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THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

Abstract

Major depressive disorder (MDD) and anxiety disorder are two of the leading causes of
global disease burden, with females being twice as likely as males to be diagnosed with the
disorders. Despite this distinct sex-linked disparity of diagnosis, it is unclear what underlies the
sex bias of these affective conditions. In Experiment 1, we investigated whether sex interacts
with the lifestyle factors of diet and exercise to predict incidence of prior diagnosis, current
treatment, and symptom severity of unipolar depression and anxiety disorder using the archival
Atlantic Partnership for Tomorrow’s Health (PATH) database. For Experiments 2A through 2C,
we used two mouse models of depression and healthy controls to assess the role of sex and the
gut microbiome on the display of depressive-like behaviours. In Experiment 1, the expected two-
fold increase in MDD and anxiety disorder diagnosis was found, and diet and exercise
significantly predicted MDD and anxiety disorder prevalence and severity. For Experiments 2A
through 2C, it was found that gut microbial transfer from females of both healthy and depression
models was sufficient to induce depressive-like behaviours, and female gut contents from
depression models was most effective at inducing behavioural changes in female recipients.
Together, these findings begin to elucidate the factors contributing to the sex bias in affective

disorders as well as identify future avenues for alternative treatments for these conditions.

Keywords: depression, anxiety, diet, exercise, gut-brain-axis, cecal transfer



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD
Declaration of Co-Authorship

| hereby declare the content of this thesis incorporates material that results from joint research
under the supervision of Dr. Ashlyn Swift-Gallant. Yellow Martin (MSc student) performed
behavioural testing and dissections for experiment 2A, assisted myself in oral gavage for
experiment 2C, and assisted myself and performed behavioural testing and dissections for
experiments 2B and 2C; Francine Burke (MSc student) assisted myself and performed testing
and dissections for experiments 2B and 2C; Mark Corrigan (MSc student) and Derek Wan (MSc
student) performed the chronic unpredictable stress paradigm on the cecum donor mice for
experiment 2B under the supervision of Dr. Francis Bambico; Megan Wiseman (BSc Honours
student) aided in data coding in experiment 1; Ariana Doody (BSc Honours student) aided in
behavioural coding for experiment 2A. Experimental designs were made by Dr. Swift-Gallant in
conjunction with myself. In all cases, primary contributions, data analysis, interpretation, and

writing were performed by myself.



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

Acknowledgments

First of all, I would like to thank my supervisor, Dr. Ashlyn Swift-Gallant, along with
members of the Swift-Gallant and Bambico labs for all their help and contributions towards my
project. Thank you, Ashlyn, for offering all your patience, guidance, and expertise along my
journey through my master’s work at Memorial. Despite disruptions from the Covid-19
pandemic causing dynamic changes in the nature of my project time and time again, you were
always willing to provide new alternatives and ideas, all the while allowing me to incorporate my
own research interests throughout the process. It has been a pleasure to work with you and I look
forward to continuing to follow your guidance for my PhD.

I would also like to especially thank Francine, Megan, Stephanie, and Yellow of the
Swift-Gallant lab for providing their own skills and aid throughout the many days spent running
statistics, behavioural testing, and dissections. Your contributions to my project have been
immense and | am so grateful to have worked with such inspirational, hard-working women.
Moreover, a thank you to my committee members, Dr. Jacqueline Blundell and Dr. Darcy
Hallett, for extending their own expertise and providing alternative insights to my work
throughout this process.

Furthermore, | would like to thank my friends and family members for their vast, never-
ending support. To Caitlin and Faith, thank you for your friendship and always providing a
listening ear when I’m in need, even if it’s from a province away. To my parents, Yvonne Cake
and Bruce Hinks, and my sister, Kaitlyn Churchill, thank you for always encouraging me to

strive to do my best while providing your love and support along the way.



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

Table of Contents

Y 0] 1 - Vo TSSOSO PR i
Declaration 0f CO-AUTNOISNID......c.iiiiiiiiiiee e s iii
Y Ao ([0 [T [o g T=T ] R PRP iv
Ty oTo [0 Tod 1 o] o H USSP PRRR 1
LITESTYIE FACTOTS. ... bbbttt b bbbt nn s 1
=] (o SRR PRI 1

3 =) SRS 4
GUE-BIAIN AXIS ...eeutiitie ittt sttt sttt e e e st e s be e be e st e sbe e beaseesbeesbeeneeareenbeeneesneenreas 5
N 111 OSSR PRPR PRSP 8
=] 100 T LSS 10

Experiment 1: Evaluating the Contributions of Sex and Lifestyle Factors to Unipolar

Depression and Anxiety Prevalence and SEVENILY ........ccccviieiieie e 10
PAITICIPANTS ...ttt bbbttt ettt bbbttt 11
IMTBASUIES ...tttk ettt b e st e bt et ek et e st e e ke e e me e e be e emb e e e be e e b e e nneeanneenneens 11

Unipolar Depression and Anxiety Diagnosis and Treatment. .........c.cccceeveverieervenenne 11
Severity of Depression and Anxiety Symptomology..........cccooveerereneninienisieeeeen 12
EXBICISE ...t bbbttt res 13
DIEL QUAIITY ..ot bbb 13
Mediterranean-Style DIBt...........cooiiii e 14
PPOCEAUIE ...ttt bbbttt bbbt b et et s et e b et et e st e be e b e aneeneeneas 15



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

AANAIYSIS. ...ttt b bt be b eneenre s 15

Experiments 2A-2C: Evaluating the Role of Sex and the Gut Microbiome in Rodent Models of

D70 (TSI [ USSP TT PP TP PRURPROS 16
SUDJECES ..ttt et e e e re e 16
EXPEIIMENT 2A. . oottt et e e e et e e e e be e be et e sreenreeneennes 16
EXPEIIMENT 2B. ...ttt 16
EXPEIIMENE 2C. ..ottt te et e et esaaesre e enes 17
IMIBASUIES ...t 17
BenaVIoUral TESTING .....cc.oiiiiiieieee bbb 17
SUCIOSE PrEfEreNCe TEST... .o 17

SPIASN TEST ... s 18

Tail SUSPENSION TESE.....uiiiiieiie et e ae e et e e b e ennee e 18
FOrCEA SWIM TEST ...ttt 19
PIOCRAUIES ...t bbbttt bbb bbbttt et bbbt et et ene e 19
RESUIES ...t b bR bttt 20

Experiment 1: Evaluating the Contributions of Sex and Lifestyle Factors to Unipolar

Depression and Anxiety Prevalence and SEVETILY ........ccccoiiiieiiienieieeee e 20
Experiment 2A: Cecal Transfer from OBX-Mice to Healthy Mice ..........cccccoveveiiiiiccciienen, 23
Experiment 2B: Cecal Transfer from CUS-Mice to Healthy Mice ..........cccccoovevviiiiiciicenn, 25
Experiment 2C: Same and Cross-Sex Cecal Transfer from Healthy to Healthy Mice.............. 28
D o0 1] 0] o OSSR P PP 31
L@ T T PSSR 31

Vi



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

Assessment of Lifestyle Factors and Sex on Affective Disorders.........cccocvevveiieeiieiiecvneenn, 32
Assessing the Role of the Gut Microbiome in Rodent Models of Depression ............c.cc.c...... 35
CONCIUSIONS ...ttt bbb bbb bbbt b e 45
RETEIENCES ...t b bbb 47
N 0] 0L 00 LG OSSPSR 64
APPENAIX B ..t bbbt 75
N o] 0T 40 ) OSSPSR 87
N o] 0T 0 1 I OSSPSR 94
APPENAIX E .ottt 99

vii



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

List of Tables

Page
Appendix A
Table 1. Total subjects per group based on reporting of lifestyle factors and affective 64
disorder status.
Table 2. Linear model of lifestyle factors on past major depressive disorder diagnosis. 65
Table 3. Linear model of lifestyle factors on past minor depressive disorder diagnosis. 66
Table 4. Linear model of lifestyle factors on past anxiety disorder diagnosis. 67
Table 5. Linear model of lifestyle factors on current major depressive disorder treatment. 68
Table 6. Linear model of lifestyle factors on current minor depressive disorder treatment. 69
Table 7. Linear model of lifestyle factors on current anxiety disorder treatment. 70
Table 8. Linear model of lifestyle factors on depressive symptom severity. 71
Table 9. Lifestyle factors as predictors of depressive symptom severity. 72
Table 10. Linear model of lifestyle factors on anxiety symptom severity. 73
Table 11. Lifestyle factors as predictors of anxiety symptom severity. 74
Appendix B
Table 1. Mean and standard error of the mean values for the sucrose preference test for 75

experiment 2A.
Table 2. Mean and standard error of the mean values for the splash test for experiment 2A. 76
Table 3. Mean and standard error of the mean values for the tail suspension test for 77
experiment 2A.
Table 4. Mean and standard error of the mean values for the forced swim test for 78

experiment 2A.

viii



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

Table 5. Mean and standard error of the mean values for the sucrose preference test for
experiment 2B

Table 6. Mean and standard error of the mean values for the splash test for experiment 2B.
Table 7. Mean and standard error of the mean values for the tail suspension test for
experiment 2B.

Table 8. Mean and standard error of the mean values for the forced swim test for
experiment 2B.

Table 9. Mean and standard error of the mean values for the sucrose preference test for

experiment 2C.

Table 10. Mean and standard error of the mean values for the splash test for experiment 2C.

Table 11. Mean and standard error of the mean values for the tail suspension test for
experiment 2C.
Table 12. Mean and standard error of the mean values for the forced swim test for

experiment 2C.

79

80

81

82

83

84

85

86



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

List of Figures

Appendix C: Experiment 2A

Figure 1. Sucrose preference scores as a function of sex and treatment condition.
Figure 2. General grooming frequency and movement duration for the splash test as a
function of sex

Figure 3. Back grooming frequency and duration for the splash test as a function of
sex by treatment and sex.

Figure 4. Highly mobile duration and immobile frequency for the tail suspension test as
a function of sex.

Figure 5. Mobile duration and immobile frequency for the tail suspension test as a
function of sex by treatment condition.

Figure 6. Highly mobile and immobile durations for the forced swim test as a function
of sex.

Figure 7. Highly mobile and mobile frequency for the forced swim test as a function
of sex.

Appendix D: Experiment 2B

Figure 1. Sucrose preference scores for the sucrose preference test as a function of
treatment.

Figure 2. Movement frequency for the splash test as a function of sex and treatment
condition.

Figure 3. General and back grooming frequencies for the splash test as a function of

treatment condition.

Page

87

88

89

90

91

92

93

94

95

96



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

Figure 4. Highly mobile duration for the tail suspension test as a function of sex. 97
Figure 5. Immobile frequency and duration for the forced swim test as a function of 98
treatment.

Appendix E: Experiment 2C

Figure 1. Sucrose preference scores for the sucrose preference test as a function of sex. 99
Figure 2. Sucrose preference scores for the sucrose preference test as a function of sex by 100
treatment condition.

Figure 3. Grooming frequency for the splash test as a function of sex by treatment condition. 101
Figure 4. Mobile frequency and duration for the forced swim test as a function of sex by 102
treatment condition.

Figure 5. Immobile frequency and duration for the forced swim test as a function of sex by 103

treatment condition.

Xi



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

Analysis of the contributions of diet, exercise, and the gut on the onset and severity of

unipolar depression and anxiety between the sexes

Affective disorders are some of the leading causes of non-fatal illness worldwide (Global
Burden of Disease [GBD] 2017, Disease and Injury Incidence and Prevalence Collaborators,
2018). According to findings from the GBD database, incidence of chronic and major depressive
disorders (MDD), as well as anxiety disorder, have increased by almost 50% over the past 30
years (GBD 2017 Disease and Injury Incidence and Prevalence Collaborators, 2018; Liu et al.,
2020). Among those affected, females are two times more likely to be diagnosed with either
MDD or anxiety than males (GBD 2017 Disease and Injury Incidence and Prevalence
Collaborators, 2018; Knoll & MacLennan, 2017; Weissman et al., 1993). Various studies have
investigated the source of this sex-linked disparity through genetic and hormonal contributions
(for reviews, see Amiel Castro et al., 2021; Seney et al., 2018). However, little work has been
done investigating how this sex difference could be linked to differences in lifestyle factors
between males and females. Notably, sex differences have been reported in diet and exercise,
two lifestyle factors known to affect the incidence of affective disorders (Craft et al., 2014; Firth
etal., 2019; Kim et al., 2020). Emerging evidence suggests that such lifestyle factors may
contribute to affective disorders via modulation of the microbial environment in the gut and its
interaction with the brain, also known as the gut-brain axis (GBA) (Yatsunenko et al., 2012;

Zhang et al., 2010).

Lifestyle Factors

Exercise
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Along with the obvious physical benefits, a regular exercise regime has also been found
to improve mental wellbeing (for review, see Stubbs et al., 2017; Yu et al., 2014).
Implementation of a regular exercise regime has been shown to provide both anxiolytic and anti-
depressive benefits to those suffering from low mood (Awick et al., 2017; Chen et al., 2014;
Hallgren et al., 2018; Strohle et al., 2009; Wipfli et al., 2011). This exercise-induced
improvement in mood has been demonstrated consistently throughout the lifespan and is often
used in conjunction with other therapies to improve quality of life for individuals suffering from
varying ailments (Awick et al., 2017; Chen et al., 2014; Hallgren et al., 2018; Nabkasorn et al.,

2005).

