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Under the Direction of Geert de Vries, PhD

ABSTRACT

The gut microbiota is a complex ecosystem of microorganisms that form a
bidirectional communication pathway with the brain, called the gut-brain axis. In
addition to their roles in mediating host metabolism and digestion, a wealth of research
is identifying roles for the gut microbiota in neural development and function, immune
modulation, and behavioral expression. Many neural targets of gut-brain axis signaling
have been identified, but little attention has been paid to vasopressin and oxytocin.
Vasopressin and oxytocin are neuropeptides that are targets of immune signaling and
are implicated in the control of anxiety-like, depressive-like, and social behaviors,

making them likely mediators in the communication between the gut and the brain. As



the immune system is a main signaling pathway in the gut-brain axis, it is possible that
vasopressin and oxytocin would be affected through immune system activation to result
in behavioral alterations seen in microbiota dysbiosis. To test these predictions, we
used pro-inflammatory and anti-inflammatory microbiota manipulation mouse models to
identify the roles of vasopressin and oxytocin in the gut-brain axis. First, we
demonstrated that microbiota is needed for proper vasopressin and oxytocin system
development by using a germ-free mouse model. Second, we explored the impacts that
chronic intestinal inflammation has on behavior and neuropeptide expression in Toll-like
receptor 5 knockout (T5KO) mice. Third, we investigated whether the behavioral
phenotype in TSKO mice is microbiota dependent. Collectively, these experiments
provide support to the hypothesis that microbiota alter the vasopressin and oxytocin
systems through an immune-mediated pathway to alter the behavior of both mouse
models. They also support the use of TSKO mice in investigating the interplay between
chronic, low-grade inflammation and psychiatric disorders. Future experiments are
needed to uncover the exact mechanisms underlying the microbiota-gut-brain-behavior
axis and understanding this axis will provide a basis for developing microbiota-based

therapeutics to treat CNS disorders.

INDEX WORDS: TLR5, Germ-free mice, Gut-brain axis, Gut microbiota, Vasopressin,
Oxytocin, Behavior
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1 INTRODUCTION
1.1 Microbiota-Gut-Brain Axis

Mammals and other animals are inhabited by millions of microorganisms on any
surface that is exposed to the outside environment, including the skin, mouth, gut, and
vaginal canal (Backhed et al., 2005). These microorganisms, called the microbiota,
consist of bacteria, fungi, parasites, and other microorganisms, and are estimated to
equal or outnumber by up to ten times the host’s cells (Sender et al., 2016). Bacteria
comprise by far the largest portion of the microbiota and typically form a symbiotic
relationship with the host (Chow et al., 2010). The microbiota is a complex ecosystem
and perturbations to the ecosystem can result in the proliferation of non-beneficial
species, leading to a state of dysbiosis (Rojo et al., 2017). While the definition of
dysbiosis is generally unclear (reviewed in Fields et al., 2018), one can consider it to be
a shift in the composition such that there is a pro-inflammatory effect on the
body. Dysbiosis has been shown to be a component of a number of disorders, such as
inflammatory bowel disease and psychiatric disorders (Carding et al., 2015).

While the microbiota is present throughout the body, the role of the gut
microbiota has been particularly well-studied with regards to its relation to human
health, as it plays roles in host digestion, metabolism, and even diet selection (Rezzi et
al., 2007; Ley et al., 2008; Alcock et al., 2014; Andoh, 2016; Gentile and Weir, 2018).
However, the gut microbiota has functions that extend past the intestines, achieved
through numerous communication pathways with the rest of the body. For example, the
microbiota can interact directly with the nervous system through activation of the vagus

nerve or through the enteric nervous system (Yoo and Mazmanian, 2017). Gut



microbiota can produce metabolic byproducts such as short-chain fatty acids that signal
the cells of the intestinal epithelium, or they can also produce neurotransmitters, such
as serotonin, that can communicate with the rest of the body (Aidy et al., 2015; Morrison
and Preston, 2016; Kennedy et al., 2017). Finally, they can directly influence the
immune system by stimulating immune cells to release pro- or anti-inflammatory
cytokines, either locally or systemically, or by recruiting and activating immune cells in
the gut or brain (Chassaing & Gewirtz, 2016; Fiebiger et al., 2016; Mcdermott &
Huffnagle, 2014). Signaling through this route is the main focus of investigation
throughout this dissertation.

