phylum Bacteroidetes
(P=.048, Fig. 11d top), class Bacteroidia (P=.045, Fig. 11e left) and order Bacteroidales
(P=.045, Fig. 11e right). Conversely, socially stressed mice also had lower abundances of
order Rhodospirillales (P=.04, Fig. 11e right). Comparison of phenotypes uncovered
distinct populations of phylum Bacteroidetes (H(2)=7.096, P=.02) class Bacteroidia
(H(2)=7.096, P=.02) and order Bacteroidales (H(2)=7.096, P=.02). Post hoc analysis
confirmed SS mice had higher Bacteroidetes (Fig. 11d bottom), Bacteroidia and
Bacteroidales than controls (P=.02, Fig. 11f). At the family and genus level, a trend was
detected between groups for Prevotellaceae (P=.065) and Prevotella (P=.065, Table 6) that
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did not reach significance. No correlation was noted between any relative abundances and SI

ratio.
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Figure 11. Social stress induces microbial composition changes in females.
a) Alpha diversity between groups boxplots with line inside indicating median, lower boundary representing
the 25th percentile and upper boundary representing the 75th percentiles. b) Representation of beta diversity
as PCoA plot for visualization of Bray-Curtis dissimilarity matrix between communities. Each point represents
the entire microbiome of a single sample. ¢) Among predominant phyla, stressed mice had more Bacteroidetes.
d) Elevations of Bacteroidia following CSDS, with altered Rhodospirillales and Bacteroidales. e) Phylum
Bacteroidetes is higher in SS mice. f) Bacteroidia and Bacteroidales populations are raised in SS mice.
Relative abundance data represents median + SD; number of animals (n) is indicated on graphs. Mann-Whitney
tests and Kruskal-Wallis tests followed by Dunn’s multiple comparison used for two-group comparisons.
*P<.05.

Gonus Ferszales
Bacteroides spp. 16.11£1.66 | 15.75+3.27 18.63+0.88
g Not Assigned spp. 47.73+5.37 | 52.14£2.86 | 42.99+4.67
8 Prevotella spp. 7.69+1.90 13.85+1.50 6.12+0.22
Alistipes spp. 20.72+£2.65 | 16.10=1.51 22.20+0.81
Mucispirillum spp. 5.5442.36 0.00+0.00 3.46£1.70
Clostridium spp. 2.21+1.40 2.16+1.21 4.50+0.81

Table 4. Relative abundance (%) of top genera in female mice after chronic social defeat stress.
Data shown as group mean relative abundance + SEM. *P<(.05. Values in bold represent a trend that was
noted between phenotypes for abundance of Prevotella spp. that did not reach significance.
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Comparison of fecal microbiota from female and male mice post-SCVS was performed (Fig.
12a). Short-term variable stress did not alter overall microbial diversity in male mice (Fig.
12b) and direct community comparison did not reveal any distinctions in SCVS exposed
males from unstressed controls (Fig. 12¢). The relative abundances of major phylum were
also consistent (data not shown). However, SCVS exposed males had fewer
Alphaproteobacteria (P=.02; Fig. 12d) and more Rikenellaceae (P=.02; Fig. 12e). At the
genus level, enlarged abundance of Alistipes (P=.02) was detected in stressed mice (Table
5). In female mice, both measures of alpha diversity had increases in mice post-SCVS that
that did not reach significance (Shannon, P=.052; Chaol, P=.058; Fig. 12f). Beta diversity
was unchanged throughout community comparisons in females (data not shown). However,
SCVS-exposed mice had altered ratios of major phylum, with reduced abundances of
Bacteroidetes (P=.02) and subsequent rise in Firmicutes (P=.02), Fig. 12. Furthermore,
diminished levels of class Bacteroidia (P=.02, Fig. 12h) and subsequent taxonomic levels;
Bacteroidales (P=.02), and Bacteroideceae (P=.048) appeared in stressed mice (data not
shown). Enrichements of class Clostridia (P=.048, Fig. 12h), order Clostridiales (P=.048)
and family Lachnospiraceae (P=.048,; data not shown). Finally, a decline in Bacteroides

genus was discovered in the SCVS group (P=.048, Table 5).
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Figure 12. Subchronic variable stress alters prominent microbiome phyla in males and females

a) Experimental timeline of SCVS with fecal microbiota analysis. b) Alpha diversity box plots between groups.
Line inside the box indicates median, lower and upper box boundaries represent the 25th and 75th percentile
respectively. ¢) Principal coordinate analysis plot shows no obvious (dis)similarity amongst microbiome
communities of male control and SCVS groups. d) Decreased relative abundance of Alphaproteobacteria in
stressed mice. e) Expanded Rikenellaceae in stressed male mice. f) Measures of alpha diversity between mice
after SCVS stress in females. g) Relative abundances of dominant phylum are altered in female stressed mice.
h) Lower relative abundance of Bacteroidia and heightened Clostridia populations in female SCVS exposed
mice. Number of animals (n) is indicated on graphs; data represents mean = S.E.M. for relative abundance;
Mann-Whitney test performed for two-group comparisons; Beta diversity assessed with PERMANOVA.
*P<.05.

Genus Females
CTRL SCVS

Not Assigned spp. 57.16+2.70 52.04+4.96 | 51.83+3.54 | 57.29+2.56
Bacteroides spp. 12.73+1.42 13.25+1.09 | 13.77+2.26 | 8.54+0.89*

g Prevotella spp. 8.70+0.89 11.37+2.78 | 7.58+1.01 | 5.34%1.02
n Alistipes spp. 7.30+ 0.64 12.49£1.25% | 19.05+1.25 | 15.91+2.14
Mucispirillum spp. | 6 78+2.15 5.79+2.11 4.54+1.98 | 8.12+1.94
Clostridium spp. 5.21+2.55 506£1.19 | 2.70£129 | 4.42+0.09
Lactobacillus spp. 0.000.00 0.00£0.00 | 0.5420.33 | 0.79+0.30

Table S. Relative abundances (%) of top genera in male and female mice after subchronic variable stress.
Data shown as group mean relative abundance + SEM; values marked in bold are significantly changed; *P<.05

Analysis of microbiota composition following CVS (Fig. 13a) did not yield detectable
differences in overall species richness or diversity after CVS in males (Fig. 13b). Although,
microbiome community compositions exhibited dissimilar features compared to unstressed
controls (F=1.4754; R>=0.11826; p<.042) as measured by Bray-Curtis beta diversity index
(Fig. 13c¢). Loss of Bacteroidetes in CVS-exposed males was noted at the phylum level
(P=.02; Fig. 13d). Stressed mice had reduced levels of class Bacteroidia (P=.02), and
enhanced Clostridia (P=.02) compared to controls (data not shown). At the order level, a
decrease in Bacteroidales (P=.02,; data not shown) and an increase in Clostridiales (P=.02;
data not shown). As well, a rise in Lachnospiraceae family occurred (P=.02) and decrease
of §24 7 (P=.02), Fig. 13e. At the genus level, extended Clostridium populations were noted
(P=.04), but all other genera remained unchanged (Table 6). In female mice, CVS did not
induce alter alpha diversity between groups (Fig. 13f). Beta diversity analysis could not
distinguish between female stressed and control mice microbial communities (Fig. 13g). No
significant differences were detected in the relative abundances of various phylum or at lower

taxonomic levels. Genus levels were similar between stressed and control animals (Table 6).
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Figure 13. Chronic variable stress alters microbiome communities in males specifically.

a) Experimental timeline of CV'S with fecal microbiota analysis. b) Measures of alpha diversity are unchanged
in males after CVS. Line inside the box indicates median, lower and upper box boundaries represent the 25th
and 75th percentile respectively. ¢) Beta-diversity of fecal bacterial communities in male CVS and unstressed
controls illustrated by PCoA plot of Bray-Curtis distance analysis shows two distinct clusters. d) Overall
relative abundance of phylum communities. e) Altered relative abundances of Lachnospiraceae and S24_7
families in stressed males. f) Measures of alpha diversity remain the same in female mice. g) PCoA plot
showing no obvious (dis)similarity amongst microbiome communities of female control and CVS groups.
Number of animals (n) is indicated on graphs; data represents mean + SEM for relative abundance; Mann-
Whitney test performed for two-group comparisons; *P<.035.

Ccvs

Males
Genus
CTRL CVS

Bacteroides spp. 12.81£1.49 10.86£1.87 | 15.09+4.07 | 9.45+0.86
Not Assigned spp. | 59.10+ 1.88 51.68+3.10 | 47.47+7.18 | 52.43+7.61
Alistipes spp. 15.34+2.81 14.73£2.05 18.29+2.80 | 20.57+£2.20
Prevotella spp. 10.45+0.98 12.35£1.38 | 10.41£1.61 | 9.94+2.88
Clostridium spp. 0.80+0.59 4.23+1.70% 2.39£1.21 | 2.41x1.49
Mucispirillum spp. 1.50+0.87 6.14:+2.49 5.35£2.65 | 4.53+£2.41
Lactobacillus spp. 0.00+0.00 0.82+0.42 1.01+0.84 | 0.66+0.66

Table 6. Relative abundance (%) of top genera in male and female mice after chronic variable stress.
Data shown as group mean + SEM. Values marked in bold are significantly changed *P<.05.
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Discussion — Chapter 1

Chronic social defeat stress-induced social avoidance

The first objective of this study was to characterize the expression of various genes related
to intestinal barrier function in the intestine of male and female mice after exposure to
different stress conditions. Also, to see if any alterations would be attributed to the SS or RES
phenotypes. Our cumulative distribution of SI values for male mice was consistent with the
expected ratios of SS to RES mice following social defeat stress **!°2. We had a lower amount
of female SS mice than is typically reported 3! however, this was not unexpected. The
male CSDS model has high validity, whereas it is recognized that confounding variables still
exist due to the modifications made when implementing the female specific version *!”. The
urine application to females induces similar behavioural responses as in the typical male-
male model (social avoidance and anxiety-like behaviors), however, still produces slightly
lower levels of aggressive behaviour from the AGG males. As well, in females, the overnight
sensory exposure does not enhance susceptibility as does in males, in fact, it may even
enhance resilience '%*. Finally, having a male social target during the SI test in females may
results during the classification of SS and RES phenotypes. Despite the utility of this model,
the potential sex-specific outcomes of social stressors and even stressors in general need to
be taken into consideration, the fact of which motivated us to conduct the biological tests

across other stress models.

Chronic stress induced changes to intestinal tight junction expression

Our results support the expectation that altered expression of intestinal tight junctions would
result from exposure to chronic stress. We saw many changes in tight junction Cldn3, which
is a part of the “tightening” tight junction group and contributes to barrier permeability
throughout the intestinal tract. Previously, in rodents Cldn3 expression correlates with direct
measures of permeability, assessed by TEER '”. In vitro, Cldn3 overexpression reduced
paracellular permeability to inorganic cations and anions, the solute fluorescein (332 Da) and
to the macromolecule FD-4 (FITC dextran, 4 kDa) !'”®. The specific role of Cldn3 in
development and pathology is unclear, although alterations are implicated in IBD and celiac
disease *!®. Increased intestinal Cldn3 expression is postulated to be host response to repair

the epithelial barrier during intestinal injury 3'°. This aligns with our findings that CSDS
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elevated Cldn3 expression in males. Although 28-day CVS caused a reduction in Cldn3,
therefore potentially long-term stress exposure is enough to overcome the reparative

mechanisms.

Other transitions in tight junctions depended on the type of stress exposure. Males seemingly
experienced more overall tight junction expression modifications after social defeat stress. A
similar study produced no changes following CSDS to Cldn3 among other tight junctions
tested in the colon, therefore our findings in the JEJ could indicate region-specific effects of
stress 32°. Otherwise, no studies were found investigating the small intestine in mice with the
same stress experiences as ours. In rats, chronic psychological stress did not affect the levels
of CLDN1, OCLN and TJP1 protein levels in the JEJ **!. Another similar study of acute
stress demonstrated upregulated Cldn i, Cldn5, Cldn8, Ocln and Tjp1 in the JEJ. These shifts
did not continue after chronic stress, though permeability persisted (measured by TEER) 2.
We did not see 7jpl modulations from SCVS although our paradigm differed substantially
from their subacute stress. In our mice, 7jp/ was unchanged after CVS which aligns with
their findings, though we did see a considerable decline in Ocln which may be attributed to
the intensity or duration of stress since our protocol lasted two weeks longer. As well, the
reports differ by the type of stressor employed, social stress compared to water avoidance
and crowding may be involved in the results. Also, previous reports indicate different breeds
of mice have distinct behavioural and intestinal tight junction changes *?°, so the reported

findings in rats may not translate exactly to our findings in mice.

Surprisingly, we did not detect any tight junction changes in females with specific
associations the extent of depression-like behaviour. As in MDD, women have a higher risk
of developing IBDs, therefore, we expected many tight junction alterations. Of course, there
are many other options for gene markers that could be changing in a sex-specific manner
aside for the genes of interest that we chose. For instance, the other claudins listed in Table
2 as implicated in GI disorders, or any of the many claudins that still have unspecified or
unidentified functions. Other options for identifying female-specific changes could be
investigations into gene markers of molecules involved in the serotonin/ inflammatory
pathway. A study highlighting sex differences in IBD indicated that progesterone modulates

the colonic 5-HT system. Here, both serotonin transporter and 5-HT levels were lower in
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women with IBD compared with healthy controls **. Due to novel implications of peripheral

58,254 we

serotonin metabolism in inflammatory, immune and metabolic signalling pathways
did incorporate serotonin metabolism markers IDO-1 and AHR in the intestinal qPCR
analysis. IDO-1 is highly upregulated in the human gut epithelium during inflammation 2%
27! and linked to symptoms in MDD 237:261:262.272 Therefore, we predicted stress exposure will
promote IDO-1 expression. We did see altered IDO-1 exclusively in females, although it was
in the opposite direction as expected, with a decrease in expression after CVS. In males, even
without specific stressed-induced fluctuations, we still saw a highly positive correlation of
IDO-1 expression and inflammatory markers in the gut, which is consistent with the
literature. We had unexpectedly low inflammatory marker expression in the JEJ of stressed
males (which will be discussed in the following paragraphs), and this coincided with low
IDO-1 expression. Previously, IDO-1 was upregulated in the small intestine of male mice
subjected to unpredictable chronic mild stress *2*. However, this protocol lasted substantially
longer with analysis of the entire small intestine combined, therefore potentially region-
specific effects or those related to stress intensity are involved in the discrepancies between

results.

The second serotonin-related marker, AHR, is a transcription factor activated by many
dietary and endogenous molecules, including tryptophan metabolites. AHR ligands can also
be produced by commensal microbiota organisms 32°. AHR has anti-inflammatory roles for
intestinal epithelial cells through regulation of the IL-10 and IL-22 pathways and
antimicrobial peptide release. In our mice, a significant increase in Ahr expression after CVS
was seen that was again exclusive to females. As well, this effect occurred in SCVS-exposed
females, though it did not reach significance. CSDS did not alter AAr, indicating potential
specificity of changes to a specific type of psychological stress response in females.
Inflammatory cytokine-induced expression of IDO-1 has downstream effects on AHR
through the production of ligand L-kynurenine. Since stress promoted Ahr expression, we
would expect higher IDO-1 as well, mediating KYN production which acts as an Ahr ligand.
On the contrary, we saw decreased IDO-1 expression in these mice implying there is another
mechanism at play. AHR responds to microbial metabolites in an attempt by the host to resist
colonization by opportunistic pathogens such as Listeria monocytogenes and Citrobacter

rodentium 32%°?7 Indeed, Lactobacilli spp produces AHR ligands, initiating innate lymphoid
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cells for targeted destruction of the Candida albicans pathogen to re-establish homeostasis
328 In a similar way, AHR can induce IL-22 production, stimulating antimicrobial peptides
release in the mucosa *28. Lactobacillus populations were unchanged in our mice, though
expansion may not be required to stimulate these pathways. Additional work is necessary to
specify functional adaptations, but they provide interesting prospective for what may be
occuring as a response to chronic stress. AHR modulation in the gut also has implications for
the brain. In an experimental autoimmune encephalomyelitis mouse model, microbiota
derived TRP metabolites had far-reaching implications. By activating AHR in astrocytes of
the CNS this pathway initiated an anti-inflammatory response, emphasizing the potential

positive implications of these gut-brain relationships 3%.

Overall, data on intestinal expression of tight junction-related molecules in stress models are
limited. Studies that do investigate these topics mostly focus on the colon due to the relevancy
to IBD pathogenesis. However, other intestinal dysfunctions occur in the small intestine such
as celiac disease and small intestinal bacteria overgrowth (called SIBO) and certain functions
of the small intestine make it particularly interesting for our investigation. For instance, the
JEJ is the primary site of nutrient absorption, including carbohydrates, lipids, and protein
breakdown products 3*. A few investigations have provided stress related evidence of
specific jejunal permeability. One such report demonstrated acute stress stimulated Cl-
secretion and permeability to ions and larger molecules in the JEJ of rats **!. No recent studies
were found specifically on jejunal function after stress or comparing sections throughout the
small intestine. In a preliminary investigation we compared the ileum and JEJ in females
exposed to SCVS (data not shown). Indeed, we saw modulations distinct to each region. For
that reason, in future studies it would be relevant to incorporate each section of the small

intestine.

Chronic stress-induced changes to microbiota communities

In humans with MDD and in mouse models, previous work has shown decreased overall
microbiota richness and diversity compared to healthy controls 2374332, Here, the alpha
diversity measures remained consistent throughout the models indicating that the richness
and evenness of the observed taxa were not altered by any of the stress exposures. CSDS has

lowered alpha diversity as well as induced distinct differences in beta diversity between

53



control and stressed mice previously 3*2. However, these studies were conducted in males
only vs. ours in females, indicating possible sex-specific effects. Also, they involved a gavage
treatment which is highly stressful to mice and could be contributing to the more dramatic
transformations. We also quantified beta-diversity to identify if there were differences
between microbial communities from stressed mice and unstressed controls. Communities
from stressed vs. control mice were distinct from each other in CVS males only. These
findings align with a similar study in rats where chronic unpredictable mild stress treatment
did not alter alpha diversity but did show dissimilarities in communities at the beta-diversity
levels and further modifications within specific taxonomic levels of the composition
microbiota 2!7. Specifically, three enhanced bacterial taxa were the family Lachnospiraceae,
order Clostridiales and class Clostridia, all of which were also represented in our CVS male
cohort. These changes were not seen in the male mice after SCVS, indicating it may be a
longer-term outcome. However, we also saw these exact changes after SCVS in female mice,
contributing to the evidence that 6-day CVS is sufficient to induce depression-like effects in
females only >*. Surprisingly, after CVS in females, no modifications were accounted for
though many were expected. This group had a very small sample size and samples had high
variance between them. It would therefore be relevant to add more samples to these in the
future to confirm the results. Still, it is interesting that we saw a higher number of changes in
males resulting from CV'S on tight junction expression and microbiota compared to females.
Perhaps adaptive mechanisms involving the microbiota in females is bolstering the gut after

this type of stress.