In work investigating the potential underlying mechanism for how exercise can improve
mood, researchers have primarily focused on the endocrine changes in the stress-responsive
hypothalamic-pituitary-adrenal (HPA) axis, predominantly through either endorphin release or
cortisol stabilization (Ball et al., 1987; Merenlander-Wagner et al., 2009; Nabkasorn et al., 2005;
Taylor et al., 1994). Exercise has been linked to increased release of beta-endorphin, a hormone
involved in the processing of painful stimuli and stress (Gerra et al., 2000; Merenlander-Wagner
et al., 2009; Taylor et al., 1994). This exercise induced increase in beta-endorphin is
hypothesized to ameliorate depressive symptoms through pain reduction. However, conflicting
evidence posits that increased levels of beta-endorphin in depressed patients may be indicative of
dysregulation of the HPA axis, with higher levels of beta-endorphin corresponding with a greater
severity of symptoms (Bastiirk et al., 1998; Darko et al., 1992; Goodwin et al., 1993; Lobstein et
al., 1989). There is similarly varied support for exercise-induced cortisol regulation. The
relationship between cortisol regulation and exercise has been found to be dependent as a

threshold effect of exercise intensity, with lower intensity exercise decreasing plasma cortisol
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and high intensity exercise increasing such levels (Hill et al., 2008; Ponce et al., 2019). However,
regular training and psychological state prior to exercise implementation has also been found to
affect this relationship, indicating that the link between exercise and cortisol regulation is
dynamic and dependent on various factors, both mental and physical (Edwards et al., 2018; Tsai

etal., 2014)

One often neglected factor in understanding exercise effects on affective disorders is sex
differences, which may account for discrepancies in the literature. First, on average, females
tend to report higher levels of exercise, although exercise is a better predictor for quality of life
in men (Craft et al., 2014). There have also been reports of sex differences in the type and
exertion level of exercise on mood regulation, although not all reports have been consistent. For
example, Kim et al. (2020) reported that males experience significantly lower depressive
symptom severity after strength training, while females showed greater benefits from walking,
suggesting that the type of exercise may affect the sexes differently. Moreover, recent data has
shown that females, although initially demonstrating a higher severity of both anxiety and
depressive symptoms, showed a greater improvement of mood following implementation of a
vigorous cardio exercise regime compared to males (McDowell et al., 2016). At pubertal onset,
the HPA-axis undergoes sex-dependent changes based on corresponding surges of gonadal
hormones, which may have implications for sex differences in how exercise-induced hormonal
fluctuations influence mood (for review, see Sheng et al., 2021). Together, this research suggests
that there is an increased importance of exercise as a protective factor for affective disorder
susceptibility in females compared to males, and there may be sex differences in the underlying

mechanisms (i.e., HPA-axis) that exercise acts upon to ameliorate such conditions. With these
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findings in mind, more work is needed to understand how sex plays a role in the relationship

between exercise and affective disorders.

Diet

Although diet quality most overtly impacts physical health, research has shown that there
is a link between poor diet quality and a greater incidence of both depression and anxiety (Firth
etal., 2019; Gibson-Smith et al., 2018; Yu et al., 2014). However recent work, including a meta-
analysis of diet intervention studies, has demonstrated that while improvement of affect with diet
quality can be observed in both sexes, females benefitted more from an improved diet than males
(Firth et al., 2019). This finding suggests that diet quality could have a greater impact on
susceptibility for depressive and anxiety disorders in females compared to males, akin to what is
seen concerning the effects of exercise (McDowell et al., 2016). However, the majority of large-
scale studies continue to ignore sex as a variable in studying diet and affective disorders
(Gibson-Smith et al., 2018; Yu et al., 2014). Moreover, recent studies have suggested that
adherence to not just a healthy, but a Mediterranean-style diet has pronounced improvement in
wellbeing, although sex differences have not been assessed in such studies (Parletta et al., 2017;

Salari-Moghaddam et al., 2019; for review, see Ventriglio et al., 2020).

Specifically, a Mediterranean diet consists of a high intake of fruits and vegetables,
beans, legumes, whole grains, fish and vegetable oils, specifically olive oil, while limiting the
use of added sugars, refined carbohydrates, saturated fats, and highly processed foods (Martinaz-
Gonzalez et al., 2012). Several studies have investigated the impact this diet regime has on both
overall health as well as mental health (Parletta et al., 2017; Salari-Moghaddam et al., 2019).
Overall, findings have consistently shown that implementation of a Mediterranean-style diet

ameliorates depressive symptoms, with greater adherence resulting in more pronounced
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improvements in wellbeing (Parletta et al., 2017). A proposed reason for this increased
improvement is the fact that foods consumed in a Mediterranean diet are high in polyphenols, a
naturally occurring micronutrient shown to have implications for mental wellbeing (Pathak et al.,
2013; Westfall & Pasinetti, 2019). Interestingly, research on the effects of a Mediterranean diet
on stroke risk in individuals with cardiovascular disease has shown that females demonstrated
greater benefits to the intervention than males (Paterson et al., 2018). However, this apparent
sex-difference in response to Mediterranean diet has not been investigated in relation to

depression or anxiety.

Many studies, both human and rodent, have shown that ingesting foods specifically high
in polyphenols can aid in the reduction of depressive like symptoms (Haskell-Ramsay et al.,
2017; Naveen et al., 2013). Research on the action of polyphenols in relation to affective
disorders have shown that they are able to modulate monoaminergic transmission within the
brain as monoamine oxidase inhibitors, much like commonly prescribed antidepressants or anti-
anxiety medications (Haskell-Ramsay et al., 2017; Naveen et al., 2013; Pathak et al., 2013;
Westfall & Pasinetti, 2019). Efficacy of polyphenol absorption is dependent on various factors
such as the bioavailability of the specific type of polyphenol being ingested, along with overall
gut microbial composition (Pathak et al., 2013; Westfall & Pasinetti, 2019). Since gut microbiol
composition has been found to differ between individuals in a sex-dependent manner, it is
possible that the differential processing of polyphenols, among other dietary nutrients, in the gut
could have an impact on the susceptibility of an individual's predisposition for affective disorders

through the GBA (Chen et al., 2018; Dominianni et al., 2015; Santos-Marcos et al., 2018).

Gut-Brain Axis
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One pathophysiological mechanism for affective disorders such as MDD and anxiety
disorder that has gained increased interest among researchers over the past decade pertains to the
link between the gut microbiome and the brain, the gut-brain axis (GBA). This link suggests that
the composition of the gut microbiome could influence an individual’s susceptibility to affective
disorder onset and, therefore, could be a new target for treatment (Bravo et al., 2011; Liang, et
al., 2018). Several studies have found differences in gut microbial composition between patients
with MDD and healthy controls (Aizawa, et al., 2016; Carabotti et al., 2015; Dinan & Cryan,
2013; Kelly et al., 2016; Lin et al., 2017; Valles-Colomer et al., 2019; Zheng et al., 2016). Along
with this, various studies have implemented probiotics as a potential anxiolytic to regulate the
stress response through changes in the gut, with such treatment often reducing self-reported
stress levels along with physiological stress-induced changes (Ait-Belgnaoui et al., 2013; Lew et
al., 2019; Mohammadi et al., 2015; Yang et al., 2014). However, studies on the GBA have not
been consistent in their identification of particular microbes linked to the stress response and/or
low mood. Part of this inconsistency could be to the fluctuating nature of gut microbiome
composition in response to lifestyle factors, and sex differences in the responsiveness of the

microbial environment to such factors and how they affect the brain.

As factors such as sex and age, as well as general lifestyle factors, such as diet, exercise,
and stress, can all have an effect on the diversity of the gut microbiome, it is common for
microbial levels and diversity to vary from person to person (Chen et al., 2018, 2020;
Dominianni et al., 2015; Konturek et al., 2011; Santos-Marcos et al., 2018; Yatsunenko et al.,
2012; Zhang et al., 2010). These differences in the gut microbiome contribute to the efficiency of
the digestive system, but also can affect the brain directly via the vagus nerve, or indirectly via

interaction with the immune and endocrine system (for review, see Carabotti et al., 2015). While
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there is increasing awareness that the responsiveness of affective disorders to lifestyle factors
may be mediated via the gut-brain axis, only one study to date has investigated the potential sex-
differences in microbial composition of these patients (Chen et al., 2018). Findings from this
study have shown that there may be differences in microbial composition that vary by sex of the
patient, with females demonstrating higher levels of Actinobacteria compared to healthy
controls, while depressed males had significantly higher levels of Bacteroides (Chen et al.,
2018). These findings suggest that the effects of depression on the gut microbiome may be
differentially expressed in male and female patients suffering from depression compared to
healthy controls (Chen et al., 2018). However, further work is needed to elucidate the underlying
mechanisms resulting in this differential diversity, with more robust characterizations of lifestyle

and demographic influences on the GBA.

Rodent models have often been used to understand the role of the gut microbiome on
affect. Various studies have investigated the impact of the gut microbiome on depressive and
anxiety-like symptoms using germ-free (GF) and specific-pathogen free (SPF) mice (Luk et al.,
2018; Luo et al., 2018; Neufeld et al., 2010; Sudo et al., 2004; Zheng et al., 2016). GF mice are
raised without exposure to any microorganisms, while SPF mice are free of any pathogenic
organisms. In general, GF mice have been found to exhibit a decreased behavioural stress-
response compared to SPF mice or controls (Luk et al., 2018; Luo et al., 2018; Neufeld et al.,
2010; Zheng et al., 2016). Moreover, data has shown that treatment with a single microbe,
Bifidobacterium, can restore anxiety-like behaviour in female SPF mice similar to that of
wildtype controls, while males present a restoration of behaviours that surpass typical levels
(Luk et al., 2018). This further suggests a sex-linked interaction of particular microbes within the

GBA, similarly demonstrated in human studies (Chen et al., 2018; Zheng et al., 2016)
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Although the exact microbial contents influencing affect are still under investigation,
studies of fecal transplantation have shown that mice exposed to microbial products from either
human patients or mouse models of depression exhibit a depressed phenotype (Kelly et al., 2016;
Lietal., 2019; Luo et al., 2018; Pu et al., 2021; Zheng et al., 2016). For example, one key study
investigated the effects of MDD fecal transfer in GF mice compared to GF and SPF treated with
E. coli and found that only the germ-free MDD fecal transplant mice exhibited depressive-like
behaviours (Luo et al., 2018). On various behavioural tests, only the germ-free MDD fecal
transplant mice exhibited depressive-like behaviours (Luo et al., 2018). As the mice treated with
E. coli bacteria did not show a corresponding increase of depressive-like behaviours as was seen
in the mice who received the MDD fecal matter, this study provides evidence indicating that
there are distinct microbial bacteria present in depressed subjects which may directly or
indirectly affect mood (Luo et al., 2018). However, further work is needed to characterize the
exact microbial contents involved in such behavioural alterations. Importantly, previous work
investigating fecal transplantation and mood have strictly used male mouse models of depression
(Kelly et al., 2016; Lietal., 2019; Luo et al., 2018; Pu et al., 2021; Zheng et al., 2016). Due to
the sex differences in the gut microbiome as well as in the prevalence and risk for mood
disorders, further work is needed to determine whether there is a corresponding change in

behavioural phenotype of females undergoing such exposures.

Aims

This research consisted of two lines of study. The first analyzed the contribution of diet
quality, including overall healthy diet and Mediterranean-style diet, and exercise on the
likelihood of minor or major depression and anxiety disorder diagnosis and severity of symptoms

in a large-scale prospective cohort study. In this study, we assessed the proportion of the sex-
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linked variance in rates of diagnosis and symptom severity that can be explained by these
lifestyle factors. It was hypothesized that a healthy diet, Mediterranean diet and adherence to an
exercise regime would contribute to lower diagnostic rates of affective disorders and a lower
severity of symptoms. Based on prior research, it was predicted that these factors would have a
greater impact on diagnostic rates for females than males. Specifically, there is an apparent
conflict in the literature in that females are more likely to adhere to a healthy diet and exercise
regime, which have been shown to decrease vulnerability to affective disorder, but females are
also more likely to be diagnosed with affective disorders than males. This discrepancy may be
explained in part by the findings that females tend to benefit more from improved diet and
exercise than males; as such sex-based analyses was conducted to address the questions 1) do sex
differences exist in affective disorders in our cohort of participants, 2) does diet (healthy and
Mediterranean) and exercise reduce the likelihood of diagnosis with an affective disorder and/or
symptom severity, and 3) do such lifestyles factors interact with sex in conferring resiliency to
such conditions. By understanding which factors contribute to the mental health of both males
and females, sex-based recommendations on the use of diet and exercise as a potential target to
ameliorate symptoms can be made, primarily for those who do not benefit from current treatment
regimes. Furthermore, future work in this area can evaluate how such lifestyle factors may
interact with sex differences in the underlying mechanisms contributing to the development of

affective disorder (i.e., HPA-axis, gut microbiome).

For the second line of research, we used rodent models to explore how sex differences in
gut microbial composition may contribute to the expression of depressive symptomology. Past
research has demonstrated that microbial transplantation from depressed rodent models to

healthy controls can induce a depressive-like phenotype. However, to date, this research has only
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evaluated males. As such, we studied two well characterized models of depression in both sexes.
Specifically, in Experiment 2A, we performed gut microbiome transplantation (i.e., cecum) from
an olfactory bulbectomy (OBX) rodent model of depression in C57BI/6 mice. This experiment
was repeated in another rodent model of depression, chronic unpredictable stress (CUS), in
Balb/c mice (Experiment 2B). Note, we used the mouse strain for which the depression model
was most well characterized/shows the largest effect (Otmakhova et al., 1992; Sathyanesan et al.,
2017). Lastly, since female mice tend to show greater depressive-like behaviours at baseline than
males, we assessed in a third experiment (Experiment 2C) whether healthy control male cecum
transplant to females decreases depressive-like behaviour, and whether healthy control female

cecum transplant to males increases depressive-like behaviours.

Given that females present a more pronounced susceptibility to MDD, we predicted that
female cecal transplantation would result in an increased depressive-like phenotype in the
receivers. Moreover, we predicted that such alterations would be dependent on treatment type,
with mice receiving CUS or OBX donor cecum having more pronounced behavioural alterations
compared to the mice receiving wildtype cecum. Findings from this experiment would further
elucidate the impact of the gut microbial products on mood using an alternative model of
depression to evaluate generalizability. In all three rodent experiments, a between-subjects
factorial design was used to assess the role of the gut microbiome transplantation and sex on

depressive-like behaviours on several standard behavioural paradigms for depression models.

Methods

Experiment 1: Evaluating the Contributions of Sex and Lifestyle Factors to Unipolar

Depression and Anxiety Prevalence and Severity

10
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Participants

Participant data were sourced in partnership with the Atlantic Partnership for
Tomorrow’s Health (PATH) database, a regional subgroup of the Canadian Partnership for
Tomorrow’s Health study (Dummer et al., 2018). This database consists of variables, both
demographic and health related, from individuals aged 30 to 75 from the Atlantic provinces of
Canada. A core questionnaire was completed between 2009-2015, with a follow-up
questionnaire completed between 2016-2018. Further information on participant recruitment and
data collection has been previously reported (Sweeney et al., 2017). Variables pertaining to
affective disorder status and lifestyle factors (i.e., diet and exercise) were obtained through the
follow-up questionnaire, which assessed these variables in greater detail than the core
questionnaire. Data were selected based on overall completion of questions pertaining to the
variables implemented in this research. Participants with incomplete or inconclusive data were
omitted from analysis for that variable (for total sample sizes, see Appendix A, Table 1). All
participant data was used with consent of the participants upon completion of the

questionnaire(s).