Through these pathways, the gut microbiota can communicate with the brain to
change behavior, as evidenced by their role in psychiatric disorders. In fact, a wealth of
research has been performed in the past 15 years on the effects changing the
composition of the microbiota has on the brain and behavior. One of the primary
models used is germ-free (GF) mice. GF mice, raised in sterile isolators, have a
number of physiological and behavioral changes from conventionally colonized (CC)
mice. For example, they have ceca that are twice as large as normally colonized mice
due to their inability to adequately digest fiber (Wostmann and Bruckner-Kardoss, 1959;
Respondek et al., 2013). They also have decreased anxiety-like behavior, decreased
sociability, and cognitive impairments (Clarke et al., 2013; Desbonnet et al., 2014;
Neufeld et al., 2011). GF mice are a useful model for identifying neural systems
affected by the microbiota, due to the severity of a global knockout of microbiota
(Luczynski et al., 2016). Furthermore, GF mice are excellent for identifying critical

periods of microbiota influence on brain development, because experimenters can



recolonize them at specific developmental time points. In fact, a number of studies
have used this manipulation to identify temporal effects of microbiota on brain
development and behavior (Diaz Heijtz et al., 2011; Erny et al., 2015; Lu et al., 2018;
Neufeld et al., 2011). In addition, GF mice are useful as an anti-inflammatory
physiological system, due to their immature immune systems and lack of immune
challenges from the environment (Abrams et al., 1963; Clarke et al., 2013). Despite the
fact that GF mice are not an ethologically relevant model, they are an excellent way to
identify neural systems affected by microbiota.

There are a number of models that use different manipulations to mimic intestinal
inflammation. One way that is used frequently in the literature is to administer
lipopolysaccharide (LPS), the component of the membrane of Gram-negative bacteria,
either intraperitoneally or by oral gavage to result in a proxy of bacterial infection (Fields
et al., 2018; Hug et al., 2018; Taylor et al., 2012). Another way is to increase the
inflammatory nature of the microbiota through introduction of pro-inflammatory bacterial
species, such as Campylobacter jejuni or Escheria coli (Chassaing et al., 2014; Lyte et
al., 1998). Alternatively, there are genetic manipulations that result in chronic, low-
grade intestinal inflammation. One such manipulation is the use of Toll-like receptor 5
knockouts.

Organisms use pattern recognition receptors to identify invading pathogens by
recognizing conserved bacterial, fungal, or viral components on the pathogens in the
body, and once activated, they begin a signaling cascade to promote an inflammatory
response to rid the body of the pathogen (Takeuchi and Akira, 2010). One such family

of pattern recognition receptors are the toll-like receptors (TLRS); different TLRs each



recognize a different component (Rakoff-Nahoum et al., 2004; Yiu et al., 2016). For
example, TLR4 recognizes LPS and TLR5 recognizes flagellin, a component of the
flagella of motile bacteria (Chow et al., 1999; Hayashi et al., 2001). TLR5 is most
frequently located on the basolateral surface of the intestinal epithelial layer, indicating
that bacteria need to pass through the epithelium to activate these receptors (Gewirtz et
al., 2001). In TLR5 knockout (TS5KO) mice, TLR5 receptors are not present to catch any
invading bacteria, giving the invading bacteria longer to reproduce and resulting in a
more intense immune response once detected (Vijay-Kumar et al., 2008). Over time,
these immune challenges build to form a phenotype characterized by increased
inflammation, glucose sensitivity, insulin insensitivity, increased triglycerides, and
obesity, all characteristics of intestinal inflammation and metabolic syndrome (Vijay-
Kumar et al., 2007; Vijay-Kumar et al., 2010).