Within the altered microbial profiles, we expected certain patterns of upregulated pathogenic
species and downregulated commensal bacteria in stressed mice compared to unstressed
controls. Certain species of Proteobacteria have been known to be opportunistic pathogens
124 therefore we would expect a potential upregulation resulting from stress. In females
exposed to CSDS we also saw declines in a group from the phylum Alphaproteobacteria. At
the order level, Rhodospirillales were depleted and there were no further changes at lower
taxa. In SS mice, a significant difference was detected between groups for Prevotellaceae
and Prevotella, though it did not remain significant with follow up post-hoc comparison.
Previously, in males following CSDS, genus Prevotella has been upregulated in the stressed

group when tested 3 weeks after the last defeat, highlighting long lasting implication of
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stress-induced alterations 2'®. Interestingly, structural and functional differences in specific
brain regions have coincided with clusters of gut microbes in healthy women **. Higher
prevalence of Prevotella groups were associated with lower HIPP volume, higher NAC
volume, and greater white matter connectivity in limbic-cortical-striatal circuits, all of which

are features of depression.

Increased abundance of the phylum Bacteroidetes was noted in SS mice. This phylum is the
main group of Gram-negative bacteria in the intestinal microbiota which fits with the
hypothesis that exaggerated production and exposure to LPS may be occuring in stressed
animals. However, the endotoxic activity of Bacteroidetes LPS is lower than that from other
Gram-negative bacteria such as the Proteobacteria phylum ***. Bacteroidetes and Firmicutes
make up approximately 90% of total gut microbiota. The Bacteroidetes/ Firmicutes ratio has
been a popular reference to measure alterations in gut metabolism. In MDD, it is proposed
increased Bacteroidetes and overall reduction of Firmicutes/Bacteroidetes ratio occurs 233
Therefore, resulting surges in acetate and propionate production and reduction in butyrate

may be related to downstream effects.

Exposure to SCVS in male mice unexpectedly reduced Alphaproteobacteria (order).
However, Alphaproteobacteria has shown to depreciate along with the Hamilton Depression
Rating Scale-24 item (HDRS24) score in patients with MDD. Specifically, lower abundances
were linked to higher severity of depression, aligning with our findings 2’’. Therefore, we
considered these to be potentially the beginning of modulations in SCVS that had not yet
reached an imbalance until a more chronic stress state. However, reduced
Alphaproteobacteria did not persist following long-term CVS. We also found accumulation
of Alistipes genus from the Bacteroidetes phylum. Alistipes are common in the gut of healthy
humans, and dysbiosis of Alistipes growth has demonstrated both beneficial and harmful
effects 33°. However, Alistipes translocation to the blood stream is reportedly involved in
abscesses of the periphery and in the brain, supporting a potential role as an opportunistic
pathogen. Furthermore, Alistipes population augmentations have been reported in MDD 336,
and are proposed to be linked to clinical symptoms through altering serotonin bioavailability
in the gut **’. Alistipes also produce LPS that are associated with gut inflammation in IBD

337

patients *°’, implicating them in inflammatory pathways that may be relevant for MDD.
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Throughout the taxonomic levels we saw shifts in relative abundances of different groups
that were unique to the type of stress paradigm and were sex specific. Unfortunately,
throughout the different stress groups, a high percentage of relative abundance were being
categorized into the “Not Assigned” category at the genus, sometimes even reflecting a
significant difference between groups. Therefore, some relevant changes could be occuring
that were not identifiable at this time. Overall, we expected to see distorted alpha and beta
diversity since it has been reported in MDD patients and associated with propagating
overgrowth of pathogenic species and inflammatory responses '%¢23’7. However, greater

d 1338 while others show no differences at

diversity in these patients has also been reporte
all 224 Developing a cohesive approach across studies will be invaluable for future
targeted therapeutic approaches. For instance, probiotics may stabilize local intestinal
permeability. Indeed, neonatal mice given Lactobacillus rhamnosus exhibited increased
Cldn3 mRNA expression and protein levels in the ileum in a dose dependent manner that
improved barrier development, through TLR signalling *'°. Administration of L. plantarum
into the duodenum of healthy human volunteers amplified TJP1 and OCLN protein levels of
tight junction structures **°. These studies highlight the importance of commensal microbes
in promoting barrier integrity. Furthermore, treatment at the gut level may have positive
effects on subsequent peripheral inflammation and even far reaching to the BBB. Indeed,
germ-free mice demonstrate that lacking a gut microbiota caused BBB permeability as
established by PET imaging and Evans blue dye extravasation into the cortex, striatum, and
hippocampal parenchyma. Here, permeability was linked to altered expression of tight
junction proteins (CLDNS, OCLN and TJP1). Further dynamic insight was provided and
colonization of germ-free mice with commensal bacterial strains Clostridium tyrobutyricum
and Bacteroides thetaiotaomicron was found to normalize BBB function *¢. These responses
were all specific to germ-free mice and not pathogen free mice which indicates that features
remain to be identified to understand before harnessing any applications of implementing

community modifications for therapeutics response purposes.
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Chapter 2: Investigation of a novel therapeutic intervention to
prevent stress-induced alteration to intestinal barrier integrity

Investigating potential therapeutic response on the intestine after CSDS in males

In this portion of the study, we contribute to an initiative for the investigation of a peptide
treatment by testing the therapeutic potential in chronic stress animal models of depression.
Primarily, we wanted to confirm if the tight junction expression adjustments from chronic
stress exposure in Chapter 1 would be rescued in mice receiving the peptide intervention.
First, male mice were subjected to 10d CSDS without (vehicle) or with access to the peptide
treatment (Fig.14a). Among the 21 stressed males, 13 became SS (61.9%) and 8 were RES
(38.1%), ratios which reflects higher amounts of SS mice than our previous cohorts but still
consistent with other reports '>!. Average SI ratios per group among CTRL (1.408 + 0.2407),
SS (0.3823 £0.3054), and RES mice (1.281 +0.1532) differed significantly from one
another, (F(2, 27)= 53.64, P<.0001). Follow up tests confirmed that SS mice had fewer
interactions with the novel social target than both CTRL (P<.0001) and RES (P<.0001), Fig.
14b. Comparison of treatment groups did not identify any treatment response on SI Ratios

(F (1, 24) = 1.023, P=.32; Fig. 14c).

As in previously cohorts, the mRNA expression of various intestinal barrier related genes
was assessed following CSDS in males receiving vehicle or peptide treatment. Cldn3 levels
were unaltered in stressed animals (Fig. 14d left) as were other genes assessed (data not
shown). Similarly, there were no changes detected between phenotype groups (data not
shown). However, a positive correlation was seen between Cldn3 and Sl ratio (P=.042,
r=0.38, Fig. 14d right). Due to the importance of Cldn3 in the gut and the relevancy to GI
disorders, we focused on Cldn3 for further assessed at the protein level. CLDN3
immunostaining was performed together with epithelial cell marker CD326 in the JEJ. No
significant difference overall of colocalized volume of CLDN3 within CD326 was detected
in the villi (ROI) of stressed mice compared to controls (Fig. 14e). However, a trend towards
enlarged volume of CLDN3 (um?®) in mice exposed to social stress occurred that did not reach

significance (P=.11; Fig. 14f).
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Figure 14. Investigating potential therapeutic response on the intestine after CSDS in males.

a) Schema of CSDS protocol in male mice while receiving vehicle or peptide treatment. b) Ratio of time spent
interacting with novel social target is decreased in SS mice. ¢) Ratio of time spent interacting with novel social
target were consistent between treatment groups. d) Cldn3 levels are unchanged in stressed mice, but still
correlate with social interaction ratio. e) Volume of co-localized Cldn3 protein with epithelial cell marker
CD326 per villi (ROI) did not significantly differ in stressed mice. f) Volume of CLDN3 protein was unchanged
in stressed mice post-CSDS and between groups. g) Representative immunofluorescent images of Cldn3 in
each phenotype group. Data represents mean + S.E.M; number of animals (n) is indicated on graphs. One-way
ANOVA followed by Bonferroni’s multiple comparison test for two-group comparisons; Two-way ANOVA
for analysis of treatment groups; Correlations were evaluated with Pearson’s correlation coefficient.
*EEXP<.0001.

Social defeat alters intestinal expression of inflammatory markers in males

After observing stress-induced alterations in JEJ tight junction gene expression patterns and
microbiota we sought to further investigate if the inflammatory mechanisms were at play.
Given the functional implications of increased inflammation and inflammatory pathway
signalling in MDD and CSDS models, tied to clinical symptoms and depression-like
behaviour respectively 4312340341 Therefore, we examined the JEJ for the relative mRNA

expression of various cytokines and chemokines (Fig. 15a). Socially stressed mice had
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diminished Tnfa (P=.008), 1l1b (P=.025) and Cxcl4 (P=.044) in the JEJ (Fig. 15b).
Comparison of phenotypes identified between group differences for Cxcl4 (F' (2, 26) =5.185,
P=.013), Tnfo. (F (2, 28) = 8.205, P=.002) and 1l1b (F (2, 27) = 6.242, P=.0006) as well.
Follow up post hoc test confirmed downregulation in SS mice of Cxc/4 (P=.019) compared
to controls (Fig. 15¢). As well, low Tnfa and 1/1b was occuring in SS mice compared to both
RES (P=.002, P=.035) and control mice (P=.032, P=.01), respectively Fig. 15¢. Social
avoidance correlated positively with inflammatory factors Cxcl4 (P=.001, r=0.57), Tnfa
(P=.002, r=0.55) and 111b (P=.0003, r=0.62), Fig. 15d. However, no treatment effects were
detected for any of the genes investigated (data not shown). Identified correlations between
expression for inflammatory and intestine barrier genes include a positive relationship
between Cldn3 with Tnfa (P=.0043, r=0.51, Fig. 15e), Cldn3 with Cxcl4 (P=.023, r=0.41,
data not shown), Cldn7 with Cxcl4 (P=.001, r=0.58, Fig. 15e), Tnfa (P=.003, r=0.53, data
not shown) and 7718 (P=.0006, r=0.59, data not shown). Finally, positive correlations were
observed between intestinal Idol expression with Cxcl4 (P<.0001, r=0.78, Fig. 15e), with
Tnfa (P<.0001, r=0.67, data not shown), //1b (P=.0004, r=0.62, data not shown). These
fluctuations of inflammatory gene expression in the JEJ and correlations with tight junction
gene expression could corroborate the concept that stress induces intestinal permeability

through inflammatory pathways.
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Figure 15. Impact of chronic stress on intestinal inflammatory gene expression.

a) Schema of male CSDS with vehicle or peptide treatment. b) Social defeat stress lessen mRNA expression
of inflammatory factors Tnfa, 1115 and Cxcl4 in the jejunum. ¢) Decreases in Tnfa, 1/1b and Cxcl4 were specific
to SS mice. d) Inflammatory markers show a positive relationship with SI ratio. e) Correlations of selected
inflammatory markers vs tight junctions. Data represents mean + S.E.M; number of animals (n) is indicated on
graphs; One-way ANOVA followed by Bonferroni’s multiple comparison test for two-group comparisons;
Correlations were evaluated with Pearson’s correlation coefficient.

HARREP<.0001

*P<.05;

**p<.01,

Impact of chronic social stress on peripheral markers in male mice

Adjustments in tight junction expression may reflect permeability alterations, thus we

explored peripheral markers as indicators possibly distinguishing mice exposed to stress, or
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the distinct phenotypes. We also chose to evaluate inflammatory markers as well as a marker
of gut permeability in our mice and check if there were any effects of the treatments. The
serum of males (n=28) before and 48h post-CSDS was measured for LBP concentration with
an ELISA (Fig. 16a). Serum LBP levels were distinct between groups post-CSDS (H (2)
=8.631, P=.013). Follow up tests validated the outcome was propagated by SS mice
compared to CTRLs (P=.015) (Fig. 16a). The same pattern of group differences emerged
when circulating LBP levels were controlled for individual baseline levels (H (2) =7.141,
P=.028). Again, there were specific elevations in SS mice (P=.023, Fig. 16¢). No differences
between groups were seen in pre-CSDS serum levels as expected (H (2) =0.6107, P=.74),
Fig. 16d). The serum concentration of LBP post-CSDS depreciated with Sl ratios (P=.0006,
r=—0.61), Fig. 16e. No effect for vehicle or peptide treatment was detected on serum LBP
levels (Fig. 16f). However, there was an interaction (stressxtreatment, P=.014). Increased
LBP concentration in SS mice compared to CTRL (P=.0005) and RES mice (P=.005) was
seen exclusively in vehicle-treated mice (Fig. 16f). A trend (P=.0626, r=—0.86) of a negative
association that did not reach significance was observed in vehicle-treated SS mice which
does not occur in SS mice treated with peptide (Fig. 16g). Considering serum LBP was not
elevated in peptide-treated SS mice, this may indicate a potential effect of the peptide

treatment in blunting a leaky-gut induced peripheral response.
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Figure 16. Social defeat alters serum levels of lipopolysaccharide binding protein in male mice

a) Timeline of blood collection during CSDS paradigm for serum analysis for lipopolysaccharide binding
protein (LBP) concentration. b) Elevated circulating LBP in SS mice. ¢) Upregulation in SS mice is maintained
when controlled for baseline LBP levels. d) Pre-treatment LBP levels did not differ between groups and only
increased in SS after CSDS. e) LBP levels correlated negatively with social interaction ratios. f) Treatment
with peptide normalized social stress-induces LBP elevations in SS mice. g) A trend of negative association
between serum LBP and social interaction ratio in vehicle-treated SS mice only. Data represents mean + S.E.M;
number of animals (n) is indicated on graphs. One-way ANOVA followed by Bonferroni’s multiple
comparison test for two-group comparisons; Two-way ANOVA followed by Bonferroni’s multiple
comparison test for treatment effects; Correlations were evaluated with Pearson’s correlation coefficient.
*P<0.05; **P<0.01.

Following LBP analysis, the serum levels of multiple cytokines were also evaluated in these
mice using the Bio-Plex Pro mouse cytokine group I 23-plex to compare peripheral
inflammation between stress exposure and potentially detect any repercussion of treatment
condition. The levels of GM-CSF, IL-2, IL-3 and IL-13 were below the detection limit. Male
mice who experienced CSDS display high Granulocyte colony-stimulating factor (G-CSF;
P=.0006), IL-6 (P=.005) and keratinocyte-derived chemokine-1 (CXCL1; P=.005) compared
to controls (Fig. 17a, b, ¢). Also, a trend of elevated IL-1J was notable in CSDS-exposed
mice that did not reach significance (P=.053, Fig. 17d). Between-group differences were
demonstrated in G-CSF (H(2)=8.837, P=.007, Fig. 17e), IL-6 levels (H(2)=8.837, P=.005,
Fig. 17f), CXCL1 (H(2)=11.35, P=.003, Fig. 17g), IL-1B (H(2)=6.459, P=.03, Fig. 17h).
These differences were all driven by an increase in SS mice compared to controls (G-CSF,
P=.01;1L-6, P=.009; CXCL1, P=.002; IL-1B, P=.044). Assessment of treatment groups did
not yield significant effects (data not shown). An inverse relationship was seen between SI
ratio and serum levels of G-CSF (P=.005, r=—0.43), IL-6 (P=.0005, r=—73), CXCLI1
(P=.0003, r=—0.63) and MCP-1 (P=.018, r=—0.51) Fig. 17i. Contrarily, IL-12 levels
increased with Sl ratio (P=.013, r=0.49, Fig. 17i). Overall, the result conveys that peripheral

inflammation coincides with depression-like behaviour after chronic stress.
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Figure 17. Stress susceptible male mice have increased peripheral inflammation.

Serum analyzed with multiplex for cytokine and chemokine concentrations show increased a) G-CSF, b) IL-6
and ¢) CXCL1 in male mice following social defeat. d) A trend of heightened IL-1f instressed mice that did
not reach significance. Upregulation specifically occurs in SS mice for G-CSF (e), IL-6 (f) CXCLI1 (g) and IL-
1B (h). i) Social avoidance behaviour correlated with many inflammatory markers. Red squares highlight
significant changes. Colour scale indicates directionality and size of correlation. Data represents mean +
S.E.M; number of animals (n) is indicated on graphs. Two-group comparisons were evaluated with Mann-
Whitney test or Kruskall-Wallis test followed by Dunn’s multiple comparison test; Correlations were evaluated
with Pearson’s correlation coefficient. *P=.05; **P<.01; ***P<.001, ****P<.0001.

Social stress alters expression of inflammatory markers in mood-related brain regions
The NAC is an important stress-mediating region implicated in MDD '? and the BBB in this
area is vulnerable in male mice after CSDS exposure *2. Therefore, we evaluated the
expression of tight junctions, tight junction associated proteins and inflammatory markers in
the NAC of male mice following CSDS (Fig. 18a). We also investigated the PFC to compare
regions specific effects since recently, we showed that the PFC is more vulnerable to chronic
stress in females and the NAC in males *°. We also sought to characterize any potential far
reaching treatment effects of the vehicle or peptide treatment. In the NAC, stressed males
had lower gene expression of Cldn5 (P=.015), Tjpl (P=.007), Tjp2 (P=.039), Tjp3 (P=.016)
and Marveld2 (P=.004), Fig. 18b. Notably, Cldn5 was downregulated in the stressed group,
although it was unchanged between SS and RES mice (Fig. 18c¢). Differences between
phenotype group mean were identified for Tjpl (F(2,27)=10.97, P=.0003), Tjp2
(F(2,28)=3.856, P=.03), Tjp3 (F (2, 27) = 4.281, P=0.03) and 1133 (F (2, 28)= 4.089,
P=.027) (Fig. 18b). Specifically, RES mice had lower Tjp2 (P=.029) and Tjp3 (P=.021) than
controls. Tjpl expression was lower in both SS (P=.048) and RES (P=.0002) compared to
controls. A trend of lower Mfsd2a (P=.097) expression in RES mice appeared that did not

reach significance (data not shown). For the immune genes investigated, //33 was decreased
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in SS (P=.016). A trend of lower 116 (P=.081) expression in SS mice occurred that did not
reach significance (data not shown). //33 expression in the NAC increased along with SI
Ratio (P=.0009, r=0.58) as did 1/6 expression (P=.03, r=0.41). Contrarily, Cxcl4 expression
showed the opposite relationship with the highest levels being associated with the lowest
interactions with the social target (P=.047, r=—0.38), Fig. 18d. Analysis of treatment effects
showed that peptide-treated mice had a decrease in Cldn5 following CSDS (P=.024) that was
not maintained in vehicle-treated mice (interaction treatment x stress: P=.037). A similar
pattern was seen for Marveld2, with a decrease in peptide treatment mice in stressed group
vs. peptide treated unstressed controls (P=.017, interaction treatment x stress: P=.028), Fig.