Measures

Unipolar Depression and Anxiety Diagnosis and Treatment. Participants were
assessed based on both previous diagnosis and current treatment for minor and major depressive
disorder and anxiety. In the questionnaire, participants were prompted to indicate whether they
had ever been professionally diagnosed with either of the disorders and, if so, if they were
currently undergoing treatment. Participants responding with “Prefer not to answer” or “Don’t
know” were omitted from analysis, while responses of “No/Not applicable” or “Yes” were coded

as “0” or “1”, respectively.
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Severity of Depression and Anxiety Symptomology. Assessment of the severity of
depressive symptoms was done via the validated, nine-item, Patient Health Questionnaire (PHQ-
9) within the follow-up questionnaire of the Atlantic PATH database (Kocalevent et al., 2013;
Kroenke et al., 2001). Each of the nine items of the PHQ-9 is assigned a score of 0, 1, 2, or 3,
with higher scores indicating a greater severity of the associated symptom (Kroenke et al., 2001).
A total score for the scale is then used to approximate an overall severity of depressive
symptoms, with participants being assigned as suffering from minimal (0-4), mild (5-9),
moderate (10-14), moderately severe (15-19), or severe (20-27) depressive symptoms (as
previously described, Kroenke et al., 2001). Although unipolar depression and anxiety can often
present through similar key symptoms, the PHQ-9 measures distinct symptoms of depression
with 88% sensitivity and specificity (Kroenke et al., 2001). Due to small sample sizes in the
severe category, score categorizations were modified in the present study into minimal (0-4),

mild (5-9), moderate (10-14), and moderately severe to severe (15-27) levels of depression.

Assessment for level of anxiety was measured through the Generalized-Anxiety-
Disorder-7 (GAD-7) scale. This scale is comprised of seven-items pertaining to anxious attitudes
where respondents must indicate, on a categorical scale from 0-3, how often they experience
such attitudes (i.e., from 0-“Not at all” to 3-“Nearly every day”), with higher scores indicating
increased anxiety levels (Lowe et al., 2008; Spitzer et al., 2006). Similar to the specificity of the
PHQ-9 for depression, the GAD-7 has been found to be distinct in its measurement of anxiety
disorder and is commonly used as a validated and reliable measurement of generalized anxiety
disorder (L6we et al., 2008; Spitzer et al., 2006). The scoring of the GAD-7 is often partitioned
into categories consisting of minimal (1-4), mild (5-9), moderate (10-14), and severe (15-21)

symptoms. However, due to small sample sizes in the moderate to severe categories,
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categorizations were modified in the present study into either minimal anxiety symptoms (0-4) or

moderate to severe anxiety symptoms (5-21).

Exercise. Exercise was quantified through implementation of the International Physical
Activity Questionnaire (IPAQ) — long form. The IPAQ — long form is a validated and reliable,
27-item, self-report questionnaire developed for quantification of physical activity level in adults
up to 70 years of age (Craig et al., 2003; Hagstromer et al., 2006). Questionnaire items consist of
various diverse measures of physical activity, from recreational activity to activity related to
housekeeping (Craig et al., 2003). This allows for a broad measurement of activity level across a
variety of different lifestyles (Craig et al., 2003). Activity level was determined based on
corresponding metabolic equivalent (MET)-minutes per week of activity for each category.
Participants were then categorized as having either low (1), moderate (2), or high (3) levels of
physical activity based on their global scores of MET-minutes per week calculated within the
Atlantic PATH database. Participants who failed to respond to an item were omitted from

analysis.

Diet Quality. Diet quality was assessed through a 15-item Healthy Eating Index (HEI)
previously developed for use with the Atlantic PATH database (see Yu et al., 2014). This HEI
was developed based on recommendations made by Health Canada and other, North American-
based, HEIs (Geunther et al., 2008; Health Canada, 2019). The index is comprised of five
serving-based items (e.g., Milk and dairy products (serving/d)) and 10 general diet quality items
(e.g., ate at least half of grain products whole grain each day). Serving-based items each offer a
score ranging from 0-10, with a perfect score of 10 indicating that the recommended number of
daily servings was met. Participant scores then decreased proportionately with each serving the

individual was below the recommended (i.e., a score of 5 for a participant who had 1 of the
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recommended 2 daily servings). In contrast to the original study which used recommended daily
servings based on sex and age, the lowest serving recommendation per item was used for
analysis. Furthermore, the general diet quality items were scored as “0” or “1”, depending on
whether the statement was applicable to the participant. Each item was then summated to obtain

an overall score for the HEI, from 0 (low quality diet) to 60 (high quality diet).

For analysis, scores on the HEI were subdivided into three levels of diet quality: low to
moderate (0-30), moderate to high (30-45), or high (45-60). Although the original study using
the HEI subdivided scores into quintiles, the subpopulation from the database used for this study
was not sufficiently large enough to conserve these divisions (Yu et al., 2014). Participants who

responded “I don’t know” or who failed to respond to an item were omitted from analysis.

Mediterranean-Style Diet. To obtain an estimate for the degree to which each
participant’s diet followed a Mediterranean-style regime, a modified form of a previously
validated 14-item Mediterranean Diet adherence screener was used (Martinez-Gonzélez et al.,
2012). For this screener to be applied to the data available in the Atlantic PATH database, four
items (i.e., #2, 6, 13, and 14) were omitted as these items were not asked of participants in the
current study, and one item (i.e., #8) was modified to measure cups of green tea consumed per
week in lieu of wine, due to its similar antioxidative action and high catechin content (Arts, van

de Putte & Hollman, 2000; Brizuela et al., 2010; Ojebi et al., 2018).

The original Mediterranean screener consisted of primarily serving-based questions (e.g.,
How many fruit units (including natural fruit juices) do you consume per day?), which could be
directly applied to the data available from Atlantic PATH (Martinez-Gonzaélez et al., 2012).
Participants who met the serving criteria for each individual item were allotted a score of “1”,

while those who did not meet the criteria were scored as “0”. However, for participants to obtain
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a score of “1” for the first item in the Mediterranean screener pertaining to the primary use of
olive oil as the main cooking fat, which was not serving-based, participants who responded with
“olive oil” or any of the combination responses including olive oil in the Atlantic PATH

questionnaire were given this point (i.e., responses of 4, 11, 12, 13, 14).

Once a total score was obtained for each participant, participants were then categorized as
having either low (0-3), moderate (4-5), or high (=6) Mediterranean scores (MedScore). These
levels were determined based on the proportion of scores corresponding to each level of
adherence in the original 14-item screener (Martinez-Gonzalez et al., 2012). Participants who

responded “I don’t know” or who failed to respond to an item were omitted from analysis.

Procedure

Analysis. To assess the impact of diet quality, MedScore, and exercise level on
predicting diagnosis of unipolar depression and anxiety, as well as symptom severity, multiple
regression was used. When the criterion was the presence of a diagnosis (e.g., incidence of Major
Depressive Disorder diagnosis across the lifetime), logistic regressions were conducted. When
the criterion was severity of depression or anxiety, then OLS linear regressions were conducted.
Models first tested if these lifestyles factors acted as significant predictors for unipolar
depression and anxiety diagnosis and/or symptom severity, after controlling for sex. Second,
these models tested the interaction between sex and each lifestyle factor to assess whether
lifestyle factors play a larger role in susceptibility for females than for males. However, these

interactions were only included in the model if they were significant.
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Experiments 2A-2C: Evaluating the Role of Sex and the Gut Microbiome in Rodent Models

of Depression
Subjects

All mice were obtained from Charles River Laboratories and underwent a seven-day
acclimation period prior to intervention. Mice were housed singly on a 12:12 hour light/dark

cycle, with lights on at 7:00am. Food and water were provided ad libitum.

Experiment 2A. We assessed whether gut microbiome transplantation from male and/or
female rodent models of depression to control mice is sufficient to induce a depressive-like
phenotype. Olfactory bulbectomy (OBX) surgeries were performed on C57BL/6 stimulus mice
to induce a depressive-like phenotype (n = 6 males and 6 females). Male and female cecum
contents were collected from the OBX donor mice. Two cohorts of 30 C57BL/6 mice, half male,
half female, were used (Ntota = 60) and mice were equally split by sex into 3 treatment groups:
vehicle (saline control), female OBX cecum, or male OBX cecum, creating 6 groups of 10 mice

each.

Experiment 2B. For assessment of whether results from Experiment 2A are
generalizable to other rodent models of depression, we conducted a replication experiment with a
more ecological relevant rodent model — the CUS mouse model of depression using the Balb/C
strain of mouse. Cecum contents from the CUS donor mice (n = 6-8 males and 6-8 females)
were collected for treatment. Two cohorts of 30 Balb/c mice, half male, half female, were used
(NTotat = 60). However, one male mouse was terminated prior to experiment commencement due

to a medical complication (Ntotal = 59). Mice were then equally split by sex into 3 treatment
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groups: vehicle (saline control), female CUS cecum, or male CUS cecum, with one less male

mouse in the vehicle treatment group.

Experiment 2C. To assess whether sex of gut microbiome contents alone (i.e., from
control mice) is sufficient to influence depressive-like behaviour, we assessed the effects of
cross-sex gut microbiome transplantation in otherwise unmanipulated males and females on our
standard battery of tests. Two cohorts of 30 C57BL/6 mice, half male, half female, were used
(NTtota = 60). Mice were equally split by sex into 3 treatment groups: vehicle (saline control),

female cecum, or male cecum.

Measures

Behavioural Testing. Following cecal/saline treatment, mice were assessed for
depressive-like behaviours on a behavioural test battery. This battery comprised of 4 tests of
depressive-like symptomology: sucrose preference, splash, tail suspension, and forced swim
tests. Each test was then scored for the corresponding behavioural indices of depression and
analyzed to compare for sex and/or treatment effects using between-subjects analysis of variance
(ANOVA) followed by planned comparisons for significant effects (critical alpha set at p < .05).
For these planned analyses, comparisons were made only within sex and between treatment
groups (i.e., females treated with female cecum compared to female controls) and between sexes
within treatment groups (i.e., females treated with male cecum and males treated with male

cecum), and only if the relevant interaction was significant or trending.

Sucrose Preference Test. The sucrose preference test (SPT) is a measure used to assess
anhedonia, the decreased ability to experience pleasure, one of the core symptoms of depression
(Papp et al., 1991). For this test, mice were first habituated to drinking water from two small

plastic cups in their home cages (i.e., rather than from a bottle), for 18-24h. After the habituation
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phase, one cup was filled with drinking water and the other cup filled with a 4% sucrose
solution. Following 18 hours, the weight of each cup was recorded and deducted from the
starting weight. A preference score was then recorded by subtracting the weight of the water
drank from the weight of the sucrose solution. For Experiment 2A, a high sucrose preference
score was characterized by a preference of 80% or above, while experiments 2B and 2C used a
criterion of 70% or above. This was based on the mean sucrose preference values found for the
control group mice in the respective experiments, as typical cut-off values for high sucrose
preference typically vary between 65-80% (Appendix B, Tables 1, 5, 9; Cheeta et al., 1997;

Eltokhi et al., 2021; Strekalova & Steinbusch, 2010).

Splash Test. In the splash test (ST), a single mouse was placed in an empty mouse cage
and provided with five minutes to habituate to the new environment. Then, a viscous 20%
sucrose solution was applied to the dorsal coat of the mouse. The test was then video recorded
for five minutes and later scored for grooming behaviours. Grooming behaviour was used as an
indication of self-care and motivational behaviour, while decreased time spent grooming

indicates depressive-like behaviour (Yalcin et al., 2005).

Tail Suspension Test. In the tail suspension test mice were suspended by their tail (i.e.,
tail is taped to the top of a rodent cage) so that the body dangles, facing downward for five
minutes. Each trial was video recorded, with immobility (measure of depressive-like behaviour)
and escape behaviours (indication of motivational behaviour) measured and analyzed for both
duration and frequency with Ethovision XT14 Software. Escape behaviours consist of
movements of the hinds/forelimbs as well as increased number of attempts/min to reach their tail

(Belovicova et al., 2017).
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Forced Swim Test. Mice were placed in a transparent glass cylinder (38.0 cm height x
27.0 cm diameter) filled with water (at a temperature of 25°C +/- 0.5°C). The mice could not
reach the top or bottom of the cylinder, and thus are suspended in the water for the duration of
the 5-minute test. The video recordings of the trials were then analysed for duration and
frequency of depressive-like behaviour (i.e., immobility) using Ethovision XT14 software

(Fitzgerald et al., 2019).

Procedures

Olfactory Bulbectomy. OBX surgeries were performed on donor mice for experiment
2A between post-natal day (PND) 60-65. Anesthesia was achieved through administration of
isoflurane, first in an induction chamber at 2.5%, then maintained at 2% throughout the surgery.
Meloxicam was administered as a slow-release analgesic (4mg/kg). Once anesthetized, mice
were mounted in a skull-flat position on a standard stereotaxic apparatus. Procedures used were
modified from the OBX protocol outlined in a study by Kelly, Wrynn, and Leonard (1997). To
access the olfactory bulbs, two burr holes were drilled into the cribriform plate, 1.5mm anterior
to the rostral dorsal cerebral vein according to stereotaxic coordinates outlined in Paxinos and
Franklin (2019). Bulbs were bilaterally aspirated through the burrs with a sterilized, 22-gauge
needle attached to a vacuum-line. Ablation was confirmed visually upon removal and further
consolidated visually post-mortem. After removal, haemostatic sponge was then inserted into the
empty cavities to both prevent blood loss as well as regrowth, and the incision sutured shut

(Kelly, Wrynn, & Leonard 1997).

Chronic Unpredictable Stress Paradigm. Donor mice for experiment 2B underwent a
six-week CUS paradigm, adapted from Bambico, Nguyen, and Gobbi (2009). This paradigm

consisted of a variety of physical (i.e., restraint), psychological (i.e., predator scent), and
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circadian (i.e., disruption of light/dark cycle) stressors, all inescapable but non-debilitating in
nature. Stressors were implemented randomly at three varied timepoints each day, morning,
afternoon, and evening. At the end of each week, presence of anhedonia-like behaviour was
assessed by a SPT. Once anhedonia-like behaviour was detected, the intervention ceased, and

cecal contents were collected.

Cecum Collection. Cecum donor mice were overdosed with Avertin (Tribromoethanol,
40mg/kg) prior to surgery. Avertin was administered through an intraperitoneal injection in the
lower right abdominal quadrant to prevent injection directly into the cecum. An incision was
then made medially down the abdomen, the cecum sac removed from the intestinal tract and the
cecal contents extracted. Cecal contents were collected in 1.7ml microcentrifuge tubes, combined
by sex. In Experiments 2A and 2C, cecum was diluted 1:1 with 0.1M phosphate buffered saline
(PBS) prior to storage due to limited donor cecum availability. Cecum was stored at -80 degrees

Celsius until thawed and used for transfer.

Cecal Transfer. Cecal treatments started between PND 60-95 and cecum was
administered via oral gavage using a 20-gauge ball-tipped gavage needle. Mice were treated once
every other day for 12 days, for a total of six treatments. Extracted donor cecum was thawed and
then diluted 1:10 with saline. Mice received 0.2mL of either diluted cecum (experimental) or

saline (control) each day.