Unlike many of the previously-discussed models that increase the inflammatory
state of the gut, the physiological changes of the TSKO mouse model depend on the gut
microbiota. When GF wild-type (WT) mice are colonized with microbiota from T5KO
mice, they develop the symptoms of metabolic syndrome seen in the TSKO mice (Vijay-
Kumar et al., 2010). This is due to increased levels of Proteobacteria in the TSKO mice
as well as an increased bacterial load (Carvalho et al., 2012). In addition, the mucus
layer that protects the intestinal epithelium from contact with the microbiota is also
thinner in these mice, which allows bacteria to be closer and more adherent to the
intestinal wall (Carvalho et al., 2012). Unsurprisingly, the physiological phenotype of
T5KO mice is due to the loss of TLRS5 in the intestinal epithelial cells (IEC) (Chassaing

et al., 2014a). IEC-specific T5KO recapitulates the physiological phenotype of the



whole-body TLR5 deficiency. T5KO mice are an excellent model to investigate the
microbiota-gut-brain-behavior axis because they show microbiota-dependent chronic
inflammation and their physiological changes are well characterized by our
collaborators. Furthermore, unlike GF mice, T5KO mice are relevant to human
health. While humans with a 75% reduction in TLR5 function do not exhibit the same
phenotype as our T5KO mice (Gewirtz et al., 2006), the phenotype of these mice is
reminiscent of metabolic syndrome, which is increasingly plaguing Western society
(Vijay-Kumar et al., 2010).

Metabolic syndrome comprises a constellation of symptoms, including obesity,
dyslipidemia, glucose intolerance, and hypertension, which increases the risk for
cardiovascular disease and type 2 diabetes. It is estimated that 20-25% of the adult
population has metabolic syndrome, making it a significant health concern (Mazidi et al.,
2016). Multiple studies have demonstrated an association between anxiety-like and
depressive-like behaviors and metabolic syndrome in mice, rats, and humans (Dinel et
al., 2011; de Cossio et al., 2017; Rebolledo-Solleiro et al., 2017; Penninx and Lange,
2018a). A similar pattern is seen in the comorbidity between functional gastrointestinal
disorders like irritable bowel syndrome and psychiatric disorders (De Palma et al., 2014;
Midenfjord et al., 2019; Zamani et al., 2019), underscoring the importance of
understanding the factors that cause this association. The TLR5 knockout mouse, with
its phenotype resembling functional gastrointestinal disorders and metabolic syndrome,

is an excellent choice for examining the gut-brain axis.



1.2 Microbiota and Neuropeptides

There has been an explosion of research into identifying and understanding
where and how gut microbiota manipulations affect neural circuitry, and a number of
neurotransmitters have been implicated in this pathway, including serotonin,
corticotropin-releasing hormone (CRF), brain-derived neurotrophic factor (BDNF),
glutamate, and dopamine, among others (Baj et al., 2019; Bercik et al., 2011;
Crumeyrolle-Arias et al., 2014; Guida et al., 2018a; Liu et al., 2016; Lukic et al., 2019;
Nishino et al., 2013; O’Leary et al., 2018; O’Mahony et al., 2015; Palomo-Buitrago et al.,
2019; Singhal et al., 2019). Despite their roles in many behaviors affected by
microbiota, including social, anxiety-like and depressive-like behaviors, little is known
about the roles that the neuropeptides vasopressin and oxytocin play in the gut-brain
axis (reviewed in Caldwell et al., 2008; Jurek & Neumann, 2018; Kormos & Gaszner,
2013; Neumann & Landgraf, 2012). Vasopressin and oxytocin both increase social
behaviors but play opposite roles in anxiety-like behaviors (Neumann and Landgraf,
2012). Vasopressin has an anxiogenic effect, evidenced by increased central
vasopressin mMRNA in rats bred for high anxiety-like behavior, and reduced anxiety-like
behavior in vasopressin receptor knockout mice (Bielsky et al., 2004; Wigger et al.,
2004). Oxytocin is anxiolytic, shown by increased anxiety-like behavior in oxytocin
knockout mice and reductions in anxiety-like behavior when oxytocin is administered
centrally (Amico et al., 2004; Ring et al., 2006). Similar patterns are seen in the
moderation of depressive-like behavior by vasopressin and oxytocin (Arletti and

Bertolini, 1987; Keck et al., 2003; Ring et al., 2010). Furthermore, these systems are



sensitive to peripheral and immune signals, making these neuropeptides a likely target
in the gut-brain axis (Nava et al., 2000).