18e. No other effects of either treatments were seen.

Transcriptional profiling of the same gene panel in the PFC revealed region specific
modifications. All markers remained consistent between stressed and CTRL males, as well
as between phenotype groups in the PFC (Fig. 18f). In peptide-treated mice, we saw an
increase in Ahr for RES group compared to both SS (P=.009) and CTRL mice (P=.03), that
was not replicated in untreated mice. For Ahr, the treatment contributed 10.92% of the
between group variation and interaction effect was contributing to another 24.09%
(interaction treatment x stress: P=.0096), Fig. 18i. A significant positive correlation was seen
for 1133 (P=.014, r=0.24), and a negative correlation for Marveld2 (P=.023, r=—0.41), Fig.
18h.
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Figure 18. Social defeat induces region-specific changes in neurovascular and inflammatory genes in
males.

a) Schema of CSDS protocol with male mice receiving treatment. b) Significant changes in the NAC of SS and
RES mice for gene expression related to tight junctions, tight junction associated proteins and inflammatory
markers. ¢) Decreased Cldn5 expression in the NAC of stressed male mice. d) Several patterns of cytokines
and chemokines correlated with SI ratio. Red boxes highlight significant correlations. e) Peptide-treated mice
have less Cldn5 and Marveld?2 expression following CSDS compared to peptide-treated controls. f) Quantitative
PCR of genes in the PFC reveals region-specific changes in stressed male mice vs controls. g) Cldn5 expression
was unchanged in the PFC. h) Gene expression in the PFC vs. SI ratio. Red boxes highlight significant
correlations i) An interaction of treatment x phenotype effects 4Ar expression. Data represents mean = S.E.M;
number of animals (n) is indicated on graphs. Two-way ANOVA followed by Bonferroni’s multiple comparison
test for treatment groups; 2-group comparisons were evaluated with Mann-Whitney tests; for heatmap, the range
of color indicates individual differences within a group; S.E.M. from the average represented by the dashed
line. ¥*P<.05: **P<.01.
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Intestinal tight junction expression changes in females after subchronic variable
stress with peptide treatment.

As in previous SCVS cohorts, we compared transcriptional profiling in the JEJ with the
addition of treatment groups possibly reveal sex-specific effects of treatment efficiency (Fig.
19a). SCVS upregulated Tjp! (P=.0016, Fig. 19b) and downregulated Cldn3 (P=.03, Fig.
19b, c¢) in the JEJ. Cldn5 and Pai-1 were additionally investigated in this cohort that were
previously not looked at in the gut. Decreased Cldn5 expression (P=.02) occurred in SCVS-
exposed mice with simultaneous increase of Pail (P=.016), Fig. 19b. A trending decrease
in Cldn3 was observed in peptide-treated stressed mice compared to vehicle-treated controls
but it did not reach significance (P=.059, Fig. 19d). Otherwise, no significant treatment
effects appeared on the genes tested except for ///b. Inflated 7/1b expression in the peptide-
treated mice following stress compared to both control groups (P=.047, P=.021) was not
replicated in vehicle-treated stressed mice (Fig. 19e). To confirm if any Cldn3 changes were
occurring at the protein level, CLDN3 was assessed by immunostaining with actin filament
marker (F-actin). No differences were detected in the JEJ of SCVS-exposed mice compared
to control females in the total volume of CLDN3 (um?), Fig. 19f, g. Further, the volume of

CLDN3 was unchanged between treatment groups as well Fig. 19f.
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Figure 19. Chronic variable stress does not alter peripheral lipopolysaccharide binding protein in
females.

a) Schema of blood collection during subchronic variable stress with female mice receiving treatments b)
Post-CVS circulating LBP concentration was unchanged between stress and control animals. ¢) No significant
differences between stress and control animals were seen when controlled for baseline LBP levels. d) No
effects of treatment response on LBP levels were revealed. Data represents mean + S.E.M; number of animals
(n) is indicated on graphs. Two-way ANOVA followed by Bonferroni’s multiple comparison test for peptide
treatment; 2-group comparisons were evaluated with unpaired t-tests.

Subchronic variable stress does not alter serum LBP in females
The serum concentrations of LBP were determined with ELISA in female mice pre- and post-
SCVS in groups receiving treatment (Fig. 20a). The post-CSDS serum LBP concentration
was not distinct in stressed mice compared to controls (Fig. 20b). No changes in post-CVS
vs. unstressed control concentration were seen when controlled for baseline LBP serum levels
(Fig. 20c¢). Furthermore, no significant differences were detected between groups with

peptide treatment (Fig. 20d).
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Figure 20. Chronic variable stress alters intestinal inflammatory markers in the jejunum of females

a) Schema of subchronic variable stress with female mice receiving treatments. b) Transcriptional profiling
reveals changes in the jejunum of stressed mice for gene expression related to tight junctions, tight junction
associated proteins, and cytokines. ¢) Decreased Cldn3 expression in stressed mice. d)A trend of lower Cldn3
expression in peptide treated stressed mice that did not reach significance e) Increased jejunal 7//b expression
following SCVS in mice receiving peptide treatment. f) CLDN3 protein levels are unchanged following SCVS
and no effects of treated are seen. g) Representative immunofluorescent staining of CLDN3 and F-actin in
SCVS exposed and control animals. Data represents mean + S.E.M; number of animals (n) is indicated on
graphs. Two-way ANOVA followed by Bonferroni’s multiple comparison test for treatment groups; 2-group
comparisons were evaluated with unpaired t-tests; *P<0.05; **P<0.01.

Subchronic variable stress alters brain tight junction mRNA expression in females.

Recently, in work from our lab, we showed that SCVS induces behavioural and
neurovascular modifications in female mice °°. Thus, we did transcriptional profiling on
genes of tight junctions, tight junction related proteins and inflammatory molecules to
confirm these changes in females exposed to SCVS while also exploring any that may be
initated by treatment group (Fig. 21a). SCVS altered the expression of various tight junctions
in the NAC of females (Fig. 21b), including upregulated 7jp ! (P=.0098; Fig. 21b) and Cldn3
(P=.0008, Fig. 21¢) and down-regulated Cldn5 (P=.012, Fig. 21d) and [/33 (P=.014, Fig.
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21e). There was a trend of increased Cxc/4 in SCVS exposed mice that did not reach
significance (P=.085, Fig. 21b). Comparison of treatment groups revealed a reduction of
1133 in the vehicle-treated stressed group vs. vehicle-treated unstressed controls (P=.008)
that was alleviated in the peptide-treated stressed group (interaction treatment X stress:
P=.032, Fig. 21f). Transcriptomic profiling in the PFC shows region-specific effects in
females as well (Fig. 21g). As in the NAC, SCVS upregulated Cldn3 expression in the PFC
of stressed females (P=.036, Fig. 21h), however Cldn5 was not significantly decreased in
this region (P=.176, Fig. 21i). Though there was no treatment effects or interaction effects
on Cldn3, there was an increase in Cldn3 in vehicle-treated stressed mice compared to vehicle
treated controls (P=.041). This alteration is not maintained in the peptide-treated stressed

mice, suggesting there may be an effect from the treatment on this gene (Fig. 21j).
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Figure 21. Subchronic variable stress induces region-specific changes in neurovascular and
inflammatory genes in females

a) Schema of subchronic variable stress protocol in female mice receiving vehicle or peptide treatment. b)
Quantitative PCR revealed significant changes in the NAC of stressed mice in gene expression related to tight
junctions, tight junction associated proteins and inflammatory markers. Red boxes highlight genes with
significant changes. ¢) Enhanced Cldn3 expression in the NAC of SCVS-exposed mice. d) Reduced Cldn5 and
1133 (e) in the NAC of stressed animals. f) Decreased //33 in stressed mice shows a normalization with peptide
treatment. g) Gene expression in the PFC of stressed and SCVS exposed females. h) Cldn3 expression was
increased in the PFC after SCVS. i) Cldn5 expression was unchanged in the PFC after SCVS. j) Stressed mice
had a rise of Cldn3 in the PFC compared to controls in the vehicle treated group that was not maintained in the
peptide treated group. Data represent mean + S.E.M; number of animals (n) is indicated on graphs. Two-way
ANOVA followed by Bonferroni’s multiple comparison test for treatment effects; 2-group comparisons were
evaluated with Mann-Whitney tests; for heatmap, the range of color indicates individual differences within a
group; S.E.M. from the average represented by the dashed line; *P<.05; **P<.01; ***P<.001.
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Discussion — Chapter 2

Peptide treatment on chronic stress-induced behavioural response and intestinal
barrier characteristics

In line with the collaborative effort to test a novel therapeutic approach for protecting
intestinal permeability, we introduced a peptide treatment during our chronic stress
paradigms. The purpose of the treatment is to structurally stabilize and reduce gut
permeability by coating the intestinal tract. We anticipated that any positive effects on the
gut may result in a higher ratio of RES mice. In contrast, combined, the vehicle/ peptide-
treated cohort had more SS animals then in the previous cohorts. The range of normal SI ratio
spread is varied and depending on the source, therefore our results here could still be within
a normal range 1152, Still, the SI scores of SS mice indicated higher overall avoidance
behaviour than the previous cohorts as well. Many factors can influence the level of severity
of aggression throughout a CSDS experiment. Here, different individuals conducting the first
cohorts vs. treatment cohorts may have contributed to varying intensity. Furthermore, CD-1
aggressor mice show high variability in their levels of aggression and despite conducting
aggression test prior to commencing, it is still difficult to maintain consistency throughout

each cohort.

The CSDS-induced intestinal barrier gene alterations were anticipated to remain consistent
to previous cohorts in the stress vs. control comparison, with altered effects by successful
treatment in the peptide-treated group. This was not the case for many genes which may be
related to the altered phenotype split in this cohort. The initial CSDS-induced Cldn3 elevated
was not replicated in the treatment cohort. On the other hand, we also saw differential Cldn3
expression depending on type and duration of stress since long-term CVS reduced
expression. This may provide insight on dynamics in the CSDS-treatment cohort, since
protocol adjustments made to integrate the treatment added to the duration of the stress and
possibly the intensity as well. Indeed, for 6 days prior to stress initiation, all the animals in
this cohort had water access removed, acclimated to consuming a hydrogel, were
manipulated daily during weighing session and were socially isolated. Thus, the added
stressors may have enhanced the CSDS effects to be more comparable to long-term CVS. In

this way, the characterization of Cldn3 may not reflect a typical CSDS or SCVS cohort.
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Nonetheless, we performed immunostaining for Cldn3 at the protein level since mRNA
fluctuations do not always reflect the same results as protein quantification. Imaging showed
unaltered CLDN3 as well, although there was a trend of increased levels in stressed mice
with patterns that resembled the previous male CSDS cohort. Regardless, claudin shifts are
not simply restricted up or downregulation, rather, tight junction structures and functions are
highly dynamic. At the cell border, tight junctions typically display as linear structures,
however, adjustments in claudin interactions with underlying scaffold and cytoskeletal
proteins alter these shapes. The transition processes are often called ruffles and spikes, as
described in a recent review of these morphologies **. Briefly, ruffles present as a zig zag
shaped border between cells. Heightened ruffles may be indicative of manipulation of tight
junction proteins through molecular signalling pathways, induced by various stimuli such as
hypoxia or direct mechanical stimulation. These areas have been quantified using the “zig-
zag index” and increases often reflect enhanced paracellular permeability 3#*. Tight junction
spikes are areas where vesicle budding and fusion occur, appearing as inward projections
from the border. While analyzing our images, some of these patterns were noticed although
not quantified. It would be relevant for future investigations to include this type of analysis

to discriminate more dynamic Cldn3 alteration that may be occuring.

In females, shifts previously seen following SCVS such as upregulated Cldn3 and Tjp! in
the JEJ were maintained in the treated SCVS cohort. However, some inconsistencies
occurred, such as the previously upregulated 7jp3 and Cldni12. In fact, the latter was altered
in the opposite direction in this cohort. Similarly, to what was stated in males, this possible
was related to level and duration of stress. Moreover, the neutral hydrogel supplemented to
all animals is a common supplement that should not have negative effects; however, we
cannot rule out downstream implications of this product on the intestine through overall
hydration or otherwise. Furthermore, typically mice are group-housed during SCVS, while
in this case we needed to monitor the individual consumption of the hydrogel to ensure
sufficient hydration or intake of the required peptide dose. Therefore, individual housing was
necessary, but it is known that social isolation is a significant stressor for mice, especially in
females. Thus, social isolation could have influenced the behaviours and outcomes in this
cohort due to aggravated stress compared to our previous cohorts of study 1 and in published

studies.
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Peptide treatment on chronic stress-induced intestinal inflammation

Otherwise, in male mice, there were no indications that the peptide treatment may have
affected tight junction gene expression in the gut. For the first time, in this cohort we also
evaluated local expression of inflammatory genes inspired by intestinal biopsy results from
an IBD study showing mRNA expression of inflammatory markers were augmented
coincident with clinical diagnosis of severity . We suspected that chronic stress exposure
would similarly increase intestinal expression of inflammatory markers, specifically in SS
mice. We also predicted that these effects would be negated in the peptide-treated group. To
our surprise, stressed mice incurred a marked reduction of relative expression for many
inflammatory markers (7nfa, Cxcl4 and [l1b) in the JEJ, particularly for SS mice.
Furthermore, a positive relationship with SI ratio indicated that the most socially avoidant
mice had the lowest inflammatory marker expression. When comparing the treatment groups,
we saw no evidence of peptide treatment effects on inflammatory gene expression in the gut.
Unfortunately, we did not previously test inflammatory genes throughout our stress cohort
comparisons in Study 1, therefore we did not have a baseline from which to compare. Some
inflammatory molecules have reparative mechanisms, like Cxcl4 which recruit leukocytes to
sites of inflammation ***, so perhaps the decrease in SS mice is indicative of an absence of
repair initiation in the gut. Another possibility that should be confirmed is if acute stress
would raise these markers in males in case the effect we see after chronic stress is a
suppression over time. Unfortunately, we could not identify other investigations of
inflammatory markers in the intestine following chronic stress models to derive insight. Thus,

we highlight the importance of future studies into these relationships.

The fluctuations to inflammatory genes in males post-CSDS were not maintained in the
female JEJ. Cxcl4 was unaltered in the JEJ and //1b was affected but in the opposite direction
compared, which may highlight a sex-specific mechanism. Potential treatment effects on
tight junctions in the gut of female mice were not identified. Inflammatory genes changes
were limited to inflated ///b in peptide treated animals compared to both unstressed groups.
This is contra intuitive to what would be expected if indeed the treatment was reinforcing the
intestinal barrier. However, the Cxcl4 expression was decreased in stressed untreated
animals, and seemingly re-established in the stress group receiving peptide, indicating a

potential inflammatory modulation effect.
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Treatment implications for stress-induced region-specific changes in neurovascular
and inflammatory genes in males and females.

A growing body of literature connects aberrant GBA signalling in psychiatric disorders,
particularly in MDD. Paired with the evidence linking gut permeability and BBB leakiness
in this context 1%, we were motivated to confirm whether the peptide supplement would have
downstream effects on the brain, precisely on the expression of markers from our previous
accounts in the NAC and PFC of male and female mice. Until recently, the BBB and gut
barrier had not been compared directly, however, a study emerged compared these in female
rats facing social isolation stress >!'!. Focusing on the PFC and the most distal part of the small
intestine (the ileum) in females, they found shared changes between the two regions in Ocln,
Tjpl and Cldn5 gene expression. Therefore, we expected our changes to reflect these effects
with comparison of genes shared in both BBB and the gut barrier to reflect similar alterations

and directionality of effects.