Results

Experiment 1: Evaluating the Contributions of Sex and Lifestyle Factors to Unipolar

Depression and Anxiety Prevalence and Severity

20



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

Using the Atlantic PATH dataset, we found the expected sex difference such that females
are approximately two times more likely to have ever been diagnosed with either major/minor
depressive disorder, anxiety disorder, or to be undergoing current treatment for these disorders
than males (see Appendix A, Tables 2-7). For MDD, individuals with moderate/high- or high-
quality diets were less likely to have been diagnosed with MDD than those with low/moderate-
quality diets, and healthy eating accounted for significantly more of the variance in diagnosis and
current treatment of MDD than just sex alone (Appendix A, Table 2). Physical activity level was
also found to impact incidence of past diagnosis and current treatment, with individuals
characterized as having a high physical activity level being significantly less likely of having
ever been diagnosed with MDD or be currently treated for the disorder than individuals with a
low physical activity level, with scores on the IPAQ accounting for significantly more variance
than just sex alone (Appendix A, Tables 2 & 5). Along with this, there was a significant
interaction between sex and the contrast of low and high quality diets for prevalence of treatment
for MDD, with females with high quality diets showing a significantly lower likelihood of
currently undergoing treatment for the disorder than males with high quality diets (Appendix A,
Tables 8 & 9). However, this significance is lost when looking at the effects in the overall model,
suggesting that the effect of diet is strongest in the difference between low and high diet quality,
but that the effect itself is not robust enough to be seen in the contrasts with low and moderate
diet quality (Appendix A, Tables 8 & 9). Lastly, there were no significant effects of lifestyle
factors on prevalence of diagnosis or treatment for minor depressive disorder, however physical
activity level accounted for significantly more variance of minor depression diagnosis or current

treatment than just sex alone (Appendix A, Tables 3 & 6).
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For severity of depressive symptoms, females were more likely to be suffering from mild
or moderate/severe depressive symptoms than minimal compared to males (Appendix A, Table
8). Individuals with lower quality diets (i.e., both lower healthy eating scores or Medscores)
were more likely to suffer from mild or moderate/severe depressive symptoms compared to
minimal than those with moderate/high- or high-quality diet scores (Appendix A, Table 8).
Along with this, individuals considered as having moderate or high levels of physical activity
were significantly less likely to suffer from moderate/severe depressive symptoms compared to
individuals with low physical activity (Appendix A, Table 8). Furthermore, scores of either
healthy eating, Medscores, or physical activity in conjunction with sex accounted for
significantly more of the variance in depressive symptom severity than sex alone (Appendix A,

Table 9).

As mentioned prior, females were found to be twice as likely to have been previously
diagnosed with, or undergoing current treatment for, anxiety disorder than males (Appendix A,
Table 4 & 7). For lifestyle factors, individuals with high quality diets were found to be
significantly less likely to have ever been diagnosed with anxiety disorder or be currently
undergoing treatment than those with low-moderate or moderate-high quality diets (Appendix A,
Table 4 and 7). Physical activity level was also found to influence incidence of anxiety diagnosis
and treatment, with individuals categorized as having moderate or high levels of physical activity
being significantly less likely to be diagnosed with anxiety or undergoing current treatment than
those with low levels of physical activity (Appendix A, Table 4 and 7). Diet and physical activity
level was also found to account for more variance in anxiety disorder diagnosis or current

treatment than just sex alone (Appendix A, Table 4).
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For severity of anxiety symptoms, females were significantly more likely to be suffering
from mild or moderate/severe depressive symptoms than minimal compared to males (Appendix
A, Table 10). Analysis of anxiety symptom severity in conjunction with lifestyle factors showed
that individuals categorized with low quality diets had a significantly higher severity of anxiety
symptoms than those with moderate or high-quality diets (Appendix A, Table 10). Along with
this, individuals with high levels of physical activity were significantly more likely to be
suffering from less severe anxiety symptoms than those with low levels of physical activity
(Appendix A, Table 10). Overall, diet and physical activity level accounted for significantly

more variance in anxiety symptoms than just sex alone (Appendix A, Table 11).

Experiment 2A: Cecal Transfer from OBX-Mice to Healthy Mice

Compiled means and standard error of the means can all be found in Appendix B (Tables

1-4).
Sucrose Preference Test

Cecal transplantation from the OBX-depression model to healthy animals did not affect
scores on the sucrose preference test, however a main effect of sex was found, F (1,53) = 4.076,
p =.049, n? = 0.068, such that male mice had significantly higher sucrose preference scores than
females regardless of treatment type (Appendix C, Figure 1). Similarly, chi-square analysis of
the proportion of mice who had a high sucrose preference score (=80%) compared to a low score
(<80%) showed a significant main effect of sex, X? (2, N =59) = 7.342, p = .007, OR = 4.443,
95% CI [1.471, 13.423], with a higher proportion of males with a high sucrose preference (N =

23/31) than females (N = 11/28) (Appendix C, Figure 1).

Splash Test
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In the ST, a significant main effect of sex was found for both general grooming
frequency, F (1, 51) = 10.408, p = .002, n? = 0.158, and movement duration, F (1, 51) = 33.529,
p <.001, n? = 0.384. For general grooming frequency, females had significantly higher grooming
frequencies than males (Appendix C, Figure 2). A similar pattern was seen for movement
duration, with females having a significantly longer movement duration than males (Appendix C,
Figure 2). While no effects of treatment were found on this test, there was a marginal interaction
between sex and treatment for back grooming frequency, F (2, 51) = 2.539, p = .089, n? = 0.084,
and a marginal effect of sex on back grooming duration, F (2, 51) = 2.887, p = .095, n? = 0.049
(Appendix C, Figure 3). For back grooming frequency, male and female OBX cecum
significantly decreased grooming frequencies in males compared to male controls, p =.050,
Cohen’s d =0.923, 95% CI [-0.018, 1.863] and p = .015, Cohen’s d = 1.159, 95% CI [0.208,
2.110], respectively (Appendix C, Figure 3). For back grooming duration, males had marginally

longer grooming durations than females (Appendix C, Figure 3).

Tail Suspension Test

For the TST, a significant main effect of sex on highly mobile duration was found, F (1,
47) = 4.304, p = .044, w? = 0.077, with females showing a significantly longer duration of being
highly mobile then males (Appendix C, Figure 4). In line with these findings, sex had an
opposite effect on immobile duration, F (1,47) = 9.216, p = .004, n? = 0.154, with males having
a significantly longer duration of being immobile than females (Appendix C, Figure 4). No other

significant main effects were found, p > .05.

Significant interactions between sex and treatment condition were found for mobile

duration, F (2,47) = 3.458, p = .040, n? = 0.125, and immobile frequency, F (2,47) = 3.596, p =
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.035, n? =0.131. Follow up planned analyses for mobile duration found that female OBX cecum
treatment in females led to decreased mobile durations compared to female controls, p = .022,
Cohen’s d = 1.153, 95% CI [0.146, 2.159] (Appendix C, Figure 5). As well, females treated with
female OBX cecum had significantly lower mobile durations than males treated with female
OBX cecum, p =.039, Cohen’s d = 0.978, 95% CI [0.032, 1.924] (Appendix C, Figure 5). For
immobile frequency, female OBX cecum marginally increased frequencies in males compared to
male controls, p=.074, Cohen’s d = 0.902, 95% CI [-1.911, 0.107] (Appendix C, Figure 5).
Moreover, female OBX cecum significantly increased immobile frequencies in males, while
decreasing such frequencies in females, p = .021, Cohen’s d = 1.097, 95% CI [0.145, 2.049]
(Appendix C, Figure 5). No other significant main effects or interactions were found for

immobile frequency, p > .05.
Forced Swim Test

In the FST, a significant main effect of sex on highly mobile duration was found, F (1,
51) = 4.269, p = .044, n? = 0.074, with females having a significantly longer duration of being
highly mobile than males (Appendix C, Figure 6). Sex had an opposite effect on immobile
duration, with males having a significantly longer duration of being immobile than females, F
(1,51) =6.940, p = .011, n? = 0.117 (Appendix C, Figure 6). A marginal effect of sex was also
found in both frequency of high mobility, F (1,51) = 3.858, p = .055, n? = 0.068, and frequency
of mobility, F (1,51) = 3.646, p = .062, n? = 0.063. In both cases females trended on having a
higher frequency of being highly mobile or mobile compared to males (Appendix C, Figure 7).

No other significant main effects of treatment or interactions were found, p > .05.

Experiment 2B: Cecal Transfer from CUS-Mice to Healthy Mice
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Compiled means and standard error of the means can all be found in Appendix B (Tables

5-8).
Sucrose Preference Test

For the raw sucrose preference scores on the SPT, a significant main effect of sex was
found F (1,40) = 20.989, p < .001, n? = 0.293, as well as a significant interaction between sex
and treatment, F (2,40) = 4.190, p = .022, n? = 0.117. For the main sex effect, male mice had
significantly higher sucrose preference scores than females (Appendix D, Figure 1). In line with
these results, chi-square analyses revealed a marginal effect of sex on the proportion of mice
with a high sucrose preference score (=70%), with a higher proportion of males with a high
sucrose preference (N = 3/23) than females (N = 0/23), X? (1, N = 46) = 3.209, p = .073,

Cramer’s V = 0.264 (Appendix D, Figure 1).

Post-hoc analysis on the interaction of treatment and sex showed that males treated with
female CUS cecum had higher sucrose preference scores than male controls, p =.024, Cohen’s d
=1.181, 95% CI [0.128, 2.234] (Appendix D, Figure 2). Moreover, female CUS cecum increased
scores in males, while decreasing scores in females, p <.001, Cohen’s d =2.613, 95% CI [-
3.883, -1.343] (Appendix D, Figure 2). Finally, male CUS cecum marginally increased sucrose
preference scores in males compared to females treated with male cecum, p =.080, Cohen’s d =

1.907, 95% CI [-1.945, 0.132] (Appendix D, Figure 2).
Splash Test

For the ST, a marginal interaction effect of sex and treatment was found on general
grooming frequency, F (2,52) = 2.506, p = .091, n? = 0.085. Follow up planned analyses revealed

that male CUS cecum significantly increased general grooming frequencies compared to male
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controls, p =.045, Cohen’s d = 0.942, 95% CI [-1.883, -0.002]. Along with this, female CUS
cecum marginally increased grooming frequencies in males compared to male controls, p = .057,
Cohen’s d = 0.893, 95% CI [-1.831, 0.046] (Appendix D, Figure 3). No other significant main
effects or interactions were found for general grooming duration, back grooming duration and

frequency, or movement duration and frequency, p > .05.
Tail Suspension Test

In the TST, there were no significant main effects or interactions found for high mobility
frequency and duration, mobility frequency and duration, or immobile frequency and duration, p

> .05.
Forced Swim Test

For to FST, significant interactions between sex and treatment were found for mobile
frequency, F (2,49) = 3.913, p =.027, n? = 0.129, mobile duration, F (2,49) = 3.549, p = .036, 1?
=0.121, and immobile frequency, F (2,49) = 4.635, p = .014, n? = 0.149. Moreover, a marginal
interaction of sex and treatment was found for immobile duration, F (2,49) = 2.535, p = .090, n?
=0.088. For mobile frequency, female CUS cecum significantly decreased frequencies in
females compared to controls, p =.042, Cohen’s d = 0.961, 95% CI [0.017, 1.904], while
females treated with male CUS cecum showed significantly higher frequencies compared to
males treated with male CUS cecum, p =.014, Cohen’s d = 1.166, 95% CI [-2.119, -0.213]
(Appendix D, Figure 4). For mobile duration, female CUS cecum marginally decreased durations
in females compared to female controls, p = .055, Cohen’s d = 0.903, 95% CI [-0.038, 1.845]

(Appendix D, Figure 5). No other significant interactions were found, p > .05.

27



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

Analysis of interactions for immobile frequency showed that females treated with female
CUS cecum had lower immobile frequencies compared to female controls, p =.042, Cohen’s d =
0.959, 95% CI [0.015, 1.902], while females treated with male CUS cecum had significantly
higher frequencies than males treated with male cecum, p = .007, Cohen’s d = 1.287, 95% CI [-
2.247, -0.328] (Appendix D, Figure 5). Interactions for immobile duration showed that females
treated with female CUS cecum had marginally higher immobile durations compared to female
controls, p =.099, Cohen’s d = 0.772, 95% CI [-1.708, 0.165] (Appendix D, Figure 5).
Moreover, females treated with male CUS cecum had marginally lower durations than males
treated with male cecum, p = .052, Cohen’s d = 0.915, 95% CI [-0.027, 1.856] (Appendix D,

Figure 5). No other significant interactions were found, p > .05.
Experiment 2C: Same and Cross-Sex Cecal Transfer from Healthy to Healthy Mice
Compiled means and standard error of the means can all be found in Appendix B (Tables
8-12).
Sucrose Preference Test
For the raw sucrose preference scores on the SPT, an ANOVA revealed a significant
main effect of treatment, F (2,52) = 5.154, p = .009, n? = 0.156. Post-hoc planned analyses
revealed that mice that received male cecum transplantation had significantly higher sucrose
preference scores than those in the control group, p =.002, Cohen’s d = 1.009, 95% CI [-1.674, -

0.344] (Appendix E, Figure 1). No other significant main effects or interactions were found, p >

.05.

Chi-square analysis of the proportion of mice who had a high sucrose preference score

(=70%) compared to a low score (<70%) showed a significant main effect of treatment, X2 (2, N
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=58) = 12.534, p =.002, Cramer’s V = 0.462. A follow-up series of chi-square tests found that
the proportion of mice in the male cecum condition with a high sucrose preference score was
significantly greater (N = 17/20) than the proportion of those in the female cecum condition (N =
10/18), X2 (1, N =38) = 3.993, p = .046, OR = 4.533, 95% CI [0.972, 21.141] (Appendix E,
Figure 1). The same trend was found when comparing the male cecum and control conditions,
with a significantly higher proportion of mice in the male cecum condition having a high sucrose
preference score (N = 17/20) than in the control group (N = 6/20), X? (1, N =40) = 12.379, p <
.001, OR =13.222, 95% CI [2.790, 62.670] (Appendix E, Figure 1). No other significant main

effects or interactions were found, p > .05.
Splash Test

In the ST, analysis revealed significant main effects of both sex, F (1,51) =4.127,p =
.047, % = 0.060, and treatment, F (2,51) = 6.936, p = .002, n? = 0.201, on movement frequency,
but no significant interaction. Analysis on movement frequency revealed that overall females
demonstrated a significantly lower movement frequency than males, regardless of treatment type
(Appendix E, Figure 2). Further, post-hoc analysis of treatment on movement frequency showed
that mice in the control condition had significantly lower movement frequencies compared to
mice in either the female, p <.001, Cohen’s d = 1.221, 95% CI [-1.925, -0.517], or male cecum
conditions, p =.037, Cohen’s d = 0.685, 95% CI [-1.343, -0.027] (Appendix E, Figure 2). There

were no significant effects on movement duration, p > .05.