To date, very few studies have investigated the interaction between microbiota
and vasopressin and oxytocin in the brain, and these studies are generally restricted to
MRNA expression in the hypothalamus. For example, Desbonnet and colleagues found
that antibiotic treatment beginning at weaning reduced vasopressin and oxytocin mRNA
in the hypothalamus in adulthood (Desbonnet et al., 2015), but they did not see any
changes in vasopressin mRNA after treatment with the probiotic Bifidobacteria in rats
(Desbonnet et al., 2008). They also found that in a maternal separation paradigm, there
was no effect of the probiotic Bifidobacterium infantis administration on vasopressin
MRNA in the amygdaloid cortex or the hypothalamus (Desbonnet et al., 2010). This
same research group found that NIH Swiss mice showed a decrease in vasopressin
receptor 1a mRNA expression in the hypothalamus in a maternal immune activation
model that was associated with increased intestinal permeability and motility (Morais et
al., 2018). Furthermore, our lab found that rats with a naturally-occurring knockout of
vasopressin show a sex-specific shift in gut microbiota composition that is correlated
with anxiety-like behavior (Fields et al., 2018b). While these studies point to a role of
vasopressin in response to microbiota manipulations, or vice versa in the case of Fields
et al. (2018b), they are restricted only to the hypothalamus and mRNA
expression. More detailed analysis is required to truly understand the role that
vasopressin plays in the gut-brain axis.

A series of elegant mechanistic experiments demonstrated that the probiotic

Lactobacillus reuteri alleviates social deficits in multiple mouse models of autism



spectrum disorders (ASDs) by increasing oxytocin expression in the paraventricular
nucleus of the hypothalamus (PVN; Buffington et al., 2016; Sqgritta et al., 2019). This
suggests that oxytocinergic signaling is affected by the actions of bacteria, and it is
possible that behavioral alterations from changes to the gut microbiota are occurring by
disrupting the oxytocin system. In addition, stressed mice treated with antibiotics from
weaning had reduced oxytocin mRNA in the hypothalamus, and prenatal stress reduced
oxytocin receptor mRNA in the cortex and altered the gut microbiota (Desbonnet et al.,
2015; Gur et al., 2019), suggesting an interaction between stress, microbiota and
oxytocin expression. Another study did not find any change in oxytocin expression in
antibiotic-treated rats, which may point to species-specific effects of microbiota on
oxytocin (Kentner et al., 2018). Finally, human studies found that higher levels of
circulating oxytocin is associated with increased Dialister genera, associated with
glucose metabolism, but no correlation between plasma oxytocin and composition of the
fecal microbiota was found in ASD patients (Tomova et al., 2015; Barengolts et al.,
2018). While more is known about oxytocin’s place in the gut-brain axis than that of
vasopressin, it is worthwhile to investigate it further for the potential therapeutic

implications of oxytocin.

1.3 Summary of Chapters

The studies in this dissertation explore the microbiota-gut-brain axis in the
context of the effect of microbiota on behavior. While many studies recently have
explored this axis, there is still a vast deficiency in our knowledge on how microbiota
composition affects the body at the levels of microbiota ecosystem, gut physiology, gut

to brain communication pathways, the brain, and behavior. A primary deficiency is in



the roles vasopressin and oxytocin play in the gut-brain axis. We hypothesize that
microbiota change social, anxiety-like and depressive-like behaviors in part by affecting
neuropeptide pathways implicated in those behaviors, namely vasopressin and
oxytocin. We investigate this through the use of an anti-inflammatory model, GF mice,
that show decreases in anxiety-like behaviors, and a pro-inflammatory model, TSKO
mice, that should show increases to anxiety-like behaviors. We expand the findings that
microbiota influence anxiety-like and social behaviors by investigating the role that the
neuropeptides oxytocin and vasopressin may play in this pathway and correlating those
roles with behavioral expression.

In Chapter 2, | used an anti-inflammatory mouse model, GF mice, to investigate if
the gut microbiota is necessary for proper development of the vasopressin and oxytocin
systems. GF mice show myriad behavioral abnormalities, including reduced anxiety-like
behavior and decreased sociability, but the mechanisms underlying these behavioral
changes are still not fully defined. We hypothesized that oxytocin and vasopressin are
involved in modulating behavior in response to signals from the microbiota, because
these neuropeptides are sensitive to peripheral immune signals, and they are involved
in the expression of anxiety-related and social behavior (Chikanza and Grossman,
2002; Caldwell et al., 2008Db; Li et al., 2017b; Jurek and Neumann, 2018b). Thus, we
characterized vasopressin and oxytocin immunoreactivity in weanling and adult mice in
the production sites (paraventricular nucleus of the hypothalamus, supraoptic nucleus,
suprachiasmatic nucleus), and projection sites of these neuropeptides (Rood and De
Vries, 2011; Rood et al., 2013). We were also interested in whether changes in these

neuropeptides in GF mice could be rescued by colonization with conventional
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microbiota at weaning. We settled on this time point because puberty seems to be a
critical period in the effects of microbiota on brain development (Markle et al.,