In males who underwent CSDS, we saw decreased Cldn5 in the NAC, though it was not
specific to SS mice as previously seen *2. In female mice, we also saw decreased Cldn5 in
the NAC after SCVS, corroborating a portion of our findings **°. Though it Cldn5 was also
previously depleted in the PFC, which we did not see. However, due to processing errors we
had to eliminate some PFC tissue samples, therefore the smaller samples size may be
involved. The modulation of same directionality for Cldn5 in the NAC and JEJ of stressed
female mice is congruent with the Karailiev et al., 2020 report. Interestingly, we also saw
augmented Cldn3 expression in both brain regions which seemed to be a sex-specific
modification as it did not occur in males. Furthermore, changes in the brain vs. the gut for
Cldn3 had opposing directionality. Although, Cldn3 is ubiquitously expressed in the small
intestine '’8, the cell specificity and role in the BBB is still highly debated. Cldn3 is
considered to have a very low expression in the BBB endothelial cells '33346:347 however,
others suggest it is uniquely expressed in the epithelial cells of the choroid plexus '#*. Mice
deficient in Cldn3 still have intact BBB '8¢, compared to a lack of Cldn5 which is detrimental
348 Nevertheless, Cldn3 plays an important role in the blood—cerebrospinal fluid barrier of
the choroid plexus, a region where leukocytes pass prior to accessing the BBB **¢, Here Cldn3
has been implicated in neuroinflammatory conditions as selective loss of choroid plexus

Cldn3 occurs in postmortem tissue from multiple sclerosis patients along with increased
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inflammation (CD45+ leukocytes, VCAM-1 and CCI2). Knockout of Cldn3 in multiple
sclerosis model enhances clinical signs and exacerbates inflammation in the choroid plexus
346 These studies highlight a potential role for Cldn3 either directly or indirectly in
maintaining BBB integrity. More work on the specific function, localization, and dynamics
of Cldn3 and other claudins and moreover, their role in pathogenesis in respective tissues is

warranted

Chronic stress on peripheral markers of inflammation and intestinal permeability

Clinical studies of MDD and IBD report augmented inflammatory cytokines in circulation
6, Therefore, we sought to investigate the expression of inflammatory markers in the blood
of stressed mice. We saw elevated concentrations of many inflammatory markers in the
serum, mostly propagated by SS mice and not RES. Multiple high values were seen in the
SS group and were considered outliers, however, these exceedingly elevated scores
corresponded with wound scores of higher severities at the time of sacrifice. Therefore,
inflation of inflammation due to wounding acquired during the physical stress likely had an
influence. However, with the outliers eliminated, there was still a significant upregulation for
CXCL1 and IL-6. The results are compatible with clinical evidence in MDD patients
99.102,138.341 (see Table A3) as well as SS mice following CSDS ®. No significant effects of
treatment were seen; however, many out of range values occurred from the plate reading, and
therefore a conclusion could not be made for many of the markers due to insufficient group
size. Still these markers could be important to revisit in the context of assessing a gut-
targeting treatment. We saw changes correlating with avoidant behaviour for serum protein
levels of C-GSF, IL-6 and CXCLI. The latter two have been reportedly increased in MDD

340349-351 and also in mice following CSDS . Furthermore, IL-6 levels had a strong

63

patients
negative correlation with social interaction behaviour °°, matching our data. Limited
investigations exist on serum C-GSF in MDD, but some show no fluctuations in depression
332 while another had significant elevations in treatment-resistant depression patients
specifically '%. Interestingly, C-GSF therapy is used as a supportive treatment in GI disorders
and treatment in rats during chronic unpredictable mild stress improves depression-like
behaviors likely through effect on neuronal plasticity *>2. This effect shows interplay between

the gut and the brain and could be relevant for potential gut related therapeutic target for

treatment resistant patients.
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As previously discussed, there are many options to consider as potential indirect markers of
intestinal permeability or microbial dissemination, each provide certain intrigue and
downsides. We chose LBP due to its specificity for LPS endotoxin and its nature of providing
a chronic measure. Indeed, LBP rises were specific to SS mice after CSDS in males whereas
we did not see shifts in females following SCVS, highlighting its potential as a sex-specific
biomarker. However, confirming levels in a CSDS model in females would be required. It is
possible that the peptide treatment influenced serum LBP levels. Indeed, elevated LBP was
seen in vehicle-treated SS males that was not occuring in peptide-treated SS mice.
Furthermore, the trending association between LBP and social avoidance was only seen in
vehicle-treated SS mice, supporting the concept that peptide-treatment may be blunting
intestinal permeability in SS mice. These effects would need confirmation, but they are

compelling preliminary findings.
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Conclusions and future perspectives

Previously, work by Dr. Caroline Ménard showed that CSDS disrupts the integrity of the
BBB in stress-related brain regions and leads to the establishment of depressive behaviors 2.
Reduced BBB integrity and abnormal blood vessel morphology in the brain of SS, but not
RES mice resulted in the passage of peripheral pro-inflammatory cytokines and subsequent
expression of depression-like behaviors that highlight a direct link between immune

response, neurovascular health, and depression >°

. Therefore, lowering stress-related
peripheral inflammation may protect the BBB favoring stress-resilience. Chronic stress alters
the gut microbiota diversity, promoting intestinal permeability and exacerbating peripheral
inflammation 23®. Though, limited studies investigate intestinal health and permeability in
mouse models in the context of chronic stress. Therefore, we believe that by adding intestinal
analysis to the knowledge obtained for BBB permeability and peripheral inflammatory

markers, we provide a comprehensive assessment of leakiness and inflammatory responses

associated with depression-like behaviors vs. resilience in mice.

Microbiome

Investigating the microbiota has become increasingly popular, especially in the context of
psychiatric disorders. The microbiota has the potential to influence emotion in the context of
mood disorders through pathways including inflammation, endocrine, neural, and
metabolites (for review, see '°°). Societal transformations to overall dietary habits have
influences the dynamics of our microbiotas over time ***. Westernized diets have limited the
diversity with negative links to both intestinal health and mental health 3°>°%6, Therefore,
targeting the gut to bolster current therapeutic interventions is increasingly relevant. Attempts
to reinstate a healthy microbiota with probiotics has shown positive results in GI disorders,
improving depression scores while modulating peripheral inflammation '3!-133_ Interestingly,
fMRI analysis showed that B. longum treatments reduced responses to negative emotional

stimuli in AMY and in the frontal and temporal cortex of patients with IBD '3,

Contributing to the concept that probiotics may complement psychotherapies or improve
their efficiencies in MDD, supplemental Lactobacillus helveticus NS8 in rodents showed
similar effects to the SSRI, citalopram, in reducing stress-induced anxiety, depression-like

effects and cognitive dysfunction 337, Probiotic treatments could have resilience-boosting
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effects in the face of chronic stress. Indeed, stress resilience was associated with the
emergence of Bifidobacterium in the host gut following CSDS. Furthermore,
Bifidobacterium or Lactobacillus rhamnosus as prophylaxis enhanced the total number of
RES mice *¥*3%8 Another application of microbiota monitoring could be for therapeutic
response. In MDD patients, a decreased representation of Faecalibacterium in actively

depressed patients subsided in those who successfully responded to treatment 2°!,

Microbiome studies hold much promise, but there are still hurdles to overcome. The use of
alternate sequencing technologies throughout studies, for instance, 16S rRNA gene-
sequencing compared to the more sensitive metagenomic sequencing, introduces subtle
differences in result interpretation. Even modern high-throughput sequencing of microbial
DNA has limitations, highlighted recently using a mock human gut microbiota for
assessment of current databases **°. The lack of consensus on specific microbiota signatures
of MDD is an issue, as many studies disagree on fluctuations even at the most broad levels
186,237.239.251.360 Developing a cohesive database with improved specificity will be invaluable
for future targeted therapeutic approaches, for monitoring treatment response or assessing
predisposition to a disorder. Continuing to characterize the microbiota specific to stress
responses and MDD pathogenesis may eventually lead us to achieve individualized

treatments involving microbiota modulation.

In line with this goal, the purpose of our analysis of microbiota community was to give a
comprehensive picture pertaining to individual differences and sex differences in the clinical
condition. We demonstrated that different stressors link to microbiota in unique ways, with
sex-specific effects. Integrating those outcomes with modulations to the intestinal expression
of tight junction and inflammatory markers proposed various mechanisms that could be in
place. Reinforcement with microbiota characterization beyond taxonomic variation would be
extremely relevant to bridge the gap. Indeed, functional analyses to predict metagenome
functional content combined with KEGG mapping could pinpoint specific networks further

alluding to mechanistic pathways.

Intestinal barrier
We were able to show tight junction responses to stress that were sex-specific and related to

stress type and duration. Our findings support the concept of psychological stress affecting
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barrier function. As previously mentioned, morphological changes at tight junction borders
occur indicating dynamic remodeling that are not necessarily represented by mRNA
expression or quantification of immunostaining. For that reason, in future analysis, we
planned a collaborative effort to implement machine learning techniques and super resolution
imaging for improved ability to analyze more complex transformations. These techniques
should improve viability of analysis to give a deeper understanding regarding the

mechanisms responsible for the stress-induced tight junction alterations.

Biomarkers

The lack of reliable biomarkers plagues the field of psychiatry. Indeed, reliable targets to
discern specific disorders would enhance diagnostic procedures immensely. Promising
markers have been highlighted, but currently none are considering a reliable marker for
MDD. Therefore, there is an urgent need to deepen the understanding of causal biological
mechanisms to promote the discovery of biomarkers. The interest in the relationship between
IBD and MDD has brought clinical studies towards investigations of shared biomarkers.
Thus far, studies have produced encouraging results (see Table 3); however, limited
investigation of these markers has been performed in the context of chronic stress models.
Therefore, we investigated serum levels of markers linked to intestinal dysfunction in the
context of chronic stress models. Few studies have investigated the effects of stressors on
blood biomarkers in microbial translocation, and to our knowledge, none of these included
females, therefore our comparison of male and female LBP levels after chronic stress is
fitting in this context. LBP as a potential gut-related biomarkers of chronic stress
susceptibility showed promising results and we believe that future endeavors in the context
of MDD are warranted. In line with our previous and on-going effort in our lab to identify
potential biomarkers in MDD 3% we plan to assess blood samples from male and female
patients with depression and healthy controls for LBP levels and other gut-related markers

with potential in MDD.

Novel therapeutic intervention

In collaboration with Dr. Alain Doyen’s team we contributed to the assessment of a peptide
polymer in our depression models. Limited alterations to intestinal tight junctions were
uncovered during the peptide treatment protocols. Though we did see promising results in

the LBP serum test, showing a potential effect on this indirect indication of enhanced barrier
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permeability. Although this is an interesting preliminary result, future studies employing
functional tests such as TEER would be essential to directly measure of permeability in
response to peptide treatment. Limitations of this experiment included testing the effects of
the peptide without first ensuring its binding capabilities in the intestine. Another group was
testing the treatment in an in vitro human digestion simulator system; however, these
experiments were run in parallel. Therefore, our testing may have missed specific targets of
this treatment due to lack of knowledge involving its specific mechanisms. In the context of
our results, further evidence of the basic effects of peptide on the gut should be established
before proceeding with more studies on modifications in the context of chronic stress and

depression.

As MDD affects many people each year, the need of finding innovative diagnostic tools and
effective treatments is crucial. Many non-CNS systems are modulated by stress in mood
disorders and resulting in improper functioning. The implication of the peripheral immune
system leads to effects on the brain such as dysregulated cognitive functions, escaladed BBB
permeability, and infiltration of undesired molecules. Effects stemming from the gut such as
barrier dysregulation and dysbiosis could lead to unwanted circulating molecules in the
blood, weakening the BBB and altering brain circuits. Similarly, novel implications for
serotonin system links both CNS and the gut through many pathways in the GBA, in a way
that implicates a whole-body approach compared to our previous neurocentric
comprehension. Whether dysregulated GBA signalling in the context of depression starts in
the gut or the brain is hard to say. Regardless. hopefully, unraveling these mechanisms will

allow us to harness the potential of unlocking a healthy mind through a happy gut!

79



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Akil, H. et al. Treatment resistant depression: A multi-scale, systems biology approach. Neurosci.
Biobehav. Rev. 84, 272-288 (2018).

Dudek, K. A. ef al. Neurobiology of resilience in depression: immune and vascular insights from
human and animal studies. Eur. J. Neurosci. 00, 1-39 (2019).

IMHE. Global Burden of Disease Study 2019 (GBD 2019) Results. Global Burden of Disease Study
2019 (GBD 2019) Results http://ghdx.healthdata.org/gbd-results-tool (2020).

World Health Organization. Depression. https://www.who.int/news-room/fact-
sheets/detail/depression (2021).

American Psychological Association. Diagnostic and Statistical Manual of Mental Disorders:
Depressive Disorders. Diagnostic and Statistical Manual of Mental Disorders, (2013).

Kessler, R. C., Wai, T. C., Demler, O. & Walters, E. E. Prevalence, severity, and comorbidity of 12-
month DSM-IV disorders in the National Comorbidity Survey Replication. Arch. Gen. Psychiatry 62,
617-627 (2005).

Kessler, R. C., Sonnega, A., Bromet, E., Hughes, M. & Nelson, C. B. Posttraumatic Stress Disorder in
the National Comorbidity Survey. Arch. Gen. Psychiatry 52, 1048—1060 (1995).

Elhai, J. D., Grubaugh, A. L., Kashdan, T. B. & Frueh, B. C. Empirical examination of a proposed
refinement to DSM-IV posttraumatic stress disorder symptom criteria using the national comorbidity
survey replication data. J. Clin. Psychiatry 69, 597-602 (2008).

Blackburn-Munro, G. & Blackburn-Munro, R. E. Chronic pain, chronic stress and depression:
Coincidence or consequence? J. Neuroendocrinol. 13, 1009-23 (2001).

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

Jin, J. & Maren, S. Prefrontal-hippocampal interactions in memory and emotion. Front. Syst.
Neurosci. 9, 170 (2015).

Russo, S. J. & Nestler, E. J. The brain reward circuitry in mood disorders. Nat. Rev. Neurosci. 14,
609-625 (2013).

Park, C. et al. The neural systems of emotion regulation and abnormalities in major depressive
disorder. Behav. Brain Res. 367, 181-188 (2019).

Pick, S., Goldstein, L. H., Perez, D. L. & Nicholson, T. R. Emotional processing in functional
neurological disorder: A review, biopsychosocial model and research agenda. J. Neurol. Neurosurg.
Psychiatry 90, 704-711 (2019).

Orosz, A. et al. Reduced Cerebral Blood Flow Within the Default-Mode Network and Within Total
Gray Matter in Major Depression. Brain Connect. 2,303-310 (2012).

Harrison, N. A. et al. Inflammation Causes Mood Changes Through Alterations in Subgenual
Cingulate Activity and Mesolimbic Connectivity. Biol. Psychiatry 66, 407—414 (2009).

Cantisani, A. et al. Distinct resting-state perfusion patterns underlie psychomotor retardation in
unipolar vs. bipolar depression. Acta Psychiatr. Scand. 134, 329-338 (2016).

Pizzagalli, D. A. Frontocingulate dysfunction in depression: Toward biomarkers of treatment
response. Neuropsychopharmacology 36, 183-206 (2011).

Post, R. J. & Warden, M. R. Melancholy, anhedonia, apathy: the search for separable behaviors and
neural circuits in depression. Curr. Opin. Neurobiol. 49, 1-9 (2018).

Schwarz, L. A. & Luo, L. Organization of the locus coeruleus-norepinephrine system. Curr. Biol. 25,
R1051-R1056 (2015).

Rolls, E. T. The cingulate cortex and limbic systems for emotion, action, and memory. Brain Struct.
Funct. 224,3001-3018 (2019).

Dunlop, B. W. et al. Functional connectivity of the subcallosal cingulate cortex and differential
outcomes to treatment with cognitive-behavioral therapy or antidepressant medication for major
depressive disorder. Am. J. Psychiatry 174, 533-545 (2017).

Ketter, T. A., George, M. S., Kimbrell, T. A., Benson, B. E. & Post, R. M. Functional Brain Imaging,
Limbic Function, and Affective Disorders. Neuroscientist 2, 55-65 (1996).

Bremner, J. D. et al. Reduced volume of orbitofrontal cortex in major depression. Biol. Psychiatry 51,
273-279 (2002).

Hamani, C. et al. The Subcallosal Cingulate Gyrus in the Context of Major Depression. Biol.

80



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Psychiatry 69, 301-308 (2011).

Ma, X. et al. Altered resting-state functional activity in medication-naive patients with first-episode
major depression disorder vs. Healthy control: A quantitative meta-analysis. Front. Behav. Neurosci.
13, 89 (2019).

Grandjean, J. et al. Chronic psychosocial stress in mice leads to changes in brain functional
connectivity and metabolite levels comparable to human depression. Neuroimage 142, 544-552
(2016).

Coppen, A. The biochemistry of affective disorders. Br. J. Psychiatry 113, 1237-1264 (1967).
Cowen, P. J. Serotonin and depression: pathophysiological mechanism or marketing myth? Trends
Pharmacol. Sci. 29, 433-436 (2008).

Yehuda, R. Status of glucocorticoid alterations in post-traumatic stress disorder. Ann. N. Y. Acad. Sci.
1179, 56-69 (20009).

Bangasser, D. A. & Valentino, R. J. Sex differences in stress-related psychiatric disorders:
Neurobiological perspectives. Front. Neuroendocrinol. 35,303-319 (2014).

Menard, C. ef al. Social stress induces neurovascular pathology promoting depression. Nat. Neurosci.
20, 1752-1760 (2017).

Dudek, K. A. ef al. Molecular adaptations of the blood-brain barrier promote stress resilience vs.
Depression. Proc. Natl. Acad. Sci. U. S. A. 117, 3326-3336 (2020).

Joéls, M., Karst, H. & Sarabdjitsingh, R. A. The stressed brain of humans and rodents. Acta Physiol.
223, (2018).

Drake, C. L., Pillai, V. & Roth, T. Stress and sleep reactivity: A prospective investigation of the
stress-diathesis model of insomnia. Sleep 37, 1295-1304 (2014).

Burford, N. G., Webster, N. A. & Cruz-Topete, D. Hypothalamic-pituitary-adrenal axis modulation of
glucocorticoids in the cardiovascular system. Int. J. Mol. Sci. 18, (2017).

Garabedian, M. J., Harris, C. A. & Jeanneteau, F. Glucocorticoid receptor action in metabolic and
neuronal function. F1000Research 6, (2017).

Weiss, S. J. Neurobiological alterations associated with traumatic stress. Perspect. Psychiatr. Care
43, 114-122 (2007).

Abercrombie, H. C., Kalin, N. H., Thurow, M. E., Rosenkranz, M. A. & Davidson, R. J. Cortisol
variation in humans affects memory for emotionally laden and neutral information. Behav. Neurosci.
117, 505-516 (2003).

Pariante, C. M. & Lightman, S. L. The HPA axis in major depression: classical theories and new
developments. Trends Neurosci. 31, 464—468 (2008).

Schedlowski, M., Engler, H. & Grigoleit, J. S. Endotoxin-induced experimental systemic
inflammation in humans: A model to disentangle immune-to-brain communication. Brain. Behav.
Immun. 35, 1-8 (2014).

Nettis, M. A. & Pariante, C. M. Is there neuroinflammation in depression? Understanding the link
between the brain and the peripheral immune system in depression. /nt. Rev. Neurobiol. 152, 23-40
(2020).

Beurel, E., Toups, M. & Nemeroff, C. B. The Bidirectional Relationship of Depression and
Inflammation: Double Trouble. Neuron 107, 234-256 (2020).

Gill, J. M., Saligan, L., Woods, S. & Page, G. PTSD is associated with an excess of inflammatory
immune activities. Perspect. Psychiatr. Care 45, 262—77 (2009).

Pitman, R. K. ef al. Biological studies of post-traumatic stress disorder. Nat. Rev. Neurosci. 13, 769—
787 (2012).

Ortiz-Dominguez, A. et al. Immune variations in bipolar disorder: Phasic differences. Bipolar Disord.
9, 596-602 (2007).

Hoge, E. A. et al. Broad spectrum of cytokine abnormalities in Panic disorder and Posttraumatic
stress disorder. Depress. Anxiety 26, 447—455 (2009).

Hung, Y. Y., Kang, H. Y., Huang, K. W. & Huang, T. L. Association between toll-like receptors
expression and major depressive disorder. Psychiatry Res. 220, 283-286 (2014).

Hodes, G. E., Kana, V., Menard, C., Merad, M. & Russo, S. J. Neuroimmune mechanisms of
depression. Nat. Neurosci. 18, 13861393 (2015).

Kempuraj, D. et al. Mast cell activation in brain injury, stress, and post-traumatic stress disorder and
Alzheimer’s disease pathogenesis. Front. Neurosci. 11, (2017).

Thomson, C. A., McColl, A., Cavanagh, J. & Graham, G. J. Peripheral inflammation is associated

81



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

with remote global gene expression changes in the brain. J. Neuroinflammation 11, 73 (2014).
Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson, R. W. & Kelley, K. W. From inflammation to
sickness and depression: When the immune system subjugates the brain. Nat. Rev. Neurosci. 9, 4656
(2008).