For general grooming, treatment condition was found to have a significant main effect on
grooming frequency, F (2,51) = 3.949, p = 0.025, n? = 0.132, but no significant main effect of
sex and no significant interaction. Follow-up planned analyses revealed that mice in the female

cecum condition had lower grooming frequencies than both controls and mice treated with male
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cecum, p=.032, Cohen’s d =0.725, 95% CI [0.048, 1.401] and p=.011, Cohen’s d = 0.857,
95% CI [0.182, 1.531], respectively (Appendix E, Figure 3). There were no significant effects on

general grooming duration, p > .05.

For back grooming, treatment condition was found to have a significant main effect on
grooming frequency, F (2,51) = 2.119, p = .131, n? = 0.075. Follow-up planned analyses
revealed that mice in the female cecum condition had significantly lower back grooming
frequencies than those in the control condition, p=.045, Cohen’s d = .676, 95% CI [0.002,
1.350] (Appendix E, Figure 3). There were no significant effects on general grooming duration, p

> .05.
Tail Suspension Test

In the TST, a marginal effect of sex was found on highly mobile duration, F (1,54) =
3.717, p = .059, n? = 0.063. Analysis revealed that females trended on having a longer duration
of being highly mobile than males (Appendix E, Figure 4). There were no significant main
effects or interactions found for high mobility frequency and duration, mobility frequency and

duration, or immobile frequency and duration, p > .05.
Forced Swim Test

For the FST marginal effects of treatment were found on both immobile frequency, F
(2,54) = 2.464, p = .095, n? = 0.080, and duration, F (2,54) = 2.701, p = .076, n? = 0.091.
Follow-up planned analyses of treatment on immobile frequency found that control mice did not
significantly differ from the cecum treatment groups. However, mice in the female cecum
condition had a significantly higher frequency of being immobile than those in the male cecum

condition, p = .034, Cohen’s d = 0.687, 95% CI [-1.334, -0.039] (Appendix E, Figure 5).
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Further, mice in the male cecum treatment group had a significantly longer duration of being
immobile than those in the control group, p =.032, Cohen’s d = 0.695, 95% CI [-1.343, -0.047]
(Appendix E, Figure 5). There were no significant main effects or interactions found for high
mobility frequency and duration, mobility frequency and duration, or immobile frequency and

duration, p > .05.

Discussion

Overview

Our goal was to investigate potential variables that may underlie the sex-linked disparity
found in the prevalence of affective disorders. Using an archival database in Experiment 1, we
investigated the correlation between the lifestyle variables (diet and exercise) on affective
disorder diagnosis and treatment, and how the effect of these variables may differ based on
individuals’ assigned sex. Next, to investigate one of the potential mechanisms linked to lifestyle
variables underlying the sex differences in affective disorders, we assessed the role of the gut
microbiome in two models of depression using cecal transfer in Experiments 2A-2C. Overall,
evidence from Experiment 1 supported the role of lifestyle factors as predictors for resiliency and
risk for affective disorders, along with symptom severity. In Experiments 2A through 2C, cecal
transfer from depression models was sufficient to induce a depressive-like phenotype in
otherwise healthy mice, though both donor and receiver sex greatly influenced these results, with
female cecum treatment to female recipients most consistently inducing a depressive-like
phenotype across experiments. Moreover, behavioural changes arising from cross-sex healthy
cecum transfer demonstrated that there could be baseline sex-differences in microbial

composition that may influence mood regulation in healthy animals.
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Assessment of Lifestyle Factors and Sex on Affective Disorders

For Experiment 1, we assessed whether lifestyle factors of exercise, diet, as well as
adherence to a Mediterranean-style diet, impacted prevalence and severity of unipolar depression
and anxiety in a cohort population obtained through the Atlantic PATH database. Similarly noted
through assessment of global statistics, our analysis of affective disorder status demonstrated a
sex-linked disparity in prevalence of unipolar depression and anxiety, as assessed through both
diagnostic rates and treatment status (GBD 2017 Disease and Injury Incidence and Prevalence
Collaborators, 2018). Our findings demonstrated that females were twice as likely to have ever
been diagnosed or be currently treated for minor or major depressive disorder, as well as anxiety,
compared to males. As these findings are consistent with what is found in the general global
population, this supports the generalizability of findings from our subset cohort from the Atlantic

PATH database.

For lifestyle factors, both diet and exercise influenced the likelihood of ever being
diagnosed with unipolar depression or anxiety, as well as prevalence of active treatment.
Specifically, higher quality diets and greater levels of physical activity were correlated with
lower incidence and severity of depression and anxiety. This further emphasizes such factors as
potential protective and/or risk factors for such disorders (Firth et al., 2019; Nabkasorn et al.,

2005; Stubbs et al., 2017; Yu et al., 2014).

Interestingly, the impact of a high quality diet on affective disorder status interacted with
sex for prevalence of current treatment for MDD, while exercise did not interact with sex on any
measure. Specifically, females with high quality diets had a lower likelihood of currently
undergoing treatment for MDD than males with high quality diets. However, this significance

was lost when looking at the effects of moderate quality diets in the overall model. This indicates

32



THE EFFECTS OF SEX, LIFESTYLE, AND GUT ON MOOD

that a higher quality diet may have a greater protective effect overall, specifally in females more
than males, supporting previous literature (for review, see Firth et al., 2019). Alternatively, this
could be due to differences in lifestyle trends between males and females. For example, in one
study using the UK Biobank Resource, it was found that although males tended to have a greater
energy intake, females were significantly more likely to exceed the recommended intake of fats,
both overall and saturated, as well as sugar (Bennett et al., 2018). Since high levels of fats and
sugar have often been found to increase rates of negative affect, and our measures did not
partition this out from the overall diet score, this could explain why females tend to experience
affective disorders at a higher rate than males (Jacques et al., 2019; Vermeulen et al., 2017).
Moreover, the majority of studies finding sex differences on the impact of exercise on affect
looked at specific types of exercise, whereas the measures obtained from the IPAQ for the

purpose of this study looked at general exercise level (Kim et al., 2020; McDowell et al., 2016).

An alternate possibility for this sex-linked disparity of a high quality diets effect on
affective disorder resiliency may be owed to the innate differences in the gut microbiome found
between the sexes and how this may impact absorption of nutrients. It is well established that
overall microbial content and diversity impacts how nutrients become metabolized and absorbed
(Carabotti et al., 2015; Vernocchi et al., 2020). Although the exact sex-related microbial
alterations that may impact mood are still under investigation, microbial changes related to sex
have been found (Chen et al., 2018; Dominianni et al., 2015; Kim, 2022). Thus, although higher
quality diets are found to predict a lower likelihood of suffering from either anxiety and/or
depression in both sexes, female nutrient absorption may impact this relationship between higher

quality diets and the GBA.
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Alternatively, sex hormones also contribute to affective disorders vulnerability and thus
may be of interest/may interact with lifestyle factors, leading to sex differences in depression and
anxiety. For instance, hormones, both endogenous and exogenous, are linked to mood disorder
prevalence and onset (Steiner et al., 2003). For example, age of first menarche was found to
negatively correlate with risk of developing depression later in life (Harlow et al., 2004).
Moreover, contraceptive use has been shown to alter brain structure and activity, with such

changes promoting an increase in affective disorder susceptibility (Sharma et al., 2020).

Limitations and Future Directions for Work in Human Populations

While large-scale studies of this nature are required to understand how sex and lifestyle
factors contribute to mood disorders, there are also limitations to the current study that can be
addressed in future research. For example, all findings are correlational in nature and, since
variables obtained through the database were not all intended to be used in the way we
implemented them, there could be issues with both reliability and validity of measures — this is
most notable for the Medscore (i.e., see modifications/substitutions to scale items described in
methods). This could explain the inconsistency of our findings with how a Mediterranean-style
diet may impact mood, as was seen in previous studies (Parletta et al., 2017; Salari-Moghaddam
etal., 2019). Along with this, scores on the IPAQ were not categorized into exercise type; they
were based solely on overall scores of MET-minutes per week. As it has been found that type of
exercise can influence the outcome of exercise-based interventions in relation to mood and sex,
such a specificity may provide more robust evidence on how exercise impacts resiliency to and
severity of affective disorders (Kim et al., 2020; McDowell et al., 2016). Moreover, the variables
used in the Atlantic PATH questionnaire only assessed variables of current lifestyle status of diet

and exercise. Thus, it is likely that the lifestyle variables used would innately act as better
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predictors for incidence of current treatment rather than previous treatment status. Future work
assessing sex and affective disorder status should assess the impact of lifestyle factors (i.e., with
attention to type of exercise and detailed accounts of diet), sex and affective disorders in a

longitudinal design as well as in an experimental setting to address these limitations.

Future research should also consider the mechanism underlying the lifestyle and sex
effects on affective disorders. The gut microbiome is one mechanism that we are beginning to
assess in animal models, but human work will be needed. Furthermore, as mentioned prior,
alternative factors, such as hormones, should also be assessed. As variables pertaining to these
factors are available through the database, such factors should be analyzed to further characterize
the relationship between endogenous and exogenous factors and mood disorder susceptibility

and prevalence.

Assessing the Role of the Gut Microbiome in Rodent Models of Depression

For experiments 2A through 2C, | assessed the impact of cecal transfer on manifestation
of a behavioural phenotype of depressive-like symptoms using two mouse strains and models of
the disease. As previous work with fecal/cecal transfer from patients or rodent models had either
not considered sex as a variable or neglected to use females, we first wanted to assess if this
phenomenon could be replicated in both sexes, as well as to assess whether the sex of cecal
donor or cecal receiver would influence how these behavioural changes manifested. Further,
cross-sex cecal transfer from healthy mice was used to assess whether there were baseline sex
differences in the gut microbiota that may impact the manifestation of a depressive-like
phenotype/influence sex differences on our battery of tests. Through the current study, 1 found
further support for previous research that gut microbial transfer from rodent models of

depression to healthy animals increased a depressive-like phenotype in mice. However, it was
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also found that sex of the donor and recipient matter. While there are nuances to these findings,
discussed in detail below, findings suggest that female mice show a greater depressive-like
phenotype at baseline and gut microbial contents from female OBX or CUS donors to female
recipients results in the largest increase in depressive-like behaviours. This suggests that females
possess a microbial profile which is more conducive to prompting a low affect, as well as such a
gut more amenable to microbial colonization that leads to lower affect than what is found in

males.

Experiment 2A: Cecal Transfer from OBX-Mice to Healthy Mice

For sex effects in Experiment 2A, females showed greater depressive-like behaviours on
measures of anhedonia, regardless of treatment condition, whereas males show a greater
depressive-like phenotype on escape behaviours. Specifically, females showed a decreased
sucrose preference, while males showed decreased levels of mobility on the tail suspension and
forced swim tests. As prevalence of affective disorder status can vary by sex, the way such
disorders manifest behaviourally can vary by sex as well. For example, prior work has shown
that with chronic unpredictable mild stress in mice, females undergoing the stress had a
pronounced decrease in sucrose preference compared to males that underwent the same paradigm
(Liu et al., 2019). This stress-induced alteration in sucrose preference may be partly mediated by
changes in ovarian hormones. In one study analyzing the effects of trauma in mice who
underwent gonadectomy, only the females with intact gonads experienced a decrease in sucrose
preference in response to stress, but not males (Pooley et al., 2018). Moreover, measures of
helplessness (which we measured with tail suspension and forced swim) are not as robust as a
measure of stress for females as they are for males, with these measures having been developed

for use with male rodents (Dalla et al., 2007; Fernandes et al., 1999). Thus, this emphasizes the
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importance of considering both sex as well as the specific behavioural manifestation being

measured when analyzing depression models.

Gut microbiome transplantation from the OBX model of depression to healthy animals
had an effect on depressive-like behaviours of recipients, but in many cases these effects were
sex dependent. Specifically, on the splash test, OBX cecum, regardless of donor sex, induced a
depressive-like phenotype (i.e., decreased grooming on splash test) in males, but not females.
Conversely, for escape behaviours, as measured through mobility (i.e., tail suspension), female
OBX cecum, not male OBX cecum, induced a depressive-like phenotype in female mice, but not
male mice. Thus, transfer of OBX cecum was sufficient to induce depressive-like behaviours on
certain measures but was dependent on donor and receiver sex as well as on the behavioural test.
These findings highlight the need to include both sexes when examining the role of the gut
microbiome in depression and the need for extensive batteries of tests to assess behaviour. Note
that if we only included males in our study the results would support prior research that gut
microbial transfer from a rodent model of depression induces a depressive-like phenotype in
healthy mice (Kelly et al., 2016; Li et al., 2019; Luo et al., 2018; Pu et al., 2021; Zheng et al.,
2016); however, with the inclusion of females, we can see that this is only true for male mice on
grooming/self-care measures, while gut transplantation from female but not male OBX mice

induced a depressive-like phenotype in female mice on escape behaviours.

While these results are of interest and begin to disentangle the effect of sex and the gut in
a rodent model of depression, there are complexities to consider for future research. For
example, it is not simply the sex of the donor but also of the recipient that matters. This suggests
potential interactions of pre-existing microbes within the gut of each sex and how they interact

with the microbes introduced via oral gavage (Carabotti et al., 2015; Lin et al., 2017; Zheng et
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al., 2016). The gut is highly susceptible to factors such as diet changes, medicinal usage, as well
as alterations in other lifestyle factors (Dabke et al., 2019; Dominianni et al., 2015; Konturek et
al., 2011, Yatsunenko et al., 2012). However, in our controlled setting, the sexes did not differ on
these variables. Thus, it is likely that other endogenous factors, such as hormones, contribute to
the way that the recipient reacts to donor gut microbes. For example, there may be sex
differences in the enteric nervous system that influence the way the gut responds to
microbes/communicates with the brain (Carabotti et al., 2015; Li et al., 2022). Thus, future
research will need to consider both sex differences in the gut microbiome contents as well as in

the responsivity of the gut-brain axis to gut microbes.