Zhao, J. et al. Neuroinflammation induced by lipopolysaccharide causes cognitive impairment in
mice. Sci. Rep. 9, 1-12 (2019).

Ménard, C., Pfau, M. L., Hodes, G. E. & Russo, S. J. Immune and Neuroendocrine Mechanisms of
Stress Vulnerability and Resilience. Neuropsychopharmacology 42, 62—80 (2017).

Langgartner, D., Lowry, C. A. & Reber, S. O. Old Friends, immunoregulation, and stress resilience.
Pflugers Arch. Eur. J. Physiol. 471, 237-269 (2019).

Lee, B., Moon, K. M. & Kim, C. Y. Tight Junction in the Intestinal Epithelium: Its Association with
Diseases and Regulation by Phytochemicals. J. Immunol. Res. 2018, 2645465 (2018).

Matkiewicz, M. A. et al. Blood-brain barrier permeability and physical exercise. J.
Neuroinflammation 16, 1-16 (2019).

Maes, M., Leonard, B. E., Myint, A. M., Kubera, M. & Verkerk, R. The new ‘5-HT’ hypothesis of
depression: Cell-mediated immune activation induces indoleamine 2,3-dioxygenase, which leads to
lower plasma tryptophan and an increased synthesis of detrimental tryptophan catabolites
(TRYCATS), both of which contribute to th. Prog. Neuro-Psychopharmacology Biol. Psychiatry 35,
702-21. (2011).

Banskota, S., Ghia, J. E. & Khan, W. 1. Serotonin in the gut: Blessing or a curse. Biochimie 161, 56—
64 (2019).

Fukui, S., Schwarcz, R., Rapoport, S. ., Takada, Y. & Smith, Q. R. Blood—Brain Barrier Transport of
Kynurenines: Implications for Brain Synthesis and Metabolism. J. Neurochem. 56, 2007-2017
(1991).

Schwarcz, R., Bruno, J. P., Muchowski, P. J. & Wu, H. Q. Kynurenines in the mammalian brain:
When physiology meets pathology. Nat. Rev. Neurosci. 13, 465-77. (2012).

Maes, M. et al. Depressive and anxiety symptoms in the early puerperium are related to increased
degradation of tryptophan into kynurenine, a phenomenon which is related to immune activation. Life
Sci. 1, 1837-48 (2002).

Hodes, G. E. et al. Individual differences in the peripheral immune system promote resilience versus
susceptibility to social stress. Proc. Natl. Acad. Sci. U. S. A. 111, 16136-16141 (2014).

Muneer, A. Bipolar disorder: Role of inflammation and the development of disease biomarkers.
Psychiatry Investig. 13, 18-33 (2016).

Kim, Y.-K., Jung, H.-G., Myint, A.-M., Kim, H. & Park, S.-H. Imbalance between pro-inflammatory
and anti-inflammatory cytokines in bipolar disorder. J. Affect. Disord. 104, 91-95 (2007).
Abautret-Daly, A. e al. Association between psychological measures with inflammatory and disease-
related markers of inflammatory bowel disease. Int. J. Psychiatry Clin. Pract. 21, 221-230 (2017).
Cole, J. A., Rothman, K. J., Cabral, H. J., Zhang, Y. & Farraye, F. A. Migraine, fibromyalgia, and
depression among people with IBS: A prevalence study. BMC Gastroenterol. 6, (2006).

Xu, C., Lee, S. K., Zhang, D. & Frenette, P. S. The Gut Microbiome Regulates Psychological-Stress-
Induced Inflammation. Immunity 53, 417-428.e4 (2020).

Sun, Y. et al. Stress Triggers Flare of Inflammatory Bowel Disease in Children and Adults. Front.
Pediatr. 7, (2019).

Vancamelbeke, M. & Vermeire, S. The intestinal barrier: a fundamental role in health and disease.
Expert Rev. Gastroenterol. Hepatol. 11, 821-834 (2017).

Daneman, R. & Rescigno, M. The Gut Immune Barrier and the Blood-Brain Barrier: Are They So
Different? Immunity 31, 722-735 (2009).

Clarke, G. et al. The microbiome-gut-brain axis during early life regulates the hippocampal
serotonergic system in a sex-dependent manner. Mol. Psychiatry 18, 666—673 (2013).

Cryan, J. F. & O’Mahony, S. M. The microbiome-gut-brain axis: From bowel to behavior.
Neurogastroenterol. Motil. 23, 187-192 (2011).

Dinan, T. G. & Cryan, J. F. Microbes Immunity and Behavior: Psychoneuroimmunology Meets the
Microbiome. Neuropsychopharmacology 42, 178-192 (2017).

Grenham, S., Clarke, G., Cryan, J. F. & Dinan, T. G. Brain-gut-microbe communication in health and
disease. Front. Physiol. 94, 1-15 (2011).

Lach, G., Schellekens, H., Dinan, T. G. & Cryan, J. F. Anxiety, Depression, and the Microbiome: A

82



7.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Role for Gut Peptides. Neurotherapeutics 15, 3659 (2018).

Mayer, E. A., Knight, R., Mazmanian, S. K., Cryan, J. F. & Tillisch, K. Gut microbes and the brain:
paradigm shift in neuroscience. J. Neurosci. 34, 15490-15496 (2014).

Schoultz, I. & Keita, A. V. The Intestinal Barrier and Current Techniques for the Assessment of Gut
Permeability. Cells 9, (2020).

Wang, Y. & Kasper, L. H. The role of microbiome in central nervous system disorders. Brain. Behav.
Immun. 38, 1-12 (2014).

Mukherjee, D., Lee, S., Kazinka, R., D Satterthwaite, T. & Kable, J. W. Multiple Facets of Value-
Based Decision Making in Major Depressive Disorder. Sci. Rep. 10, 3415 (2020).

Fernandes, B. S. et al. The new field of ‘precision psychiatry’. BMC Med. 15, 1-7 (2017).
Rincon-Cortés, M., Herman, J. P., Lupien, S., Maguire, J. & Shansky, R. M. Stress: Influence of sex,
reproductive status and gender. Neurobiol. Stress 10, 100—155 (2019).

Kornstein, S. G. et al. Gender differences in treatment response to sertraline versus imipramine in
chronic depression. Am. J. Psychiatry 157, 1445-1452 (2000).

Baca, E., Garcia-Garcia, M. & Porras-Chavarino, A. Gender differences in treatment response to
sertraline versus imipramine in patients with nonmelancholic depressive disorders. Prog. Neuro-
Psychopharmacology Biol. Psychiatry 28, 57-65 (2004).

Blanco, C. ef al. Epidemiology of major depression with atypical features: Results from the National
Epidemiologic Survey on Alcohol and Related Conditions (NESARC). J. Clin. Psychiatry 73, 224—
232 (2012).

Kornstein, S. G. et al. Gender differences in chronic major and double depression. J. Affect. Disord.
60, 1-11 (2000).

Marcus, S. M. et al. Gender differences in depression: Findings from the STAR*D study. J. Affect.
Disord. 87, 141-150 (2005).

Labonté, B. et al. Sex-specific transcriptional signatures in human depression. Nat. Med. 23, 1102—
1111 (2017).

Seney, M. L. et al. Opposite Molecular Signatures of Depression in Men and Women. Biol.
Psychiatry 84, 18-27 (2018).

Dion-Albert, L. et al. Vascular and blood-brain barrier-related changes underlie stress responses and
resilience in female mice and depression in human tissue. Nat. Commun. 2022 131 13, 1-18 (2022).
Pefia, C. J. et al. Early life stress alters transcriptomic patterning across reward circuitry in male and
female mice. Nat. Commun. 10, (2019).

Rubinow, D. R. & Schmidt, P. J. Sex differences and the neurobiology of affective disorders.
Neuropsychopharmacology 44, 111-128 (2019).

Kennedy, S. H. A review of antidepressant treatments today. Eur. Neuropsychopharmacol. 16, S619—
S623 (2006).

Kennis, M. et al. Prospective biomarkers of major depressive disorder: a systematic review and meta-
analysis. Mol. Psychiatry 25, 321-338 (2020).

Goldapple, K. et al. Modulation of Cortical-Limbic Pathways in Major Depression: Treatment-
Specific Effects of Cognitive Behavior Therapy. Arch. Gen. Psychiatry 61, 34—41 (2004).

Zhuo, C. et al. The rise and fall of MRI studies in major depressive disorder. Transl. Psychiatry 9, 1-
14 (2019).

Kamintsky, L. et al. Blood-brain barrier imaging as a potential biomarker for bipolar disorder
progression. Neurolmage Clin. 26, 102049 (2020).

Wohleb, E. S., Franklin, T., Iwata, M. & Duman, R. S. Integrating neuroimmune systems in the
neurobiology of depression. Nat. Rev. Neurosci. 17,497-511 (2016).

Maes, M. et al. INCREASED SERUM IL-6 AND IL-1 RECEPTOR ANTAGONIST
CONCENTRATIONS IN MAJOR DEPRESSION AND TREATMENT RESISTANT
DEPRESSION. Cytokine 9, 853-858 (1997).

Kiraly, D. D. et al. Altered peripheral immune profiles in treatment-resistant depression: Response to
ketamine and prediction of treatment outcome. Transl. Psychiatry 7, (2017).

Audet, M. C. & Anisman, H. Interplay between pro-inflammatory cytokines and growth factors in
depressive illnesses. Front. Cell. Neurosci. 7, (2013).

Osimo, E. F. et al. Inflammatory markers in depression: A meta-analysis of mean differences and
variability in 5,166 patients and 5,083 controls. Brain. Behav. Immun. 87, 901-909 (2020).

Kohler, C. A. et al. Peripheral cytokine and chemokine alterations in depression: a meta-analysis of

83



104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

82 studies. Acta Psychiatr. Scand. 135, 373-387 (2017).

Yuan, N., Chen, Y., Xia, Y., Dai, J. & Liu, C. Inflammation-related biomarkers in major psychiatric
disorders: a cross-disorder assessment of reproducibility and specificity in 43 meta-analyses. Transi.
Psychiatry 9, 1-13 (2019).

Felger, J. C. et al. What does plasma CRP tell us about peripheral and central inflammation in
depression? Mol. Psychiatry 25, 1301-1311 (2020).

Regier, D. A. et al. DSM-5 field trials in the United States and Canada, part II: Test-retest reliability
of selected categorical diagnoses. Am. J. Psychiatry 170, 59-70 (2013).

Chan, M. K. et al. Blood-based immune-endocrine biomarkers of treatment response in depression. J.
Psychiatr. Res. 83, 249-259 (2016).

Ambrée, O. et al. S100B serum levels predict treatment response in patients with melancholic
depression. Int. J. Neuropsychopharmacol. 19, 1-9 (2015).

Kealy, J., Greene, C. & Campbell, M. Blood-brain barrier regulation in psychiatric disorders. Transi.
Psychiatry 10, (2020).

Hubbard, A. K. & Rothlein, R. Intercellular adhesion molecule-1 (ICAM-1) expression and cell
signaling cascades. Free Radic. Biol. Med. 28, 1379-1386 (2000).

Kadry, H., Noorani, B. & Cucullo, L. A blood—brain barrier overview on structure, function,
impairment, and biomarkers of integrity. Fluids Barriers CNS 17, 1-24 (2020).

Lopez-Vilchez, 1. et al. Endothelial damage in major depression patients is modulated by SSRI
treatment, as demonstrated by circulating biomarkers and an in vitro cell model. Transl. Psychiatry 6,
¢886 (2016).

Schaefer, M., Sarkar, S., Schwarz, M. & Friebe, A. Soluble intracellular adhesion molecule-1 in
patients with unipolar or bipolar affective disorders: results from a pilot trial. Neuropsychobiology 74,
8-14 (2016).

Ramsey, J. M. et al. Sex Differences in Serum Markers of Major Depressive Disorder in the
Netherlands Study of Depression and Anxiety (NESDA). PLoS One 11, €0156624 (2016).
Lespérance, F., Frasure-Smith, N., Théroux, P. & Irwin, M. The Association between Major
Depression and Levels of Soluble Intercellular Adhesion Molecule 1, Interleukin-6, and C-Reactive
Protein in Patients with Recent Acute Coronary Syndromes. Am. J. Psychiatry 161, 271-277 (2004).
Dimopoulos, N. et al. Elevation of plasma concentration of adhesion molecules in late-life depression.
Int. J. Geriatr. Psychiatry 21, 965-971 (2006).

Van Agtmaal, M. J. M., Houben, A. J. H. M., Pouwer, F., Stehouwer, C. D. A. & Schram, M. T.
Association of microvascular dysfunction with late-life depression: A systematic review and meta-
analysis. JAMA Psychiatry 74, 729-739. (2017).

Baghai, T. et al. Classical Risk Factors and Inflammatory Biomarkers: One of the Missing Biological
Links between Cardiovascular Disease and Major Depressive Disorder. Int. J. Mol. Sci. 19, 1740
(2018).

Ivkovié, M. et al. Predictive value of SICAM-1 and sVCAM-1 as biomarkers of affective
temperaments in healthy young adults. J. Affect. Disord. 207, 47-52 (2017).

Martin-Subero, M., Anderson, G., Kanchanatawan, B., Berk, M. & Maes, M. Comorbidity between
depression and inflammatory bowel disease explained by immune-inflammatory, oxidative, and
nitrosative stress; Tryptophan catabolite; And gut-brain pathways. CNS Spectr. 21, 184-98 (2016).
Alvarez-Mon, M. A. ef al. Abnormal Distribution and Function of Circulating Monocytes and
Enhanced Bacterial Translocation in Major Depressive Disorder. Front. Psychiatry 10, (2019).
Ohlsson, L. et al. Leaky gut biomarkers in depression and suicidal behavior. Acta Psychiatr. Scand.
139, 185-193 (2019).

Stevens, B. R. et al. Increased human intestinal barrier permeability plasma biomarkers zonulin and
FABP2 correlated with plasma LPS and altered gut microbiome in anxiety or depression. Gut 67,
1555-1557 (2018).

Maes, M., Kubera, M. & Leunis, J. C. The gut-brain barrier in major depression: intestinal mucosal
dysfunction with an increased translocation of LPS from gram negative enterobacteria (leaky gut)
plays a role in the inflammatory pathophysiology of depression. Neuro Endocrinol. Lett. 29, 117-124
(2008).

Slyepchenko, A. et al. Gut Microbiota, Bacterial Translocation, and Interactions with Diet:
Pathophysiological Links between Major Depressive Disorder and Non-Communicable Medical
Comorbidities. Psychother. Psychosom. 86, 31-46 (2016).

84



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Kohler, O. et al. Effect of anti-inflammatory treatment on depression, depressive symptoms, and
adverse effects a systematic review and meta-analysis of randomized clinical trials. JAMA Psychiatry
71, 1381-1391 (2014).

Karson, A., Demirtas, T., Bayramgiirler, D., Balci, F. & Utkan, T. Chronic administration of
infliximab (TNF-a inhibitor) decreases depression and anxiety-like behaviour in rat model of chronic
mild stress. Basic Clin. Pharmacol. Toxicol. 112, 335-340 (2013).

Raison, C. L. et al. A randomized controlled trial of the tumor necrosis factor antagonist infliximab
for treatment-resistant depression: The role of baseline inflammatory biomarkers. Arch. Gen.
Psychiatry 70, 3141 (2013).

Miller, A. H. & Pariante, C. M. Trial failures of anti-inflammatory drugs in depression. The Lancet
Psychiatry 7, 837 (2020).

O’Mahony, L. et al. Lactobacillus and Bifidobacterium in irritable bowel syndrome: Symptom
responses and relationship to cytokine profiles. Gastroenterology 128, 541-551 (2005).

Nikfar, S., Rahimi, R., Rahimi, F., Derakhshani, S. & Abdollahi, M. Efficacy of probiotics in irritable
bowel syndrome: A meta-analysis of randomized, controlled trials. Dis. Colon Rectum 51, 1775-80
(2008).

Whorwell, P. J. Review: Do probiotics improve symptoms in patients with irritable bowel syndrome?
Therap. Adv. Gastroenterol. 2, 37—44. (2009).

Groeger, D. et al. Bifidobacterium infantis 35624 modulates host inflammatory processes beyond the
gut. Gut Microbes 4, 325-339 (2013).

Pinto-Sanchez, M. 1. ef al. Probiotic Bifidobacterium longum NCC3001 Reduces Depression Scores
and Alters Brain Activity: A Pilot Study in Patients With Irritable Bowel Syndrome.
Gastroenterology 153, 448-459.e8 (2017).

Akkasheh, G. et al. Clinical and metabolic response to probiotic administration in patients with major
depressive disorder: A randomized, double-blind, placebo-controlled trial. Nutrition 32, 315-20
(2016).

Kazemi, A., Noorbala, A. A., Azam, K., Eskandari, M. H. & Djafarian, K. Effect of probiotic and
prebiotic vs placebo on psychological outcomes in patients with major depressive disorder: A
randomized clinical trial. Clin. Nutr. 38, 522-528. (2019).

Bjorkholm, C. & Monteggia, L. M. BDNF - A key transducer of antidepressant effects.
Neuropharmacology 102, 72-9. (2016).

Carboni, L. et al. Biomarkers for response in major depression: comparing paroxetine and venlafaxine
from two randomised placebo-controlled clinical studies. Transl. Psychiatry 9, 1-12 (2019).

Rudzki, L. et al. Probiotic Lactobacillus Plantarum 299v decreases kynurenine concentration and
improves cognitive functions in patients with major depression: A double-blind, randomized, placebo
controlled study. Psychoneuroendocrinology 100, 213-222 (2019).

Ding, Y. et al. Disrupted Cerebellar-Default Mode Network Functional Connectivity in Major
Depressive Disorder With Gastrointestinal Symptoms. Front. Cell. Neurosci. 0, 82 (2022).
Pampaloni, N. P., Giugliano, M., Scaini, D., Ballerini, L. & Rauti, R. Advances in nano neuroscience:
From nanomaterials to nanotools. Front. Neurosci. 13, 953 (2019).

Zhang, M. & Merlin, D. Nanoparticle-Based Oral Drug Delivery Systems Targeting the Colon for
Treatment of Ulcerative Colitis. Inflamm. Bowel Dis. 24, 1401-1415 (2018).

Zhao, P. et al. Nanoparticle-assembled bioadhesive coacervate coating with prolonged gastrointestinal
retention for inflammatory bowel disease therapy. Nat. Commun. 12, (2021).

Hauser, C. A. E. & Zhang, S. Designer self-assembling peptide nanofiber biological materials. Chem.
Soc. Rev. 39,2780-2790 (2010).

Xu, X. et al. Bioadhesive hydrogels demonstrating pH-independent and ultrafast gelation promote
gastric ulcer healing in pigs. Sci. Transl. Med. 12, (2020).

Wang, Q., Timberlake, M. A., Prall, K. & Dwivedi, Y. The recent progress in animal models of
depression. Prog. Neuro-Psychopharmacology Biol. Psychiatry 77, 99—109 (2017).

Negron-Oyarzo, 1., Aboitiz, F. & Fuentealba, P. Impaired functional connectivity in the prefrontal
cortex: A mechanism for chronic stress-induced neuropsychiatric disorders. Neural Plast. 2016, 16
(2016).

Rowland, T. A. & Marwaha, S. Epidemiology and risk factors for bipolar disorder. Ther. Adv.
Psychopharmacol. 8,251-269 (2018).

Yehuda, R. & Seckl, J. Minireview: Stress-Related Psychiatric Disorders with Low Cortisol Levels: A

85



150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Metabolic Hypothesis. Endocrinology 152, 44964503 (2011).

Valvassori, S. S., Varela, R. B. & Quevedo, J. Animal Models of Mood Disorders: Focus on Bipolar
Disorder and Depression. in Animal Models for the Study of Human Disease: Second Edition 991—
1001 (2017).

Golden, S. A., Covington, H. E., Berton, O. & Russo, S. J. A standardized protocol for repeated social
defeat stress in mice. Nat. Protoc. 6, 1183—-1191 (2011).

Krishnan, V. et al. Molecular Adaptations Underlying Susceptibility and Resistance to Social Defeat
in Brain Reward Regions. Cell 131, 391-404 (2007).

Anacker, C. et al. Neuroanatomic Differences Associated with Stress Susceptibility and Resilience.
Biol. Psychiatry 79, 840-849 (2016).

Tsankova, N. M. et al. Sustained hippocampal chromatin regulation in a mouse model of depression
and antidepressant action. Nat. Neurosci. 9, 519-525 (2006).

Covington, H. E. ef al. Antidepressant effect of optogenetic stimulation of the medial prefrontal
cortex. J. Neurosci. 30, 16082—-16090 (2010).

Cathomas, F., Murrough, J. W., Nestler, E. J., Han, M. H. & Russo, S. J. Neurobiology of Resilience:
Interface Between Mind and Body. Biol. Psychiatry 86, 410-420 (2019).

Lorsch, Z. S. et al. Stress resilience is promoted by a Zfp189-driven transcriptional network in
prefrontal cortex. Nat. Neurosci. 22, 1413-1423 (2019).

LaPlant, Q. et al. Role of Nuclear Factor kB in Ovarian Hormone-Mediated Stress Hypersensitivity in
Female Mice. Biol. Psychiatry 65, 874-880 (2009).

Hodes, G. E. et al. Sex Differences in Nucleus Accumbens Transcriptome Profiles Associated with
Susceptibility versus Resilience to Subchronic Variable Stress. J. Neurosci. 35, 16362-76 (2015).
Willner, P. Validity, reliability and utility of the chronic mild stress model of depression: A 10-year
review and evaluation. Psychopharmacology (Berl). 134, 319-329 (1997).

Goshen, 1. ef al. Brain interleukin-1 mediates chronic stress-induced depression in mice via
adrenocortical activation and hippocampal neurogenesis suppression. Mol. Psychiatry 13, 717-728
(2008).

Lopez, J. & Bagot, R. C. Defining Valid Chronic Stress Models for Depression With Female Rodents.
Biol. Psychiatry 90, 226-235 (2021).

Audet, M.-C. Stress-induced disturbances along the gut microbiota-immune-brain axis and
implications for mental health: Does sex matter? Front. Neuroendocrinol. 54, (2019).

Takahashi, A. et al. Establishment of a repeated social defeat stress model in female mice. Sci. Rep. 7,
1-12 (2017).

Harris, A. Z. et al. A Novel Method for Chronic Social Defeat Stress in Female Mice.
Neuropsychopharmacology 43, 1276—1283 (2018).

Doney, E., Cadoret, A., Dion-Albert, L., Lebel, M. & Menard, C. Inflammation-driven brain and gut
barrier dysfunction in stress and mood disorders. Eur. J. Neurosci. 00, 1-44 (2021).

Verbitsky, A., Dopfel, D. & Zhang, N. Rodent models of post-traumatic stress disorder: behavioral
assessment. Transl. Psychiatry 10, (2020).

Erickson, M. A. et al. Genetics and sex influence peripheral and central innate immune responses and
bloodbrain barrier integrity. PLoS One 13, (2018).

Konig, J. et al. Human Intestinal Barrier Function in Health and Disease. Clin. Transl. Gastroenterol.
7, €196 (2016).

Jaladanki, R. N., Wang, J.-Y., Granger, D. N. & Granger, J. Regulation of Gastrointestinal Mucosal
Growth Colloquium series in integrated systems Physiology: from moleCule to funCtion. 3, 1-114
(2011).

Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S. & Medzhitov, R. Recognition of
commensal microflora by toll-like receptors is required for intestinal homeostasis. Cel/ 118, 229-241
(2004).

Mineta, K. et al. Predicted expansion of the claudin multigene family. FEBS Lett. 585, 606-612
(2011).

Giinzel, D. & Yu, A. S. L. Claudins and the modulation of tight junction permeability. Physiol. Rev.
93, 525-569 (2013).

Garcia-Hernandez, V., Quiros, M. & Nusrat, A. Intestinal epithelial claudins: expression and
regulation in homeostasis and inflammation. Ann. N. Y. Acad. Sci. 1397, 66—79 (2017).

Ly, Z., Ding, L., Lu, Q. & Chen, Y.-H. Claudins in intestines: Distribution and functional significance

86



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

in health and diseases. Tissue barriers 1, €24978 (2013).

Furuse, M. et al. Claudin-based tight junctions are crucial for the mammalian epidermal barrier: A
lesson from claudin-1-deficient mice. J. Cell Biol. 156, 10991111 (2002).

Hou, J., Renigunta, A., Yang, J. & Waldegger, S. Claudin-4 forms paracellular chloride channel in the
kidney and requires claudin-8 for tight junction localization. Proc. Natl. Acad. Sci. U. S. 4. 107,
18010-18015 (2010).

Milatz, S. et al. Claudin-3 acts as a sealing component of the tight junction for ions of either charge
and uncharged solutes. Biochim. Biophys. Acta - Biomembr. 1798, 20482057 (2010).

Markov, A. G., Veshnyakova, A., Fromm, M., Amasheh, M. & Amasheh, S. Segmental expression of
claudin proteins correlates with tight junction barrier properties in rat intestine. J Comp Physiol B
180, 591-598 (2010).

Amasheh, S. et al. Claudin-2 expression induces cation-selective channels in tight junctions of
epithelial cells. J. Cell Sci. 115, 4969-4976 (2002).

Wang, Y., Mumm, J. B., Herbst, R., Kolbeck, R. & Wang, Y. IL-22 Increases Permeability of
Intestinal Epithelial Tight Junctions by Enhancing Claudin-2 Expression. J. Immunol. 199, 3316—
3325 (2017).

Rosenthal, R. et al. Claudin-15 forms a water channel through the tight junction with distinct function
compared to claudin-2. Acta Physiol. 228, ¢13334 (2020).

Steinemann, A., Galm, 1., Chip, S., Nitsch, C. & Maly, I. P. Claudin-1, -2 and -3 Are Selectively
Expressed in the Epithelia of the Choroid Plexus of the Mouse from Early Development and into
Adulthood While Claudin-5 is Restricted to Endothelial Cells. Front. Neuroanat. 10, 16 (2016).
Castro Dias, M. et al. Claudin-3-deficient C57BL/6J mice display intact brain barriers. Sci. Rep. 9, 1—
16 (2019).

Berndt, P. ef al. Tight junction proteins at the blood—brain barrier: far more than claudin-5. Cell. Mol.
Life Sci. 76, 1987-2002 (2019).

Parker, A., Fonseca, S. & Carding, S. R. Gut microbes and metabolites as modulators of blood-brain
barrier integrity and brain health. Gut Microbes 11, 135-157. (2019).

Du, Y., Gao, X., Peng, L. & Ge, J. Crosstalk between the microbiota-gut-brain axis and depression.
Heliyon 6, €04097 (2020).

de la Cuesta-Zuluaga, J. et al. Age- and Sex-Dependent Patterns of Gut Microbial Diversity in Human
Adults. mSystems 4, €00261-19 (2019).

Parada Venegas, D. ef al. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune
Regulation and Its Relevance for Inflammatory Bowel Diseases. Front. Immunol. 10, 277 (2019).
Kalina, U. et al. Enhanced production of IL-18 in butyrate-treated intestinal epithelium by stimulation
of the proximal promoter region. Eur. J. Immunol. 32, 2635-43. (2002).

Singh, N. et al. Blockade of dendritic cell development by bacterial fermentation products butyrate
and propionate through a transporter (Slc5a8)-dependent inhibition of histone deacetylases. J. Biol.
Chem. 285, 27601-8 (2010).

Arpaia, N. ef al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell
generation. Nature 504, 451-5 (2013).

Eckburg, P. B. et al. Microbiology: Diversity of the human intestinal microbial flora. Science (80-. ).
308, 1635-1638 (2005).

Louis, P. & Flint, H. J. Diversity, metabolism and microbial ecology of butyrate-producing bacteria
from the human large intestine. FEMS Microbiol. Lett. 294, 1-8 (2009).

Erny, D. et al. Host microbiota constantly control maturation and function of microglia in the CNS.
Nat. Neurosci. 18, 965-977 (2015).

Forsythe, P., Bienenstock, J. & Kunze, W. A. Vagal pathways for microbiome-brain-gut axis
communication. Adv. Exp. Med. Biol. 817, 115-133 (2014).

Abdel-Haq, R., Schlachetzki, J. C. M., Glass, C. K. & Mazmanian, S. K. Microbiome—microglia
connections via the gut-brain axis. J. Exp. Med. 216, 41-59 (2019).

O, P. R. et al. Serum lipopolysaccharide-binding protein in endotoxemic patients with inflammatory
bowel disease. Inflamm. Bowel Dis. 13, 269-277 (2007).

Guo, S. et al. Lipopolysaccharide Regulation of Intestinal Tight Junction Permeability Is Mediated by
TLR4 Signal Transduction Pathway Activation of FAK and MyD88. J. Immunol. 195, 4999-5010
(2015).

Liu, Y. et al. Immunocytochemical evidence of Listeria, Escherichia coil, and Streptococcus antigens

87



201.

202.

203.

204.

205.

206.

207.

208.
209.

210.

211.

212.

213.

214.

215.

21e.

217.

218.

219.

220.

221.

222.

223.
224.

225.

226.

in Crohn’s disease. Gastroenterology 108, 1396 (1995).

F, M. et al. Quantitative gene expression of cytokines in peripheral blood leukocytes stimulated in
vitro: modulation by the anti-tumor nerosis factor-alpha antibody infliximab and comparison with the
mucosal cytokine expression in patients with ulcerative colitis. Transl. Res. 150, 223-232 (2007).
Ma, T. Y. et al. TNF-o-induced increase in intestinal epithelial tight junction permeability requires
NF-«B activation. Am. J. Physiol. - Gastrointest. Liver Physiol. 286, G367-76 (2004).

Al-Sadi, R. M. & Ma, T. Y. IL-1P Causes an Increase in Intestinal Epithelial Tight Junction
Permeability. J. Immunol. 177, 2310-2322 (2007).

Suzuki, T., Yoshinaga, N. & Tanabe, S. Interleukin-6 (IL-6) regulates claudin-2 expression and tight
junction permeability in intestinal epithelium. J. Biol. Chem. 286, 31263-31271 (2011).

Krishnan, M. & McCole, D. F. T cell protein tyrosine phosphatase prevents STAT1 induction of
claudin-2 expression in intestinal epithelial cells. Ann. N. Y. Acad. Sci. 1405, 116—-130 (2017).
Mankertz, J. et al. Expression from the human occludin promoter is affected by tumor necrosis factor
a and interferon y. J. Cell Sci. 113, 2085-2090; (2000).

Prasad, S. et al. Inflammatory processes have differential effects on claudins 2, 3 and 4 in colonic
epithelial cells. Lab. Investig. 85, 1139-1162 (2005).

V, P. et al. A microbial signature for Crohn’s disease. Gut 66, 813—822 (2017).

Frank, D. N. et al. Molecular-phylogenetic characterization of microbial community imbalances in
human inflammatory bowel diseases. Proc. Natl. Acad. Sci. U. S. A. 104, 13780—-13785 (2007).
Sartor, R. B. Microbial Influences in Inflammatory Bowel Diseases. Gastroenterology 134, 577-594
(2008).

Prosberg, M., Bendtsen, F., Vind, 1., Petersen, A. M. & Gluud, L. L. The association between the gut
microbiota and the inflammatory bowel disease activity: a systematic review and meta-analysis.
Scand. J. Gastroenterol. 51, 1407-1415. (2016).

K, M. et al. A decrease of the butyrate-producing species Roseburia hominis and Faecalibacterium
prausnitzii defines dysbiosis in patients with ulcerative colitis. Gut 63, 1275-1283 (2014).

Zeissig, S. et al. Changes in expression and distribution of claudin 2, 5 and 8 lead to discontinuous
tight junctions and barrier dysfunction in active Crohn’s disease. Gut 56, 61-72 (2007).

Bharwani, A. ef al. Structural and functional consequences of chronic psychosocial stress on the
microbiome and host. Psychoneuroendocrinology 63,217-27. (2016).

Rios, A. C. et al. Microbiota abnormalities and the therapeutic potential of probiotics in the treatment
of mood disorders. Rev. Neurosci. 28, 739-749 (2017).

Szyszkowicz, J. K., Wong, A., Anisman, H., Merali, Z. & Audet, M.-C. Implications of the gut
microbiota in vulnerability to the social avoidance effects of chronic social defeat in male mice.
Brain. Behav. Immun. 66, 4555 (2017).

Wei, L. et al. Chronic Unpredictable Mild Stress in Rats Induces Colonic Inflammation. Front.
Physiol. 10, (2019).

Lupp, C. et al. Host-mediated inflammation disrupts the intestinal microbiota and promotes the
overgrowth of Enterobacteriaceae. Cell Host Microbe 2, 119-29 (2007).

Shen, Q., Zhao, L. & Tuohy, K. M. High-level dietary fibre up-regulates colonic fermentation and
relative abundance of saccharolytic bacteria within the human faecal microbiota in vitro. Eur. J. Nutr.
51, 693-705 (2012).

Wang, H. B., Wang, P. Y., Wang, X., Wan, Y. L. & Liu, Y. C. Butyrate enhances intestinal epithelial
barrier function via up-regulation of tight junction protein claudin-1 transcription. Dig. Dis. Sci. 57,
3126-3135 (2012).

Livanos, A. E. et al. Rapid gastrointestinal loss of Clostridial Clusters IV and XIVa in the ICU
associates with an expansion of gut pathogens. PLoS One 13, €0200322. (2018).

Yu, A. S. L. et al. Molecular Basis for Cation Selectivity in Claudin-2—based Paracellular Pores:
Identification of an Electrostatic Interaction Site. J. Gen. Physiol. 133, 111-127 (2009).

Schnaar, R. L. & Taniguchi, N. Glycosphingolipids. New Compr. Biochem. 10, 1-99 (2017).

Liu, X. et al. Microbial Products Induce Claudin-2 to Compromise Gut Epithelial Barrier Function.
PLoS One 8, 68547 (2013).

Barmeyer, C., Schulzke, J. D. & Fromm, M. Claudin-related intestinal diseases. Semin. Cell Dev.
Biol. 42,30-38 (2015).

Dinan, T. G. & Cryan, J. F. Regulation of the stress response by the gut microbiota: implications for
psychoneuroendocrinology. Psychoneuroendocrinology 37, 1369-78 (2012).

88



227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

Wang, W., Uzzau, S., Goldblum, S. E. & Fasano, A. Human zonulin, a potential modulator of
intestinal tight junctions. J. Cell Sci. 113, 4435-40. (2000).

Sturgeon, C. & Fasano, A. Zonulin, a regulator of epithelial and endothelial barrier functions, and its
involvement in chronic inflammatory diseases. Tissue Barriers 4, ¢1251384 (2016).

Usta, A. et al. Serum zonulin and claudin-5 levels in patients with schizophrenia. Eur. Arch.
Psychiatry Clin. Neurosci. 1, 3 (2020).

Wang, L. et al. Methods to determine intestinal permeability and bacterial translocation during liver
disease. J. Immunol. Methods 421, 44-53 (2015).

Clemente, M. G. et al. Early effects of gliadin on enterocyte intracellular signalling involved in
intestinal barrier function. Gut 52, 218-223 (2003).

Tripathi, A. et al. Identification of human zonulin, a physiological modulator of tight junctions, as
prehaptoglobin-2. Proc. Natl. Acad. Sci. U. S. A. 106, 16799—16804 (2009).

Fasano, A. et al. Vibrio cholerae produces a second enterotoxin, which affects intestinal tight
junctions. Proc. Natl. Acad. Sci. U. S. 4. 88, 5242-5246 (1991).

Goldblum, S. E. et al. The active Zot domain (aa 288-293) increases ZO-1 and myosin 1C
serine/threonine phosphorylation, alters interaction between ZO-1 and its binding partners, and
induces tight junction disassembly through proteinase activated receptor 2 activation. FASEB J. 25,
144-158 (2011).

Asmar, R. El et al. Host-dependent zonulin secretion causes the impairment of the small intestine
barrier function after bacterial exposure. Gastroenterology 123, 1607-1615 (2002).

Braniste, V. et al. The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl.
Med. 6,263ral58 (2014).

Huang, Y. et al. Possible association of Firmicutes in the gut microbiota of patients with major
depressive disorder. Neuropsychiatr. Dis. Treat. 14, 3329-3337 (2018).

Pfau, M. L., Ménard, C. & Russo, S. J. Inflammatory Mediators in Mood Disorders: Therapeutic
Opportunities. Annu. Rev. Pharmacol. Toxicol. 58, 411-428 (2018).

Chung, Y. C. E. et al. Exploration of microbiota targets for major depressive disorder and mood
related traits. J. Psychiatr. Res. 111, 74-82 (2019).

Zheng, P. et al. Gut microbiome remodeling induces depressive-like behaviors through a pathway
mediated by the host’s metabolism. Mol. Psychiatry 21, 786796 (2016).