Experiment 2B: Cecal Transfer from CUS-Mice to Healthy Mice

Of particular interest in the CUS cecum transplantation experiment, female CUS cecum
treatment to healthy females increased depressive-like behaviours on the forced swim and
sucrose preference tests. Specifically for escape behaviours, females treated with female CUS
cecum, but not male CUS cecum, displayed decreases in mobility (i.e., frequency and duration),
with a corresponding increase in immobility duration. While immobility frequency showed a
decrease compared to controls, this is likely an artifact of switching behaviours less often/staying
in an immobile state longer (i.e. leading to less immobile events, but longer duration in
immobility and less duration/frequency in mobility). There are also indications on the sucrose
preference test that female CUS cecum treatment decreased anhedonia in female mice — they
showed lower sucrose preference compared to males treated with female CUS cecum. Together,
these findings suggest that female CUS cecum is sufficient to induce a depression-like phenotype

in female mice.
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Conversely, neither female CUS cecum nor male CUS cecum were sufficient to induce
depressive-like behaviours in male mice. Thus, since female cecum appeared to act differently in
female and male mice, this could indicate an increased vulnerability of the female gut to
microbial changes/influences on the brain and/or there could be sex differences in the gut, such
that the depression-inducing microbes only thrive in the female but not male gut. Given that diet
is controlled, it is likely that these sex differences are due to sex hormones. For example, it has
been found that sex-linked differences in microbial composition appear to emerge upon pubertal
onset, suggesting a role for hormones, such as testosterone, in microbial development and
variation (Markle et al., 2013; Yatsunenko et al., 2012; Yurkovetskiy et al., 2013). Future work
will be required to understand the underlying mechanisms leading to these sex differences, but
nevertheless, similar to Experiment 2A, our results support sex differences in microbial
composition and/or colonization which may impact communication within the GBA, and

vulnerability to MDD.

Finally, on the splash test, treatment with male or female CUS cecum increased grooming
frequency in male mice compared to male controls, which on its own would suggest a decrease
in depressive-like behaviours, counter to our hypothesis and previous research. However,
grooming duration did not differ between treatment groups — thus, it is more likely that CUS-
cecum treated males are switching behaviors more, rather than showing more grooming/self-care
than controls. This increased switching between behaviours could indicate hyperactivity, a
behavioural artifact of anxiety and depression models in mice (Strekalova et al., 2005). With this
in mind, behavioural frequencies should be assessed in context with corresponding durations in

order to accurately extrapolate meaning from such behaviours.

Experiment 2C: Same and Cross-Sex Cecal Transfer from Healthy to Healthy Mice
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This experiment was done to understand the sex effects of healthy gut microbes on
depressive-like behaviours, as the other experiments with models of depression suggested that
females may be showing a baseline greater depressive-like phenotype when
healthy/unmanipulated. This was supported in part: For self-care/motivational behaviours,
female cecum treated mice showed a greater depressive-like phenotype on measures of general
grooming and back grooming frequency compared to control mice and mice treated with male
cecum. However, on other measures this was not the case; for example, on the SPT, both control
mice and mice treated with female cecum presented more depressive-like behaviours on
anhedonic measures compared to mice treated with male cecum, suggesting that male cecum
may have a protective factor rather than female cecum increasing depressive-like behaviours on
this test. On other tests, the reverse was found - for the FST, male cecum treated mice showed a
greater depressive phenotype on measures of immobility duration compared to female cecum
mice. These results suggest that the effects of the gut microbiome on depressive-like behaviors
are 1) not entirely due to depression itself; cecal transfer from healthy animals can change
depression-like behaviours, and thus it may be that the gut microbes are affective mood
regulation more broadly, rather than depression specifically, and 2) there are distinctions in the
role of the gut microbiome/sex on self-care vs escape behaviours. This demonstrates support that
there could be sex differences within the gut microbiome in healthy/unmanipulated mice that
may predispose them to be susceptible to depressive-like behaviours (Dalla et al., 2007, 2010;

Org et al., 2016).

Overview of Findings

Through experiments 2A through 2C, we have shown that cecal transfer from a model of

depression, either OBX or CUS, was sufficient to induce a depressive-like phenotype in healthy
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mice on various behavioural measures. This is consistent with previous findings using fecal and
cecal transfer (Kelly et al., 2016; Li et al., 2019., 2018; Pu et al., 2021). However, our findings
established that whether a depressive-like phenotype is induced is dependent upon the sex of
donor and recipient, and often these changes are not seen across anhedonia, self-care and
escape/learn helplessness behaviours. In Experiment 2A, both male and female OBX cecum was
found to induce a depressive-like phenotype in male mice on self-care measures, while only
female OBX cecum was sufficient in increasing depressive-like behaviours in female mice on
measures of escape behaviours. For anhedonic measures, overall effects of sex were found, such
that regardless of treatment type females showed a greater depressive-like phenotype than males.
In Experiment 2B, we replicated the findings that females exhibited greater anhedonic
behaviours than males, and female CUS-cecum induced depressive-like phenotype in females
but not males. However, in contrast to OBX-cecum, female or male CUS-cecum did not change

depressive-like behaviours among males.

Experiment 2C provided evidence that there could be baseline sex-differences within the
gut microbiome of healthy animals which may influence behaviour on our battery of tests. On
measures of self-care, transference of female cecum was sufficient for inducing depressive-like
behaviours, while male cecum induced such a behavioural phenotype on measures of
escape/learned helplessness. Furthermore, mice treated with female cecum, as well as controls,
had increased anhedonia compared to male cecum treated mice. This shows that sex differences
in the gut of healthy animals can change behaviour, and overall female cecal contents tend to
increase depressive-like behaviours on anhedonia and self-care measures, while male cecal

contents increase escape behaviours.
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When taking the findings from these three experiments altogether, there are a few key
consistencies. First, transfer of female donor cecum, either OBX, CUS or healthy, was sufficient
for inducing depressive-like behavioural changes in recipients. Moreover, it was found that such
transference was most successful and consistent in inducing such behavioural alterations when
the recipients were also female. These two findings together suggest that 1) the female gut is
more vulnerable to depression inducing-microbes, and 2) healthy females may possess a sex-
characteristic microbial profile that could lead to instability in mood regulation, with such sex
effects being amplified when depression is induced. Furthermore, although male cecum was
sufficient for inducing behavioural changes in some instances, this was not consistent across
depression models, and healthy male cecum had paradoxical effects on anhedonia and escape

behaviours.

Limitations

Along with sex often being neglected in analysis of behaviour, behavioural measures of
depression in rodents have also been developed primarily in respect to males, neglecting to
determine whether such tests are valid for measuring depression in females (Fernandes et al.,
1999). This could explain why males tended to exhibit decreases in mobility levels in the TST
and FST, where females tended to show higher rates of escape behaviours at baseline/in a
healthy state and thus may be less likely to show a dramatic change in these measures. For
example, females exhibit escape behaviours in response to stressors, while males tend to show
immobility (Beatty & Beatty, 1970; Colom-Lapetina et al., 2019). Thus, the definition of a stress
response on the FST and TST may differ between males and females. However, the sex
differences seen at baseline/in healthy animals may also be influenced by the gut microbiota —

cross-sex treatment of cecal contents does seem to affect behaviours that present sex differences
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in healthy mice. It is also possible that the sex differences at baseline/in healthy mice contribute
to sex differences in vulnerability to depression and/or anxiety — thus, future work may consider
these limitations in behavioural tests to develop more sex-specific behavioural batteries, as well
as assess whether these baseline sex differences in behaviour contribute to the sex disparity in

risk of affective conditions.

Further care in future work should be taken to ensure behavioural tests are measuring
depression-typical behaviours rather than anxiety-typical behaviours. Although there is a high
level of comorbidity between anxiety and depression, as well as a substantial overlap of
symptoms, it may be best to use measures that more robustly measures anxiety, such as the
elevated-plus maze, in addition to the typical battery for depressive-like behaviours. This would
help in differentiating between depressive- and anxiety-like behaviour phenotypes (Belzer &

Schneier, 2004; Kraeuter et al., 2019).

Furthermore, although the donor mice were assessed for a depressive-like phenotype
through behavioural measures (data not shown; data collected in another lab), there remains a
level of uncertainty as to whether the particular depressive paradigm was sufficient to induce
changes in microbial products within the gut. Although there can appear to be alterations in
behaviour due to such manipulations, individual differences can also alter such measures (Stock
et al., 2000; Strekalova & Steinbusch, 2010). Thus, a more concrete measure, such as cecal
analysis pre- and post-implementation of such paradigms, should be used to confirm intervention

effectiveness.

Finally, it may be of interest in future work to increase our sample size to allow for

smaller effect sizes to be seen. We currently report on 20 mice per treatment (10 males; 10
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females), which only allows for large effects to be seen. An increase in group size may allow for

more robust findings, decreasing the influence of individual differences on particular measures.

Future Directions

We have collected the blood, brains, and cecal matter of the mice from Experiments 2A-
2C, and thus in future work, we plan to further characterize the physiological changes that
occurred with cecal transplantation. To assess hormonal changes, an enzyme-linked
immunosorbent assay (ELISA) will be run to quantify potential changes in the prominent sex
hormone testosterone and stress-hormone corticosterone. As levels of testosterone reliably vary
by sex, it would be worthwhile to analyze how/if levels of testosterone correlate with
behavioural changes, as well as whether these levels become altered in mice receiving cecum
from the opposite sex compared to a same-sex donor. Moreover, it has been found that certain
microbes contain enzymatic components that can degrade circulating testosterone, resulting in an
increase of depressive-like symptoms in both rodents and humans alike (Li et al., 2022). Further,
assessment of corticosterone levels as a measure of HPA-axis activation would provide a greater

level of certainty for the impact of cecal transfer on stress induction through the gut.

Prior work using pre- and probiotics to induce microbial changes found that levels of
both gamma-aminobutyric acid (GABA) and brain-derived neurotrophic factor (BDNF) were
found to vary based on administration of particular microbes (Bercik et al., 2011; Bravo et al.,
2011). In such studies, changes in levels of GABA and BDNF in regions such as the amygdala
and/or hippocampus were found to have corresponding changes in behaviour, notably the stress
response (Bercik et al., 2011; Bravo et al., 2011; Zhou et al., 2022). Thus, assessment of these
factors within mice exhibiting an increased depressive-like phenotype could provide further

consolidation of how cecal transfer may induce behavioural alterations via the gut.
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Finally, cecal analysis would provide a robust measure of microbial changes and further
elucidate which particular alterations in the gut microbiome may promote changes in behaviour.
Although various studies have evaluated such changes in both humans and rodents, there lacks
consensus as to whether changes in specific microbes or overall diversity drive these behavioural
alterations (Carabotti et al., 2015; Chen et al., 2018; Lin et al., 2017; Zheng et al., 2016). One
microbe family of interest that has been found to consistently promote changes in depressive
behaviours is Lactobacillus (Aizawa et al., 2016; Bravo et al., 2011; Zhou et al., 2022) A recent
study using a Dcf1 knockout mouse found that administration of either Lactobacillus murine or
Lactobacillus reuteri rescued wildtype behaviours altered by the Dcfl knockout (Zhou et al.,
2022). In this study, mice with the genetic knockout exhibited a disruption in GABA
concentration, as well lower levels of Firmicutes and Lactobacillus within the gut (Zhou et al.,
2022). Along with restoring wildtype behaviours, treatment with Lactobacilli was also found to
return circulating GABA and GABA-receptor expression to a typical range (Zhou et al., 2022).
With this in mind, further work using administration of specific microbes, such as Lactobacilli,

to assess gut microbial mechanisms in depression vulnerability between the sexes.

Conclusions

Aligning with previous literature, sex was found to be a major predictor in the prevalence
of diagnosis and active treatment for minor and major depression and anxiety in a large human
sample. Diet and exercise accounted for significantly more variance in disorder prevalence than
just sex alone. Diet interacted with sex in predicting whether individuals were currently
undergoing treatment for MDD, with higher quality decreasing current MDD treatment in
females compared to males. These findings altogether emphasize the importance of considering

lifestyle factors and sex when assessing affective disorder risk, as well as when considering
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individualized treatment options for those both responsive and irresponsive to current therapeutic

methods.

Furthermore, Experiments 2A-2C provided a basis for the consideration of sex and its
relationship to depression and the GBA using various mouse models. Overall in experiments 2A
through 2C, it was found that cecal transplantation was sufficient to induce alterations in various
behavioural measures of a depressive-like phenotype across mouse strains and depression
paradigms. Such changes were found to be mediated by both donor and receiver sex, as well as
the behaviour being measured. In general, female mice showed the greatest degree of
behavioural change across the three experiments. Along with this, female cecum, regardless of
donor status (i.e., OBX, CUS, healthy), was most proficient in inducing a depressive-like
phenotype. This suggests that female mice may have a distinct microbial profile that is
conducive to inducing depressive-like behaviours through the GBA, as well as the female gut
may be more vulnerable to the depressive-inducing effects of these microbes. It was also found
that sex differences in the gut contents of healthy mice contribute to sex differences on the
battery of depression tests. Future work will consider measures of biological correlates to such
behavioural changes, such as hormonal and microbial profiles, to further elucidate the sex-based

mechanisms underlying depression risk.
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Appendix A

Table 1

Total subjects, N, per group based on reporting of lifestyle factors and affective disorder status.

Total N

Diet MedScore Exercise
Major Depression (diagnosis) 5519 3833 3655
Minor Depression (diagnosis) 5870 4100 3917
Anxiety (diagnosis) 5765 4000 3789
Major Depression (current

6435 4472 4256
Treatment)
Minor Depression (current

6493 4525 4301
treatment)
Anxiety (current treatment) 6467 4494 4277
PHQ-9 score (depressive

) 9914 7075 5731

symptom severity)
GAD-7 score (anxiety

9632 6819 5862

symptom severity)
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Table 2
Logistic regression predicting incidence of Major Depressive Disorder diagnosis across the
lifetime from lifestyle factors and sex.

95% Confidence
Predictor n Odds Ratio/y? Interval p
Lower Upper
MedScore 0.590 744
Score
Low? 1661
Moderate 1630 0.889 0.659 1.200 443
High 542 0.935 0.615 1.421 754
Sex
Female - Male? 2.239 1.576 3.180 <.001
HEI 12.526 .002
Score
Low-Moderate 898
Quality?
Moderate-High 3360 0.654 0.488 0.877 .005
Quality
High Quality 1261 0.520 0.360 0.751 <.001
Sex
Female - Male? 2.082 1.558 2.783 <.001
IPAQ 21.070 <.001
Score
Low? 292
Moderate 1221 0.778 0.492 1.232 .284
High 2142 0.428 0.271 0.678 <.001
Sex
Female - Male? 2.275 1.845 4.023 <.001

Note: Lifestyle factors are Mediterranean diet (MedScore), Healthy Eating Index (HEI), and
International Physical Activity Questionnaire (IPAQ). The y? reported for each lifestyle factor
tests the overall effect of that factor in predicting the criterion after controlling for Sex. Subject
data was obtained from the Atlantic PATH database.

2 Indicates reference group
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Table 3
Logistic regression predicting incidence of Minor Depressive Disorder diagnosis across the
lifetime from lifestyle factors and sex.

95% Confidence
Predictor n Odds Ratio/y? Interval p
Lower Upper
MedScore 1.068 .586
Score
Low? 1758
Moderate 1761 1.115 0.906 1.372 .303
High 581 1.048 0.782 1.405 753
Sex
Female - Male? 2.048 1.620 2589 <.001
HEI 0.631 .730
Score
Low-Moderate 925
Quiality?
Moderate-High 3590 1.066 0.840 1.353 .600
Quality
High Quality 1355 0.993 0.754 1.307 961
Sex
Female - Male? 2.066 1.685 2534 <001
IPAQ 7.245 .027
Score
Low? 299
Moderate 1317 1.211 0.818 1.792 339
High 2301 0.913 0.622 1.339 .640
Sex
Female - Male? 2.353 1.830 3.025 <001

Note: Lifestyle factors are Mediterranean diet (MedScore), Healthy Eating Index (HEI), and
International Physical Activity Questionnaire (IPAQ). The 2 reported for each lifestyle factor
tests the overall effect of that factor in predicting the criterion after controlling for Sex. Subject
data was obtained from the Atlantic PATH database.

2 Indicates reference group
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Table 4
Logistic regression predicting incidence of Anxiety Disorder diagnosis across the lifetime from
lifestyle factors and sex.

95% Confidence
Predictor n Odds Ratio/y? Interval p
Lower Upper
MedScore 3.660 161
Score
Low? 1744
Moderate 1693 0.825 0.656 1.038 .100
High 563 0.836 0.603 1.159 .283
Sex
Female - Male? 2.573 1.949 3.396 <.001
HEI 8.010 .018
Score
Low-Moderate 922
Quality?
Moderate-High 3532 0.941 0.737 1.202 .628
Quality
High Quality 1311 0.722 0.537 0.971 .031
Sex
Female - Male? 2.059 1.653 2.566 .001
IPAQ 11.495 .003
Score
Low? 309
Moderate 1244 0.580 0.398 0.844 .004
High 2236 0.524 0.367 0.747 <.001
Sex
Female - Male? 2.223 1.672 2.956 <.001

Note: Lifestyle factors are Mediterranean diet (MedScore), Healthy Eating Index (HEI), and
International Physical Activity Questionnaire (IPAQ). The y? reported for each lifestyle factor
tests the overall effect of that factor in predicting the criterion after controlling for Sex. Subject
data was obtained from the Atlantic PATH database.

2 Indicates reference group
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Table 5
Logistic regression predicting prevalence of current treatment for Major Depressive Disorder
across the lifetime from lifestyle factors and sex.

95% Confidence
Variable n Odds Ratio/y? Interval p
Lower Upper
MedScore 1.788 409
Score
Low? 1924
Moderate 1912 0.785 0.541 1.140 .204
High 636 0.804 0.472 1.368 421
Sex
Female - Male? 2.257 1.433 3.554 <.001
HEI 14.139 <.001
Score
Low-Moderate Quality? 1038
Moderate-High 3939 0.717 0.305 1.688 447
Quality*
High Quality? 1458 1.129 0.419 3.038 .810
Sex
Female - Male? 3.469 1.604 7.501 .002
Sex*HEI 4.253 119
Sex*HEI! 0.718 0.281 1.836 489
Sex*HEI? 0.310 0.102 0.946 .040
IPAQ 20.128 <.001
Score
Low? 354
Moderate 1430 0.668 0.390 1.143 141
High 2472 0.329 0.190 0.569 <.001
Sex
Female - Male? 2.639 1.571 4.432 <.001

Note: Lifestyle factors are Mediterranean diet (MedScore), Healthy Eating Index (HEI), and
International Physical Activity Questionnaire (IPAQ). The y? reported for each lifestyle factor
tests the overall effect of that factor in predicting the criterion after controlling for Sex. Subject
data was obtained from the Atlantic PATH database.

2 Indicates reference group
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Table 6
Logistic regression predicting prevalence of current treatment for Minor Depressive Disorder
across the lifetime from lifestyle factors and sex

95% Confidence
Variable n Odds Ratio/y? Interval p
Lower Upper
MedScore 0.780 677
Score
Low? 1953
Moderate 1933 1.124 0.863 1.463 .387
High 639 1.030 0.706 1.502 .879
Sex
Female - Male? 2.104 1.538 2.879 <.001
HEI 0.349 .840
Score
Low-Moderate Quality? 1041
Moderate-High Quality 3985 1.017 0.744 1.390 915
High Quality 1467 1.092 0.766 1.558 .626
Sex
Female - Male? 1.994 1.514 2.627 <.001
IPAQ 8.117 017
Score
Low? 356
Moderate 1451 1.099 0.675 1.791 .703
High 2494 0.735 0.454 1.191 211
Sex
Female - Male? 2.455 1.702 3.541 <.001

Note: Lifestyle factors are Mediterranean diet (MedScore), Healthy Eating Index (HEI), and
International Physical Activity Questionnaire (IPAQ). The 2 reported for each lifestyle factor
tests the overall effect of that factor in predicting the criterion after controlling for Sex. Subject
data was obtained from the Atlantic PATH database.

2 Indicates reference group
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Table 7
Logistic regression predicting prevalence of current treatment for Anxiety Disorder across the
lifetime from lifestyle factors and sex

95% Confidence
Predictor n Odds Ratio/y? Interval p
Lower  Upper

MedScore 3.020 221
Score

Low? 1934

Moderate 1924 0.781 0.593 1.028 .078

High 636 0.774 0.520 1.151 .205
Sex

Female - Male? 2.619 1.850 3.709 <.001
HEI 6.440 .040
Score

Low-Moderate 1041

Quiality?

Moderate- 3965 0.850 0.640 1.130 .264

High Quality

High Quality = 1461 0.616 0.432 0.879 .007
Sex

Female - Male? 2.319 1.750 3.074 <.001
IPAQ 10.218 .006
Score

Low? 355

Moderate 1434 0.586 0.380 0.905 .016

High 2488 0.490 0.323 0.743 <.001
Sex

Female - Male? 2.245 1.693 3.531 <.001

Note: Lifestyle factors are Mediterranean diet (MedScore), Healthy Eating Index (HEI), and
International Physical Activity Questionnaire (IPAQ). The 2 reported for each lifestyle factor
tests the overall effect of that factor in predicting the criterion after controlling for Sex. Subject
data was obtained from the Atlantic PATH database.

2 Indicates reference group
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Table 8

Linear models of Mediterranean diet (MedScore), Healthy Eating Index (HEI), and International
Physical Activity Questionnaire (IPAQ) on PHQ-9 scores as a measure of depression severity.
Subject data was obtained from the Atlantic PATH database.

95%
Predictor n Estimate Standard Confidence df t p
Error Interval
Lower Upper
MedScore 7075
Sex
Female— 0.352 0.027 0.298 0.406 12.860 <.001
7071
Male?
MedScore?
Moderate— -0.106 0.027  -0.159 -0.052 -2.996 <.001
Low?
MedScore® 0184 0039 -0.261 -0.106 3941 <.001
High — Low?
Healthy Eating
Index (HEI) 914
Sex
Female— 0.308 0.023 0.263 0.353 9910 13.333 <.001
Male?
HEI*
Moderate— -0.199 0.029  -0.257 -0.142 -6.784  <.001
Low?
HEI?
. -0.391 0.034  -0.459 -0.324 -11.362 <.001
High — Low?
IPAQ 5731
Sex
Female— 0.265 0.031 0.205 0.326 5727 8.634 <.001
Male?
IPAQ!
Moderate— -0.127 0.054  -0.233 -0.021 -2.347 .019
Low?
IPAQ?
High — Low? -0.280 0.052 -0.381 -0.178 -5.408 <.001

2 Indicates reference group
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Table 9

Comparison of regression models using either sex or both sex and Mediterranean-style diet
scores (MedScore), sex and scores on a Healthy Eating Index (HEI), or sex and scores on the
and International Physical Activity Questionnaire (IPAQ) as predictors for depressive symptom
severity. Subject data was obtained from the Atlantic PATH database

Predictors
Model 1 Model 2 AR? F dfs, df p
Sex Sex + MedScore 0.004 13.777 2, 7071 <.001
Sex Sex + HEI 0.013 65.176 2,9910 <.001
Sex Sex + IPAQ 0.008 22.270 2,5727 <.001
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Table 10

Linear models of Mediterranean diet (MedScore), Healthy Eating Index (HEI), and International
Physical Activity Questionnaire (IPAQ) on GAD-7 scores as a measure of anxiety severity.
Subject data was obtained from the Atlantic PATH database.

95%
Predictor n Estimate Standard Confidence df t p
Error Interval
Lower Upper

MedScore 6819

Sex
Female — 0.465 0.075 0.317 0.613 6815 6.173 <.001
Male?

MedScore!
Moderate — -0.146 0.076  -0.294 -0.002 -1.933  .053
Low?

MedScore? 0199 0109 -0.413 0015 -1.819 069
High — Low?

Healthy Eating

Index (HEI) 9632

Sex
Female — 0.446 0.064 0.321 0570 9628 7.006 <.001
Male?

HEI!
Moderate — -0.524 0.081 -0.682 -0.365 -6.474 <.001
Low?

HEI2
. -0.706 0.095 -0.892 -0.520 -7.448 <.001
High — Low?

IPAQ 5862

Sex
Female — 0.427 0.089 0.252 0.602 5858 4.790 <.001
Male?

IPAQ!
Moderate — -0.234 0.155  -0.538 0.069 -1512 131
Low?

IPAQ? 0371 0148  -0.660 -0.082 2513 012
High — Low?
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Table 11

Comparison of regression models using either sex or both sex and Mediterranean-style diet
scores (MedScore), sex and scores on a Healthy Eating Index (HEI), or sex and scores on the
and International Physical Activity Questionnaire (IPAQ) as predictors of anxiety symptom
severity. Subject data was obtained from the Atlantic PATH database.

Predictors
Model 1 Model 2 AR? F dfs, df Y
Sex Sex + MedScore 7.652e* 2.624 2, 6815 .073
Sex Sex + HEI 0.006 29.723 2, 9628 <.001
Sex Sex + IPAQ 0.001 3.671 2, 5858 .026
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Appendix B

Table 1

Means and standard errors of the mean values for the sucrose preference
test for experiment 2A. Values are split both by sex and treatment group.

Sucrose Preference Score (%)

Mean Standard Error
Control 80.4 1.7
Male Male 83.5 1.4
Female 79.1 4.1
Control 75.1 1.1
Female Male 74.3 5.1
Female 79.4 1.7
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Table 2

Means (and standard errors) of the mean values for the splash test for experiment 2A. Values are

split by sex, treatment group, behaviour type, and behavioural measure.

Treatment
Sex Behaviour Control Male Female
General Frequency 79(1.1) 5.3(0.4) 5.4 (0.8)
Grooming 5 ation 248(32)  189(20) 180 (4.2)
e Back_ Frequency 8.4 (1.0) 6.1 (0.6) 5.5(0.8)
Grooming 5 ation 423 (45)  30.9 (3.4) 37.1(5.1)
Frequency 7.8 (0.7) 9.8 (0.6) 8.1 (0.6)
Movement
Duration 148.8 (9.0) 156.4 (14.4)  165.6 (13.4)
General Frequency 9.5(1.1) 9.3(1.0) 8.2 (1.5)
Grooming  pation 221(28)  346(81)  21.2(28)
Back Frequency 5.4 (0.7) 5.6 (0.9) 6.1 (0.9)
Female Groomin
g Duration 30.0 (4.0) 33.5(2.6) 30.6 (2.6)
Frequency 9.4 (0.6) 8.9 (0.9) 9.5(0.8)
Movement
Duration 219.3(8.1) 199.3 (12.5) 214.7 (6.3)
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Table 3

Means (and standard errors) of the mean values for the tail suspension test for experiment 2A.

Values are split by sex, treatment group, behaviour type, and behavioural measure.

Treatment
Sex Behaviour Control Male Female
Frequency 400.7 (37.2) 396.5(39.4) 335.9(34.6)
Highly Mobile
Duration 82.0 (11.9) 80.0 (11.1) 53.4 (7.0)
Frequency 567.3(33.1) 560.8(33.2) 607.0(39.5)
Male Mobile
Duration 60.3 (3.9) 59.0 (3.1) 68.4 (4.8)
Frequency 412.7 (31.8) 413.3(19.1) 486.9 (24.2)
Immobile
Duration  155.9 (13.9) 150.5(14.1) 177.3(10.2)
Frequency 397.7 (38.9) 392.2(43.2) 402.8(53.2)
Highly Mobile
Duration 84.2 (10.7) 86.8 (12.2) 92.1(12.8)
Frequency 600.6 (59.7) 546.4 (38.1) 524.8 (63.5)
Female Mobile
Duration 66.2 (7.3) 56.8 (3.8) 54.7 (7.5)
Frequency 439.0 (44.0) 415.6 (24.0) 380.6 (47.3)
Immobile
Duration  137.9 (16.6) 134.2 (15.7) 129.8 (15.1)
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Table 4

Means (and standard errors) of the mean values for the forced swim test for experiment 2A. Values
are split by sex, treatment group, behaviour type, and behavioural measure.

Treatment
Sex Behaviour Control Male Female
Frequency  36.7 (12.9) 38.7 (13.6) 47.4 (13.3)
Highly Mobile
Duration 3.9(1.4) 4.1 (1.7) 5.3(1.7)
Frequency 275.7 (46.3) 281.0(33.4) 320.3(29.8)
Male Mobile
Duration 54.4 (12.4) 57.4 (7.8) 61.5 (6.5)
Frequency 246.1(37.9) 2443(23.1) 275.4(28.9)
Immobile
Duration  240.6 (13.4) 238.4 (9.1) 233.2 (7.6)
Frequency  75.3 (15.3) 53.6 (13.8) 59.9 (10.2)
Highly Mobile
Duration 9.2(2.1) 6.1(1.7) 6.8 (1.3)
Frequency 392.8 (40.7) 305.5(42.3) 355.6(32.3)
Female Mobile
Duration 73.7 (6.9) 66.5 (10.4) 67.9 (7.6)
Frequency 324.0(32.0) 254.1(32.0) 299.8 (25.6)
Immobile
Duration 217.0 (8.6) 223.3 (10.8) 211.1 (6.6)
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Table 5

Means and standard errors of the mean values for the sucrose preference
test for experiment 2B. Values are split both by sex and treatment group.

Sucrose Preference Score (%)

Mean Standard Error
Control 68.4 5.7
Male Male 77.4 3.1
Female 66.0 6.7
Control 55.6 5.3
Female Male 77.0 3.3
Female 70.2 4.6
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Table 6

Means (and standard errors) of the mean values for the splash test for experiment 2B. Values are

split by sex, treatment group, behaviour type, and behavioural measure.