Bhandari, S., Larson, M. E., Kumar, N. & Stein, D. Association of inflammatory bowel disease (IBD)
with depressive symptoms in the United States population and independent predictors of depressive
symptoms in an IBD population: A NHANES study. Gut Liver 111, 512-519 (2017).

Icenhour, A. et al. Elucidating the putative link between prefrontal neurotransmission, functional
connectivity, and affective symptoms in irritable bowel syndrome. Sci. Rep. 9, (2019).

Tadin Hadjina, 1. ef al. Impaired neurocognitive and psychomotor performance in patients with
inflammatory bowel disease. Sci. Rep. 9, (2019).

Rzepa, E. & McCabe, C. Decreased anticipated pleasure correlates with increased salience network
resting state functional connectivity in adolescents with depressive symptomatology. J. Psychiatr.
Res. 82, 40-47. (2016).

Servaas, M. N. et al. Associations between daily affective instability and connectomics in functional
subnetworks in remitted patients with recurrent major depressive disorder.
Neuropsychopharmacology 42, 2583-2592 (2017).

Wei, F. et al. Soluble Toll-like receptor 4 is a potential serum biomarker in non-small cell lung
cancer. Oncotarget 7,40106-40114 (2016).

Naseribafrouei, A. et al. Correlation between the human fecal microbiota and depression.
Neurogastroenterol. Motil. 26, 1155-62. (2014).

Tsai, S. Y. et al. Inflammation associated with volume reduction in the gray matter and hippocampus
of older patients with bipolar disorder. J. Affect. Disord. 244, 60-66 (2019).

Rong, H. et al. Similarly in depression, nuances of gut microbiota: Evidences from a shotgun
metagenomics sequencing study on major depressive disorder versus bipolar disorder with current
major depressive episode patients. J. Psychiatr. Res. 113, 90-99. (2019).

Varela, E. et al. Colonisation by Faecalibacterium prausnitzii and maintenance of clinical remission in
patients with ulcerative colitis. Aliment. Pharmacol. Ther. 38, 151-61 (2013).

Jiang, H. et al. Altered fecal microbiota composition in patients with major depressive disorder.
Brain. Behav. Immun. 48, 186—194 (2015).

&9



252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

Yang, J. et al. Landscapes of bacterial and metabolic signatures and their interaction in major
depressive disorders. Sci. Adv. 6, (2020).

Jianguo, L., Xueyang, J., Cui, W., Changxin, W. & Xuemei, Q. Altered gut metabolome contributes
to depression-like behaviors in rats exposed to chronic unpredictable mild stress. Transl. Psychiatry 9,
1-14 (2019).

Banskota, S., Ghia, J. E. & Khan, W. 1. Serotonin in the gut: Blessing or a curse. Biochimie 161, 56—
64 (2019).

Brundin, L. e al. An enzyme in the kynurenine pathway that governs vulnerability to suicidal
behavior by regulating excitotoxicity and neuroinflammation. Transl. Psychiatry 6, €865 (2016).
Hattori, S., Takao, K., Funakoshi, H. & Miyakawa, T. Comprehensive behavioral analysis of
tryptophan 2,3-dioxygenase (Tdo2) knockout mice: Neuropsychopharmacol. Reports 38, 52—60
(2018).

Raison, C. L. et al. CSF concentrations of brain tryptophan and kynurenines during immune
stimulation with IFN-a: Relationship to CNS immune responses and depression. Mol. Psychiatry 15,
393-403. (2010).

Sforzini, L., Nettis, M. A., Mondelli, V. & Pariante, C. M. Inflammation in cancer and depression: a
starring role for the kynurenine pathway. Psychopharmacology (Berl). 236,2997-3011 (2019).
Mezrich, J. D. et al. An Interaction between Kynurenine and the Aryl Hydrocarbon Receptor Can
Generate Regulatory T Cells. J. Immunol. 185, 3190-3198 (2010).

Zelante, T. et al. Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and
balance mucosal reactivity via interleukin-22. Immunity 39, 372-385 (2013).

Doolin, K. et al. Altered tryptophan catabolite concentrations in major depressive disorder and
associated changes in hippocampal subfield volumes. Psychoneuroendocrinology 95, 8—17 (2018).
Hughes, M. M. et al. Tryptophan depletion in depressed patients occurs independent of kynurenine
pathway activation. Brain. Behav. Immun. 26, 979-987 (2012).

Ryan, K. M., Allers, K. A., McLoughlin, D. M. & Harkin, A. Tryptophan metabolite concentrations
in depressed patients before and after electroconvulsive therapy. Brain. Behav. Immun. 83, 153—-162
(2020).

Messaoud, A. et al. Reduced peripheral availability of tryptophan and increased activation of the
kynurenine pathway and cortisol correlate with major depression and suicide. World J. Biol.
Psychiatry 20, 703-711 (2019).

Maes, M. & Rief, W. Diagnostic classifications in depression and somatization should include
biomarkers, such as disorders in the tryptophan catabolite (TRYCAT) pathway. Psychiatry Res. 196,
243-9. (2012).

Lanser, L. et al. Inflammation-Induced Tryptophan Breakdown is Related With Anemia, Fatigue, and
Depression in Cancer. Front. Immunol. 11, 249 (2020).

Gupta, N. K. et al. Serum analysis of tryptophan catabolism pathway: Correlation with Crohn’s
disease activity. Inflamm. Bowel Dis. 18, 1214-1220 (2012).

Alvarado, D. M. et al. Epithelial Indoleamine 2,3-Dioxygenase 1 Modulates Aryl Hydrocarbon
Receptor and Notch Signaling to Increase Differentiation of Secretory Cells and Alter Mucus-
Associated Microbiota. Gastroenterology 157, 1093-1108.e11 (2019).

Fujigaki, H. et al. The signal transducer and activator of transcription 1a and interferon regulatory
factor 1 are not essential for the induction of indoleamine 2,3-dioxygenase by lipopolysaccharide:
Involvement of p38 mitogen-activated protein kinase and nuclear factor-«xB. J. Biochem. 139, 655-62
(20006).

O’Connor, J. C. et al. Lipopolysaccharide-induced depressive-like behavior is mediated by
indoleamine 2,3-dioxygenase activation in mice. Mol. Psychiatry 14, 511-522 (2009).

Troché, G. et al. Tryptophan pathway catabolites (serotonin, 5-hydroxyindolacetic acid, kynurenine)
and enzymes (monoamine oxidase and indole amine 2,3 dioxygenase) in patients with septic shock: A
prospective observational study versus healthy controls. Medicine (Baltimore). 99, €19906. (2020).
Zoga, M. et al. Indoleamine 2,3-dioxygenase and immune changes under antidepressive treatment in
major depression in females. In Vivo (Brooklyn). 28, 633-8. (2014).

Hess, S. et al. Decreased serum L-arginine and L-citrulline levels in major depression.
Psychopharmacology (Berl). 234, 3241-3247 (2017).

Musil, R. et al. Elevated macrophage migration inhibitory factor and decreased transforming growth
factor-beta levels in major depression - No influence of celecoxib treatment. J. Affect. Disord. 134,

90



275.

276.

2717.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.
294.

295.

296.

297.

298.

299.

217-25.(2011).

Maes, M. et al. In depression, bacterial translocation may drive inflammatory responses, oxidative
and nitrosative stress (O&NS), and autoimmune responses directed against O&NS-damaged
neoepitopes. Acta Psychiatr. Scand. 127, 344-354 (2013).

Grootjans, J. Non-invasive assessment of barrier integrity and function of the human gut. World J.
Gastrointest. Surg. 2, 61 (2010).

Liskiewicz, P. ef al. Analysis of gut microbiota and intestinal integrity markers of inpatients with
major depressive disorder. Prog. Neuro-Psychopharmacology Biol. Psychiatry 106, 110076 (2021).
Singh, P. et al. Serum zonulin is elevated in IBS and correlates with stool frequency in IBS-D. United
Eur. Gastroenterol. J. 7, 709-715 (2019).

Drago, S. et al. Gliadin, zonulin and gut permeability: Effects on celiac and non-celiac intestinal
mucosa and intestinal cell lines. Scand. J. Gastroenterol. 41, 408-419 (2006).

Volynets, V. et al. Intestinal barrier analysis by assessment of mucins, tight junctions, and a-defensins
in healthy C57BL/6J and BALB/cJ mice. Tissue barriers 4, ¢1208468 (2016).

Ajamian, M., Steer, D., Rosella, G. & Gibson, P. R. Serum zonulin as a marker of intestinal mucosal
barrier function: May not be what it seems. PLoS One 14, ¢0210728 (2019).

Amarante-Mendes, G. P. et al. Pattern recognition receptors and the host cell death molecular
machinery. Front. Immunol. 107, 13—19 (2018).

Zhang, G. & Ghosh, S. Toll-like receptor-mediated NF-«B activation: A phylogenetically conserved
paradigm in innate immunity. J. Clin. Invest. 107, 13—-19 (2001).

Fukui, H. Endotoxin and Other Microbial Translocation Markers in the Blood: A Clue to Understand
Leaky Gut Syndrome. Cell. Mol. Med. Open access 2, (2016).

Sitaraman, S. V. et al. Elevated flagellin-specific immunoglobulins in Crohn’s disease. Am. J.
Physiol. - Gastrointest. Liver Physiol. 288, G403-6. (2005).

Ziegler, T. R. et al. Detectable serum flagellin and lipopolysaccharide and upregulated anti-flagellin
and lipopolysaccharide immunoglobulins in human short bowel syndrome. Am. J. Physiol. - Regul.
Integr. Comp. Physiol. 294, R402-10 (2008).

Ishimura, S. et al. Circulating levels of fatty acid-binding protein family and metabolic phenotype in
the general population. PLoS One 8, (2013).

Zhou, Z. et al. Increased systemic microbial translocation is associated with depression during early
pregnancy. J. Psychiatr. Res. 97, 54-57 (2018).

Wu, M. K., Huang, T. L., Huang, K. W., Huang, Y. L. & Hung, Y. Y. Association between toll-like
receptor 4 expression and symptoms of major depressive disorder. Neuropsychiatr. Dis. Treat. (2015)
doi:10.2147/NDT.S88430.

Frohlich, E., Mayerhofer, R. & Holzer, P. Reevaluating the hype: four bacterial metabolites under
scrutiny. Eur. J. Microbiol. Immunol. 5, 1-13 (2015).

Landmann, R. ef a/. Human monocyte CD14 is upregulated by lipopolysaccharide. Infect. Immun. 64,
1762-9. (1996).

PL, L. et al. Serum lipopolysaccharide-binding protein and soluble CD14 are markers of disease
activity in patients with Crohn’s disease. /nflamm. Bowel Dis. 17, 7167-777 (2011).

Yirmiya, R. Endotoxin produces a depressive-like episode in rats. Brain Res. 711, 163—174 (1996).
Mousavi, S. E. et al. Licofelone Attenuates LPS-induced Depressive-like Behavior in Mice: A
Possible Role for Nitric Oxide. J. Pharm. Pharm. Sci. 21, 184-194 (2019).

Remus, J. L. & Dantzer, R. Inflammation models of depression in rodents: Relevance to psychotropic
drug discovery. Int. J. Neuropsychopharmacol. 19, 1-13 (2016).

Walker, A. K., Wing, E. E., Banks, W. A. & Dantzer, R. Leucine competes with kynurenine for
blood-to-brain transport and prevents lipopolysaccharide-induced depression-like behavior in mice.
Mol. Psychiatry 24, 1523-1532 (2019).

Banks, W. A. et al. Lipopolysaccharide-induced blood-brain barrier disruption: Roles of
cyclooxygenase, oxidative stress, neuroinflammation, and elements of the neurovascular unit. J.
Neuroinflammation 12, (2015).

Erickson, M. A., Morofuji, Y., Owen, J. B. & Banks, W. A. Rapid transport of CCL11 across the
blood-brain barrier: Regional variation and importance of blood cells. J. Pharmacol. Exp. Ther. 349,
497-507 (2014).

Woodcock, E. A., Schain, M., Cosgrove, K. P. & Hillmer, A. T. Quantification of [11C]PBR28 data
after systemic lipopolysaccharide challenge. EJNMMI Res. 10, 19 (2020).

91



300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

Setiawan, E. et al. Increased Translocator Protein Distribution Volume, A Marker of
Neuroinflammation, in the Brain During Major Depressive Episodes. JAMA Psychiatry 72, 268-275
(2016).

Setiawan, E. et al. Role of translocator protein density, a marker of neuroinflammation, in the brain
during major depressive episodes. JAMA Psychiatry 72, 268-75. (2015).

Sandiego, C. M. et al. Imaging robust microglial activation after lipopolysaccharide administration in
humans with PET. Proc. Natl. Acad. Sci. U. S. A. 112, 12468—12473 (2015).

Hannestad, J. et al. The neuroinflammation marker translocator protein is not elevated in individuals
with mild-to-moderate depression: A [11C]PBR28 PET study. Brain. Behav. Immun. 33, 131-8
(2013).

Bested, A. C., Logan, A. C. & Selhub, E. M. Intestinal microbiota, probiotics and mental health: From
Metchnikoff to modern advances: Part IT - Contemporary contextual research. Gut Pathog. 5, 3
(2013).

Sheen, T. R. et al. Penetration of the blood-brain barrier by staphylococcus aureus: Contribution of
membrane-anchored lipoteichoic acid. J. Mol. Med. 88, 633—639 (2010).

Arentsen, T. et al. The bacterial peptidoglycan-sensing molecule Pglyrp2 modulates brain
development and behavior. Mol. Psychiatry 22,257-266 (2017).

Banks, W. A. et al. Transport of extracellular vesicles across the blood-brain barrier: Brain
pharmacokinetics and effects of inflammation. Int. J. Mol. Sci. 21, 1-21 (2020).

Yuan, D. et al. Macrophage exosomes as natural nanocarriers for protein delivery to inflamed brain.
Biomaterials 142, 1-12 (2017).

Matsumoto, J. et al. Transmission of a-synuclein-containing erythrocyte-derived extracellular vesicles
across the blood-brain barrier via adsorptive mediated transcytosis: another mechanism for initiation
and progression of Parkinson’s disease? Acta Neuropathol. Commun. 5, 71 (2017).

Tulkens, J. ef al. Increased levels of systemic LPS-positive bacterial extracellular vesicles in patients
with intestinal barrier dysfunction. Gut 69, 191-193 (2020).

Karailiev, P., Hlavacova, N., Chmelova, M., Homer, N. Z. M. & Jezova, D. Tight junction proteins in
the small intestine and prefrontal cortex of female rats exposed to stress of chronic isolation starting
early in life. Neurogastroenterol. Motil. 33, e14084 (2021).

Zhu, Y., Klomparens, E. A., Guo, S. & Geng, X. Neuroinflammation caused by mental stress: the
effect of chronic restraint stress and acute repeated social defeat stress in mice. Neurol. Res. 42, 762—
769 (2019).

Bialkowska, A. B., Ghaleb, A. M., Nandan, M. O. & Yang, V. W. Improved swiss-rolling technique
for intestinal tissue preparation for immunohistochemical and immunofluorescent analyses. J. Vis.
Exp. 2016, 54161 (2016).

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander H, Alm EJ,
Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K, Brejnrod A, Brislawn CJ, Brown CT,
Callahan BJ, Caraballo-Rodriguez AM, Chase J, Cope EK, Da Silva R, Diener, and C. J.
Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. 852-857
(2019) doi:https://doi.org/10.1038/s41587-019-0209-9.

Chong, J., Liu, P., Zhou, G. & Xia, J. Using MicrobiomeAnalyst for comprehensive statistical,
functional, and meta-analysis of microbiome data. Nat. Protoc. 15, 799-821 (2020).

McMurdie, P. J. & Holmes, S. phyloseq: An R Package for Reproducible Interactive Analysis and
Graphics of Microbiome Census Data. PLoS One 8, 61217 (2013).

Takahashi, A. Toward Understanding the Sex Differences in the Biological Mechanism of Social
Stress in Mouse Models. Front. Psychiatry 12, 139 (2021).

Barmeyer, C., Fromm, M. & Schulzke, J. D. Active and passive involvement of claudins in the
pathophysiology of intestinal inflammatory diseases. Pfliigers Arch. - Eur. J. Physiol. 2016 4691 469,
15-26 (2016).

Patel, R. M. et al. Probiotic Bacteria Induce Maturation of Intestinal Claudin 3 Expression and Barrier
Function. Am. J. Pathol. 180, 626 (2012).

Yamagishi, N. et al. Comparison of Gut Tight Junction gene expression in C57BL/6J and BALB/c
mice after chronic social defeat stress. Japan Agric. Res. Q. 53, 41-46 (2019).

Zheng, G. et al. Corticosterone mediates stress-related increased intestinal permeability in a region-
specific manner. Neurogastroenterol. Motil. 25, e127-e139 (2013).

Lauffer, A. et al. Subacute stress and chronic stress interact to decrease intestinal barrier function in

92



323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

rats. Stress 19, 225-234 (2016).

Meleine, M. & Matricon, J. Gender-related differences in irritable bowel syndrome: Potential
mechanisms of sex hormones. World J. Gastroenterol. 20, 6725 (2014).

Marin, 1. A. et al. Microbiota alteration is associated with the development of stress-induced despair
behavior. Sci. Rep. 7, 1-10 (2017).

Barroso, A., Mahler, J. V., Fonseca-Castro, P. H. & Quintana, F. J. The aryl hydrocarbon receptor and
the gut-brain axis. Cell. Mol. Immunol. 18, 259-268 (2021).

Shi, L. Z. et al. The aryl hydrocarbon receptor is required for optimal resistance to Listeria
monocytogenes infection in mice. J. Immunol. 179, 6952 (2007).

Qiu, J. et al. The Aryl Hydrocarbon Receptor Regulates Gut Immunity through Modulation of Innate
Lymphoid Cells. Immunity 36, 92 (2012).

Gao, J. et al. Impact of the gut microbiota on intestinal immunity mediated by tryptophan metabolism.
Front. Cell. Infect. Microbiol. 8, (2018).

Rothhammer, V. et al. Microglial control of astrocytes in response to microbial metabolites. Nature
557, 724-728 (2018).

N.Alter, D. Chapter 32. Clinical chemistry of the gastrointestinal disorders. in Contemporary Practice
in Clinical Chemistry (Fourth Edition) 561-572 (2020).

Saunders, P. R., Kosecka, U., McKay, D. M. & Perdue, M. H. Acute stressors stimulate ion secretion
and increase epithelial permeability in rat intestine. Attps://doi.org/10.1152/ajpgi.1994.267.5.G794
267, (1994).

Bharwani, A., Mian, M. F., Surette, M. G., Bienenstock, J. & Forsythe, P. Oral treatment with
Lactobacillus rhamnosus attenuates behavioural deficits and immune changes in chronic social stress.
BMC Med. 15,7 (2017).

Tillisch, K. et al. Brain Structure and Response to Emotional Stimuli as Related to Gut Microbial
Profiles in Healthy Women. Psychosom. Med. 79, 905-913 (2017).

Magne, F. et al. The Firmicutes/Bacteroidetes Ratio: A Relevant Marker of Gut Dysbiosis in Obese
Patients? Nutrients 12, (2020).

Parker, B. J., Wearsch, P. A., Veloo, A. C. M. & Rodriguez-Palacios, A. The Genus Alistipes: Gut
Bacteria With Emerging Implications to Inflammation, Cancer, and Mental Health. Front. Immunol.
11, 906 (2020).

Song, Y. et al. Alistipes onderdonkii sp. nov. and Alistipes shahii sp. nov., of human origin. Int. J.
Syst. Evol. Microbiol. 56, 1985-1990 (2006).

Saulnier, D. M. et al. GASTROINTESTINAL MICROBIOME SIGNATURES OF PEDIATRIC
PATIENTS WITH IRRITABLE BOWEL SYNDROME. Gastroenterology 141, 1782 (2011).

Shen, Y., Yang, X., Li, G., Gao, J. & Liang, Y. The change of gut microbiota in MDD patients under
SSRIs treatment. Sci. Reports 2021 111 11, 1-10 (2021).

Karczewski, J. ef al. Regulation of human epithelial tight junction proteins by Lactobacillus
plantarum in vivo and protective effects on the epithelial barrier. Am. J. Physiol. - Gastrointest. Liver
Physiol. (2010) doi:10.1152/ajpgi.00327.2009.

Simon, N. M. ef al. A detailed examination of cytokine abnormalities in Major Depressive Disorder.
Eur. Neuropsychopharmacol. 18, 230-233 (2008).

Baune, B. T. et al. Inflammatory biomarkers predict depressive, but not anxiety symptoms during
aging: The prospective Sydney Memory and Aging Study. Psychoneuroendocrinology 37, 1521-1530
(2012).

Lynn, K. S., Peterson, R. J. & Koval, M. Ruffles and Spikes: Control of tight junction morphology
and permeability by claudins. Biochim. Biophys. acta. Biomembr. 1862, 183339 (2020).

Saeedi, B. J. et al. HIF-dependent regulation of claudin-1 is central to intestinal epithelial tight
junction integrity. Mol. Biol. Cell 26, 2252—-62 (2015).

Vandercappellen, J., Van Damme, J. & Struyf, S. The role of the CXC chemokines platelet factor-4
(CXCLA4/PF-4) and its variant (CXCL4L1/PF-4var) in inflammation, angiogenesis and cancer.
Cytokine Growth Factor Rev. 22, 1-18 (2011).

Dion-Albert, L. et al. Sex-specific blood-brain barrier alterations and vascular biomarkers underlie
chronic stress responses in mice and human depression. bioRxiv 2021.04.23.441142 (2021)
doi:10.1101/2021.04.23.441142.

Kooij, G. et al. Disturbed function of the blood-cerebrospinal fluid barrier aggravates neuro-
inflammation. Acta Neuropathol 3, 267-277 (2014).

93



347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

Wolburg, H. et al. Localization of claudin-3 in tight junctions of the blood-brain barrier is selectively
lost during experimental autoimmune encephalomyelitis and human glioblastoma multiforme. Acta
Neuropathol. 105, 586-592 (2003).

Nitta, T. et al. Size-selective loosening of the blood-brain barrier in claudin-5-deficient mice. J. Cell
Biol. 161, 653-660 (2003).

Leighton, S. P. et al. Chemokines in depression in health and in inflammatory illness: A systematic
review and meta-Analysis. Mol. Psychiatry 23, 48—58 (2018).

Eyre, H. A. et al. A meta-analysis of chemokines in major depression. Prog. Neuropsychopharmacol.
Biol. Psychiatry 68, 1 (2016).

Piletz, J. E. et al. Pro-inflammatory biomakers in depression: Treatment with venlafaxine. World J.
Biol. Psychiatry 10, 313-323 (2009).

Lehto, S. M. et al. Serum IL-7 and G-CSF in major depressive disorder. Prog.
Neuropsychopharmacol. Biol. Psychiatry 34, 846851 (2010).

Li, H., Linjuan-Li & Wang, Y. G-CSF improves CUMS-induced depressive behaviors through
downregulating Ras/ERK/MAPK signaling pathway. Biochem. Biophys. Res. Commun. 479, 827-832
(2016).

Wu, G. D. et al. Linking Long-Term Dietary Patterns with Gut Microbial Enterotypes. Science 334,
105 (2011).

Turnbaugh, P. J. et al. The effect of diet on the human gut microbiome: a metagenomic analysis in
humanized gnotobiotic mice. Sci. Transl. Med. 1, 6ral4 (2009).

Ley, R. E. et al. Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. 102, 11070-11075
(2005).

Liang, S. et al. Administration of Lactobacillus helveticus NS8 improves behavioral, cognitive, and
biochemical aberrations caused by chronic restraint stress. Neuroscience 310, 561-577 (2015).

Yang, C. et al. Bifidobacterium in the gut microbiota confer resilience to chronic social defeat stress
in mice. Sci. Rep. 7,45942 (2017).

Dias, C. K., Starke, R., Pylro, V. S. & Morais, D. K. Database limitations for studying the human gut
microbiome. PeerJ Comput. Sci. 6, €289 (2020).

Liu, Y. et al. Similar Fecal Microbiota Signatures in Patients With Diarrhea-Predominant Irritable
Bowel Syndrome and Patients With Depression. Clin. Gastroenterol. Hepatol. 14, 1602-1611.e5
(2016).

Rao, J. S., Harry, G. J., Rapoport, S. I. & Kim, H. W. Increased excitotoxicity and neuroinflammatory
markers in postmortem frontal cortex from bipolar disorder patients. Mol. Psychiatry 15, 384-392
(2010).

Vares, E. A. et al. Association of pro-inflammatory cytokines with clinical features in euthymic
patients with Bipolar-I-Disorder. J. Affect. Disord. 277, 450-455 (2020).

Das, R. et al. Higher levels of serum IL-1f and TNF-a are associated with an increased probability of
major depressive disorder. Psychiatry Res. 295, 113568 (2021).

Mabhajan, G. J. et al. Altered neuro-inflammatory gene expression in hippocampus in major
depressive disorder. Prog. Neuro-Psychopharmacology Biol. Psychiatry 82, 177-186 (2018).

Yang, J. J. et al. Serum interleukin-6 is a predictive biomarker for ketamine’s antidepressant effect in
treatment-resistant patients with major depression. Biol. Psychiatry 77, €19—e20 (2015).

Powers, A. et al. The differential effects of PTSD, MDD, and dissociation on CRP in trauma-exposed
women. Compr. Psychiatry 93, 33—40 (2019).

Mehta, N. D. et al. Inflammation negatively correlates with amygdala-ventromedial prefrontal
functional connectivity in association with anxiety in patients with depression: Preliminary results.
Brain. Behav. Immun. 73, 725-730 (2018).

Uher, R. ef al. An inflammatory biomarker as a differential predictor of outcome of depression
treatment with escitalopram and nortriptyline. Am. J. Psychiatry 171, 1278—1286 (2014).

Eskandari, F. et al. Younger, premenopausal women with major depressive disorder have more
abdominal fat and increased serum levels of prothrombotic factors: Implications for greater
cardiovascular risk. Metabolism. 54, 918-924 (2005).

Lahlou-Laforet, K. et al. Relation of Depressive Mood to Plasminogen Activator Inhibitor, Tissue
Plasminogen Activator, and Fibrinogen Levels in Patients With Versus Without Coronary Heart
Disease. Am. J. Cardiol. 97, 1287-1291 (2006).

Grassi-Oliveira, R. et al. Niveis periféricos de quimiocina em mulheres com depressdo maior com

94



372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

ideao suicida. Rev. Bras. Psiquiatr. 34, 71-75 (2012).

Bai, Y. M., Chiou, W. F., Su, T. P., Li, C. T. & Chen, M. H. Pro-inflammatory cytokine associated
with somatic and pain symptoms in depression. J. Affect. Disord. 155, 28-34 (2014).

Shibasaki, C. et al. Altered serum levels of matrix metalloproteinase-2,-9 in response to
electroconvulsive therapy for mood disorders. Int. J. Neuropsychopharmacol. 19, 1-8 (2016).
Shibasaki, C. ef al. Possible association between serum matrix metalloproteinase-9 (MMP-9) levels
and relapse in depressed patients following electroconvulsive therapy (ECT). Int. J.
Neuropsychopharmacol. 21, 236-241 (2018).

Domenici, E. et al. Plasma protein biomarkers for depression and schizophrenia by multi analyte
profiling of case-control collections. PLoS One (2010) doi:10.1371/journal.pone.0009166.
Bobinska, K., Szemraj, J., Czarny, P. & Galecki, P. Expression and activity of metalloproteinases in
depression. Med. Sci. Monit. 22, 1334-1341 (2016).

Yoshida, T. et al. Decreased serum levels of mature brain-derived neurotrophic factor (BDNF), but
not its precursor proBDNF, in patients with major depressive disorder. PLoS One (2012)
doi:10.1371/journal.pone.0042676.

Hetzel, G. et al. The astroglial protein S100B and visually evoked event-related potentials before and
after antidepressant treatment. Psychopharmacology (Berl). 178, 161-166 (2005).

Schroeter, M. L., Abdul-Khaliq, H., Diefenbacher, A. & Blasig, I. E. S100B is increased in mood
disorders and may be reduced by antidepressive treatment. Neuroreport 13, 1675-1678 (2002).
Schroeter, M. L., Abdul-Khaliq, H., Krebs, M., Diefenbacher, A. & Blasig, I. E. Serum markers
support disease-specific glial pathology in major depression. J. Affect. Disord. 111, 271-280 (2008).
Dietrich, D. E. et al. Target evaluation processing and serum levels of nerve tissue protein S100B in
patients with remitted major depression. Neurosci. Lett. 354, 69—73 (2004).

Arolt, V. et al. S100B and response to treatment in major depression: A pilot study. Eur.
Neuropsychopharmacol. 13,235-239 (2003).

Arora, P. ef al. Serum S100B levels in patients with depression. Indian J. Psychiatry 61, 70-76
(2019).

Yang, K., Xie, G. R., Hu, Y. Q., Mao, F. Q. & Su, L. Y. The effects of gender and numbers of
depressive episodes on serum S100B levels in patients with major depression. J. Neural Transm. 115,
1687-1694 (2008).

Jha, M. K., Minhajuddin, A., Gadad, B. S., Fatt, C. C. & Trivedi, M. H. Higher S100B levels predict
persistently elevated anhedonia with escitalopram monotherapy versus antidepressant combinations:
Findings from CO-MED trial. Pharmaceuticals 12, (2019).

Zhang, Y. et al. S100B serum levels and word memory processing in remitted major depression as
reflected by brain potentials. Neuropsychobiology 59, 172—177 (2009).

Rajewska-Rager, A. et al. Longitudinal assessment of S100B serum levels and clinical factors in
youth patients with mood disorders. Sci. Rep. 11, 11973 (2021).

Ottesen, N. M. et al. S100B and brain derived neurotrophic factor in monozygotic twins with, at risk
of and without affective disorders. J. Affect. Disord. 274, 726732 (2020).

95



Appendices

Appendix A
Gene Assay ID Gene Assay ID
Cldnl Mm.PT.58.6163880 Marveld2 Mm.PT.58.7719303
Cldn3 Mm.PT.58.43310459.g Idol Mm.PT.58.29540170
Cldn7 Mm.PT.58.16298059 Ahr Mm.PT.58.11116644
Cldn12 Mm.PT.58.41535303 Muc2 Mm.PT.58.29496069.g
Tjp1 Mm.PT.58.29459730 Mfsd2a Mm.PT.58.32675283
Tjp2 Mm.PT.58.16834535 Gapdh Mm. PT.39a.1
Tjp3 Mm.PT.58.43961106 Actb Mm.PT.392.22214843.g
Ocln Mm.PT.58.42749240
Custom Primers
Gene Fwd sequence Rev sequence
Cldn2  5’-GTCATCGCCCATCAGAAGAT-3’ 5 -CTGTTGGACAGGGAACCAGT-3
Cldn5  5-TTTCTTCTATGCGCAGTTGG-3’ 5-TGAAGTAGGCACCAAACTGC-3
mTNFa  5’-CCCTCACACTCAGATCATCTTCT-3’ 5’-GCTACGACGTGGGCTACAG-3’
L TNFRSFIA g:-GCCCGAAGTCTACTCCATCATTTG— 5’-GGCTGGGGAGG3C’}GGCTGGAGTTAG-
mlllb  5-GCAACTGTTCCTGAACTCAACT-3’ 5°-ATCTTTTGGGGTCCGTCAACT-3’
mll6e 5 -TAGTCCTTCCTACCCCAATTTCC-3’  5°-TTGGTCCTTAGCCACTCCTTC-3’
mlllo  5-ACTCAATACACACTGCAGGTG-3’ 5°-GGACTTTAAGGGTTACTTGG-3’
mi13 5 -TGGCTCTTGCTTGCCTTGGTGG-3’ 5’-CCATACCATGCTGCCGTTGCA-3’
mill8 5 -GACTCTTGCGTCAACTTCAAGG-3’  5°-CAGGCTGTCTTTTGTCAACGA-3’
mi33  5-TCCAACTCCAAGATTTCCCCG-3’ 5-CATGCAGTAGACATGGCAGAA-3’
mCXCL4 5-CAGTCCTGAGCTGCTGCTTCT-3 5°-TCCAGGCTGGTGATGTGCTTA-3’

Table A 1. qPCR primers
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Marker Type Host Dilution Company, Catalog #
Cldn-3 Primary Rabbit 1:250 Life Technologies, 341700
Cldn-7 Primary Rabbit 1:250 Life Technologies, 349100
CD326 Primary Rat 1:300 Invitrogen, 953624
. . Jackson Immunoresearch,
Cy2 (anti-rat) Secondary Donkey 1:300 712-225-153
. . . Jackson Immunoresearch,
Cy2 (anti-rabbit) Secondary Donkey 1:300 712-225-152
Alexa 594 (anti- ) Jackson Immunoresearch,
rabbit) Secondary Donkey 1:400 711-585-152
Phalloidin . . . .
(F-actin) Primary/Secondary N/A 1:200 Abberior (Sigma), 30972
DAPI N/A N/A 1:1000 Invitrogen, D1306
Table A 2. Primary and secondary antibodies
Type Marker Changes Clinical Symptoms References
361
IL-1B ) ~ depressive symptoms in bipolar disorder (IDS-30 score) 162
interleukin-1
(interieukin-1) 1 positive correlation with symptom severity (HAM-D) 102,363
IL'4 : o1 3 102,104
(interleukin-4) | Decreases in suicide patients
# with specific depressive symptoms 102,103
IL'6 T 364
(interleukin-6) ~ symptom severity (HAM-D) 138
= response (MADRS) to ketamine 365
o TNF-a 102,103
£ (tumor necrosis i
: : . 363
*é factor alpha) Correlation with symptoms severity (HAM-D)
:>>~ Correlation with symptom severity (BDI-II) 366
Correlates with | functional connectivity (AMY, PFC) in 367
comorbid PTSD or anxiety only
i baseline CRP = treatment (venlafaxine) response (HAM-D), 138
(C-reg:ﬁ\z Low baseline levels = 1 escitalopram response (MADRS) 168
protein) High baseline levels = 1 nortriptyline response (MADRS)
Strong correlation with CSF levels
Correlation with other inflammatory markers (IL- 6, TNF,
- sTNFR2) 105
Plasma levels = 1 anhedonia (?+73), CSF levels =t
anhedonia (Q).
VCAM-1
(Vasac%aersisg M Sex-specific effects (|2, 1 &) 14
molecule 1)
ICAM-1 115,116
0 (Intercellular cell 1 - -
o adhesion 1 pre-treatment levels = 1 response to mixed antidepressants, 107
m molecule 1 | response to Venlafaxine
sICAM-1 late-life depression 1
(soluble ICAM-1)| T 3-days post antidepressant washout 118
PAI-1 # symptom severity (HAM-D, HAM-A) or disease duration 369
) 1 ~ symptom severity (CES-D) 70
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y t(P’?S,”’{l’;’?t"gi’} Q, 1 levels = venlafaxine treatment response (HAM-D) 138
activator innioitor
_ 1 pre-treatment levels = better response (HAM-D, IDS) to
mixed antidepressants 107
TPO 1 pre-treatment levels = response (HAM-D, IDS) to mixed
(thrombopoietin) antidepressants
340
CCL11/eotaxin-| 1 ~ suicidal ideation -
11— 349
MCP1/CCL2 1 351
(Monocyte
chemoattractant| Possibly related to metabolic effects 372
protein 1)
MMP2 ~ response to ECT 373,374
(MatriX l 375
metalloproteinase
MMP7 1 376
1 Q, associated with treatment response 138,374,376
375
MMP9 ~ symptom severity (depression, quality of life scores, and 377
— social function scores)
| in non-relapsing patients after ECT 373
$1 OQB ~ symptom severity (HAM-D) 378,379
binéigogrgfé%ug # treatment response (HAM-D) to antidepressants 380
~ attentional processes in remitting patients 381
~ treatment response (HAM-D) to celecoxib 382
# with clinical severity (BDI-II and HAM-D) 33
Q, higher in remitting disorder 383,384
1 ~ treatment response 108,385
~ memory processes 386
# symptom severity (HAMD-17 or YMRS).
1 levels in non-medicated patients
1 levels = family history 387
# overall sex-specific effects (Q vs. &), 1 levels () controls
vs. patients
remission, correlated with lower cognitive performance 268

Table A 3. Potential circulating cytokine and blood-brain barrier metabolite markers of MDD.
Modified from '%. Symbols: =, associated with; #, no association. Abbreviations: HC, healthy controls; BDI-
I, Beck Depression Inventory-11; CSF, cerebral spinal fluid; HAM-D, Hamilton depression rating scale; HAM-
A, Hamilton anxiety rating scale; IDS, Inventory of Depressive Symptoms; IDS-C, 30-item Inventory of
Depressive Symptomatology Clinician-Rated; YMRS, Young Mania Rating Scale; MADRS, Montgomery—
Asberg Depression Rating Scale; CES-D, Center of Epidemiologic Studies Depression Scale.

98