Treatment
Sex Behaviour Control Male Female
General Frequency 13.4 (1.2) 14.9 (1.0) 10.8 (1.2)
Grooming  pation 336(3.9) 327 (2.4) 25.6 (3.2)
e Back Frequency 10.0 (1.1) 7.4 (0.9) 6.0 (1.2)
Grooming — pation  28.0(38)  224(20) 252 (3.8)
Frequency 23.4 (2.9) 28.3(1.2) 32.0(3.4)
Movement
Duration 119.1 (9.4) 137.5(9.2) 140.4 (14.6)
General Frequency 13.8 (1.1) 13.3(1.4) 11.2 (1.0)
Grooming 5 ation 33.0(21)  359(7.3) 295 (5.8)
Back Frequency 7.8 (1.5) 7.8 (1.3) 6.3 (1.0)
Female Groomin
g Duration 30.0 (4.7) 29.1 (4.2) 31.6 (4.8)
Frequency 19.5(1.4) 24.4 (1.5) 28.3 (3.0)
Movement
Duration ~ 117.8(13.8) 127.4(16.5)  143.7 (14.9)
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Table 7

Means (and standard errors) of the mean values for the tail suspension test for experiment 2B.

Values are split by sex, treatment group, behaviour type, and behavioural measure.

Treatment
Sex Behaviour Control Male Female
Frequency 349.0 (42.2) 436.2(62.4) 373.9 (64.5)
Highly Mobile
Duration 62.2 (8.9) 77.0 (14.7) 61.6 (8.3)
Frequency 564.1(55.4) 610.1(71.7) 523.0(70.1)
Male Mobile
Duration 60.3 (5.8) 63.5 (8.1) 54.3 (7.4)
Frequency 432.0(38.5) 492.6 (51.7) 408.8 (45.0)
Immobile
Duration  208.3 (15.3) 190.7 (20.3)  205.7 (15.7)
Frequency 449.4 (70.3) 453.3(42.8) 427.2(42.9)
Highly Mobile
Duration 86.9 (16.2) 91.6 (15.0) 81.7 (10.2)
Frequency 631.5(80.6) 629.9(29.3) 618.5(42.9)
Female Mobile
Duration 67.6 (9.5) 64.2 (3.6) 65.7 (4.8)
Frequency 525.5(57.2) 506.5(21.4) 459.9 (21.6)
Immobile
Duration  205.2 (15.9) 174.4(16.1) 172.8(14.2)
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Table 8

Means (and standard errors) of the mean values for the forced swim test for experiment 2B. Values
are split by sex, treatment group, behaviour type, and behavioural measure.

Treatment
Sex Behaviour Control Male Female
Frequency 126.2 (17.7) 107 (16.6) 157 (18.5)
Highly Mobile
Duration 19.1 (2.7) 17.4 (3.6) 28.5 (5.2)
Frequency 284.5(41.2) 239.1(28.0) 337.8(51.8)
Male Mobile
Duration 36.9 (5.7) 30.4 (3.5) 42.9 (6.9)
Frequency 239.8 (31.5) 209.4(24.1) 296.9 (44.4)
Immobile
Duration 232.1 (10.2) 246.1 (8.5) 220.7 (10.5)
Frequency 145.2(23.9) 103.8(12.5) 124.9(16.3)
Highly Mobile
Duration 26.4 (5.8) 17.0 (2.3) 18.6 (2.9)
Frequency 287.9(28.6) 216.4(28.9) 261.2(29.3)
Female Mobile
Duration 35.6 (3.4) 26.8 (3.2) 32.6 (3.5)
Frequency 246.1(26.6) 187.2(23.5) 230.1(24.7)
Immobile
Duration 225.4 (9.9) 250.3 (6.6) 244.7 (6.6)
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Table 9

Means and standard errors of the mean values for the sucrose preference
test for experiment 2C. Values are split both by sex and treatment group.

Sucrose Preference Score (%)

Mean Standard Error
Control 63.5 1.3
Male Male 66.3 1.6
Female 68.5 0.8
Control 61.1 1.7
Female Male 62.5 1.6
Female 57.5 2.0
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Table 10

Means (and standard errors) of the mean values for the splash test for experiment 2C. Values are

split by sex, treatment group, behaviour type, and behavioural measure

Treatment
Sex Behaviour Control Male Female
General Frequency 2.9 (0.6) 4.8 (0.8) 4.7 (0.7)
Grooming  pration 10,1 (1.2) 14.6 (2.1) 14.0 (2.6)
e Back Frequency 0.9 (0.5) 1.2 (0.7) 0.3(0.2)
Grooming 5 ation 2.3 (1.6) 4.4 (2.6) 0.4 (0.3)
Frequency 23.7 (2.6) 245 (1.4) 23.8 (1.4)
Movement
Duration  131.1(14.4) 134.4(10.4) 132.8(14.4)
General Frequency 4.1(0.5) 3.5(0.5) 4.3 (1.1)
Grooming b ation  14.1(18)  129(22) 123 (2.3)
i Back Frequency 1.8(1.1) 0.6 (0.3) 0.3(0.2)
emale Groomin
9 Duration  86(62) 1.5 (0.7) 0.2(0.1)
Frequency 22.7 (1.4) 25.0 (1.6) 27.1 (2.5)
Movement
Duration ~ 146.5 (10.7) 133.2 (9.3) 158.2 (13.2)
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Table 11

Means (and standard errors) of the mean values for the tail suspension test for experiment 2C.

Values are split by sex, treatment group, behaviour type, and behavioural measure.

Treatment
Sex Behaviour Control Male Female
Frequency 231.4(66.2) 118.1(38.6) 129.2(39.7)
Highly Mobile
Duration 47.2 (17.1) 18.2 (8.6) 19.9 (7.7)
Frequency 388.7 (47.2) 319.0(48.1) 329.2(49.4)
Male Mobile
Duration 39.3(4.2) 34.2 (4.6) 35.1(5.2)
Frequency 349.2(39.6) 298.2(43.5) 308.8 (47.4)
Immobile
Duration 209.3 (21.6) 240.8(14.5) 245.8(11.2)
Frequency 161.2 (47.3) 164.1(36.5) 125.2(32.7)
Highly Mobile
Duration 30.0 (12.2) 25.1 (8.9) 18.3 (5.6)
Frequency 303.8 (54.7) 365.4(54.8) 285.0 (47.6)
Female Mobile
Duration 30.8 (5.6) 41.5 (6.7) 29.5(5.2)
Frequency 282.7 (50.0) 337.7(42.9) 261.0(40.1)
Immobile
Duration 231.7 (17.0) 231.4(14.2) 259.5(10.0)
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Table 12

Means (and standard errors) of the mean values for the forced swim test for experiment 2B. Values
are split by sex, treatment group, behaviour type, and behavioural measure.

Treatment
Sex Behaviour Control Male Female
Frequency  41.2 (10.1) 47.6 (10.2) 51.0 (10.2)
Highly Mobile
Duration 6.0 (1.6) 6.9 (1.5) 6.4 (1.2)
Frequency 123.6 (15.8) 116.7 (16.2) 146.8 (22.4)
Male Mobile
Duration 16.0 (2.4) 15.5 (2.3) 19.7 (3.4)
Frequency  101.6 (9.7) 93.2 (12.2) 121.5 (18.3)
Immobile
Duration 277.9 (4.0) 276.9 (3.6) 273.8 (4.5)
Frequency  55.4 (12.7) 66.8 (10.3) 40.9 (6.5)
Highly Mobile
Duration 7.8 (2.0) 9.8 (1.7) 5.2 (1.0)
Frequency 167.9(26.5) 187.8(25.1) 109.3(10.5)
Female Mobile
Duration 21.8 (3.6) 24.1 (3.4) 14.1 (1.4)
Frequency 134.7 (20.5) 153.6 (20.1) 89.7 (7.4)
Immobile
Duration 270.5 (5.5) 265.2 (4.8) 280.4 (2.3)
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Figure 1

Sucrose preference scores as a function of sex and treatment condition.
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Note. Data shown as mean + standard error of the mean (SEM) of raw sucrose preference scores
(A) and proportion of males and females with high/low scores (B) for the sucrose preference test.
A. Female mice had significantly lower raw sucrose preference scores than males, **p < .05. B.
Males had significantly higher proportion of high sucrose preference scores compared to

females, **p < .05.
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Figure 2

General grooming frequency and movement duration for the splash test as a function of sex.
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Note. Data shown as mean = standard error of the mean (SEM) of general grooming frequency
(A) and movement duration (B) on the splash test. A. Male mice had significantly lower general
grooming frequencies than female mice, **p < .05. B. Male mice had significantly higher mobile
durations than female mice, **p < .05.
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Figure 3

Back grooming frequency and duration for the splash test as a function of sex by treatment and

Sex.
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Note. Data shown as mean + standard error of the mean (SEM) of back grooming frequency (A)
and duration (B) for the splash test. A. Female and male OBX cecum significantly decreased
back grooming frequencies in male mice compared to male controls, **p < 0.05. B. Males had
marginally higher back grooming durations compared to females, *p < .1.
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Figure 4

Highly mobile duration and immobile frequency for the tail suspension test as a function of sex.
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Note. Data shown as mean = standard error of the mean (SEM) of highly mobile duration (A)
and immobile frequency (B) for the tail suspension test. A. Females had significantly greater
highly mobile durations than males, **p < .05. B. Males had significantly higher immobile
frequencies than females, **p < .05.
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Figure 5

Mobile duration and immobile frequency for the tail suspension test as a function of sex by

treatment condition.
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Note. Data shown as mean + standard error of the mean (SEM) of mobile duration (A) and
immobile frequency (B) for the tail suspension test. A. Female OBX cecum significantly
decreased mobile durations in females compared to female controls, while it significantly
increased durations in males, **p < .05. B. Female OBX cecum increased immobile frequencies
in males, decreased it in females, **p < .05. Female OBX cecum marginally increased immobile
frequencies in males compared to male controls, *p < .1.
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Figure 6

Highly mobile and immobile durations for the forced swim test as a function of sex.
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Note. Data shown as mean + standard error of the mean (SEM) of highly mobile (A) and
immobile duration (B) for the forced swim test. A. Females had significantly higher mobile
durations than males, **p < .05. B. Males had significantly higher immobile durations than

females, **p < .05.
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Figure 7

Highly mobile and mobile frequency for the forced swim test as a function of sex.
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Note. Data shown as mean * standard error of the mean (SEM) of highly mobile (A) and mobile
frequency (B) for the forced swim test. A. Females had marginally higher highly mobile
frequencies compared to males, *p < .1. B. Females had marginally higher mobile frequencies
compared to males, *p <.1.
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Appendix D

Figure 1

Sucrose preference scores for the sucrose preference test as a function of sex.
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Note. Data shown as mean + standard error of the mean (SEM) of raw sucrose preference scores
(A) and proportion of males and females with high/low scores (B) for the sucrose preference test.
A. Female mice had significantly lower raw sucrose preference scores than males, **p < .05. B.

Males had a marginally higher proportion of high sucrose preference scores compared to
females, *p < .1.
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Figure 2

Sucrose preference scores for the sucrose preference test as a function of sex by treatment

condition.

**

70 *%

65

60
55
50

Control Male CUS Female CUS Control Male CUS  Female CUS

Male Female

Sucrose Preference (%)

Note. Data shown as mean * standard error of the mean (SEM) of raw sucrose preference scores
for the sucrose preference test. Overall males had higher sucrose preference scores than females.
Female CUS cecum increased sucrose preference scores in males compared to male controls,
while it decreased sucrose preference scores in females, **p < .05. Males treated with male CUS
cecum had marginally higher scores than females treated with male CUS cecum, *p <. 1.
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Figure 3

Grooming frequency for the splash test as a function of sex by treatment condition,
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Note. Data shown as mean * standard error of the mean (SEM) of grooming frequency for the
splash test. Male CUS cecum significantly decreased grooming frequencies in males compared
to male controls, **p <.05. Female OBX cecum marginally decreased grooming frequencies in
males compared to male controls, *p < .1.
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Figure 4

Mobile frequency and duration for the forced swim test as a function of sex by treatment

condition.
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Note. Data shows mean * standard error of the mean (SEM) of immobile frequency (A) and
duration (B) for the forced swim test. A. Female CUS cecum significantly decreased mobile
frequencies in females compared to controls, **p < .05. Male CUS cecum decreased mobile
frequencies in females, increased it in males, **p < .05. B. Female CUS cecum marginally

decreased mobile durations in females compared to controls, *p < .1.
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Figure 5

Immobile frequency and duration for the forced swim test as a function of sex by treatment

condition.
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Note. Data shown as mean + standard error of the mean (SEM) of immaobile frequency (A) and
duration (B) for the forced swim test. A. Female CUS cecum significantly decreased immobile
frequencies in females compared to female controls, **p <.05. Male CUS cecum increased
immobile frequencies in females, decreased it in males, **p < .05. B. Female CUS cecum
marginally increased immobile durations in females compared to controls, *p <.1. Male CUS
cecum marginally increased immobile durations in males, decreased it in females, *p < .1.
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Appendix E

Figure 1

Sucrose preference scores for the sucrose preference test as a function of treatment.
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Note. Data shown as mean * standard error of the mean (SEM) of raw sucrose preference scores
(A) and proportion of males and females with high/low scores (B) for the sucrose preference test.
A. Mice treated with male cecum had significantly higher sucrose preference scores than
controls, **p <.05. B. Mice treated with male cecum had a significantly higher proportion of
high sucrose preference scores compared to controls and mice treated with female cecum, **p <

.05.
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Figure 2

Movement frequency for the splash test as a function of sex and treatment condition.
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Note. Data shown as mean = standard error of the mean (SEM) of movement frequency for the
splash test. A. Males had significantly higher movement frequencies compared to females, **p <
.05. B. Mice in the control group had significantly lower movement frequencies than mice
treated with either male or female cecum, **p < .05.
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Figure 3

General and back grooming frequencies for the splash test as a function of treatment condition.
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Note. Data shown as mean + standard error of the mean (SEM) of general grooming frequency
(A) and back grooming frequency (B) for the splash test. A. Mice treated with female cecum had
significantly lower general grooming frequencies compared to controls and mice treated with
male cecum, **p < .05. B. Mice treated with female cecum had significantly lower back
grooming frequencies compared to controls, **p < .05.
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Figure 4

Highly mobile duration for the tail suspension test as a function of sex.
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Note. Data shown as mean * standard error of the mean (SEM) of highly mobile duration for the
tail suspension test. Female mice had marginally higher highly mobile durations than males, *p
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Figure 5

Immobile frequency and duration for the forced swim test as a function of treatment.
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Note. Data shown as mean * standard error of the mean (SEM) of immobile frequency (A) and
immobile duration (B) for the forced swim test. A. Mice in the female cecum condition had
significantly higher immobile frequencies than mice in the male cecum condition, **p <.05. B.
Mice in the male cecum condition had significantly higher immobile durations than mice in the
control group, **p <.05.
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