2013). Finally, despite the well-characterized behavior of adult GF mice, less is known
about their behavioral development. Thus, we investigated anxiety-like and social
behaviors in weanling-aged GF mice. Overall, we found that the lack of microbiota
affects vasopressin immunoreactivity in weanling-aged animals but has no effect in the
adults, whereas oxytocin is increased both at weaning and in adulthood in GF mice.
These changes to the vasopressin and oxytocin systems are associated with behavioral
alterations. Furthermore, recolonization at weaning is not sufficient to recapitulate
normal vasopressin and oxytocin expression, which suggests that microbiota is needed
for proper neuropeptide system development.

In Chapter 3, we used a pro-inflammatory mouse model to explore whether
chronic intestinal inflammation (1) affects anxiety-like and social behaviors, (2) is
associated with changes to the oxytocin and vasopressin systems, and (3) whether
these changes are due to microbiota changes. The use of inflammatory agents in
microbiota or behavioral research is not new. A primary manipulation used is
administration of LPS, which activates TLR4 and is responsible for inducing sickness
behavior. However, we were interested in what effect chronic intestinal inflammation,
similar to what would occur in disorders like inflammatory bowel syndrome, has on
neuropeptides and behavior. We chose to use a TSKO model that has been well
phenotyped by our collaborators and that has microbiota-dependent symptoms of
chronic intestinal inflammation and metabolic syndrome. First, we behaviorally

phenotyped T5KO mice in a variety of anxiety-like, depressive-like and social behavior
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tests. Next, we examined vasopressin and oxytocin immunoreactivity in brain regions
that receive signals from the periphery and are involved in mediating these behaviors.
Finally, we used T5KO microbiota transplantation into GF mice to determine if the
microbiota is sufficient to cause the T5KO behavioral phenotype. We found that T5KO
mice are characterized by increased anxiety-like behavior and reduced locomotion that
is correlated with increased vasopressin immunoreactivity, and that this behavioral
phenotype is not induced by TSKO microbiota transplant into GF mice.

Combined these studies point to the need for future investigation into
vasopressin as a mediator between microbiota composition changes and behavioral
expression, as well as introduce a model of intestinal inflammation that should be
utilized in gut-brain axis research. More broadly, they point to the need for more
mechanistic or pathway driven studies to uncover the effects that microbiota have on
the central nervous system (CNS) in both health and disease states. In Chapter 4, |
discuss the larger context for the results of my experiments in the microbiota-gut-brain-

behavior axis as well as discuss the future directions of my research.
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2 MICROBIOTA ARE NECESSARY FOR PROPER NEURAL VASOPRESSIN AND
OXYTOCIN DEVELOPMENT IN MICE

Nicole V. Peters, Mary K. Holder, Daniel Teuscher, Grace Signiski, Matthew J. Paul, Jack

Whylings, Andrew T. Gewirtz, Benoit Chassaing and Geert J. de Vries

2.1 Abstract

Gut microbiota can influence anxiety-like, depressive-like and social behaviors, but
the underlying mechanisms are still mostly unknown. Because vasopressin (AVP) and
oxytocin (OXT) play significant roles in the control of these behaviors, we investigated
whether being raised in a germ-free (GF) environment permanently alters AVP and OXT
circuits. We found that compared to conventionally colonized (CC) mice, adult GF mice
had region- and sex-specific alteration of AVP and OXT immunoreactivity, and these
effects were not rescued by recolonization of GF mice at weaning. There was also
region- and sex-specific changes to microglia, a marker of neuroinflammation and
measured by Iba-1 immunoreactivity and cell number, in AVP and OXT-expressing
nuclei of GF mice. Since AVP and OXT influence juvenile anxiety-like and social
behaviors, this led us to investigate whether the behavioral and neural phenotype of GF
mice is present at weaning. We found that weanling-aged GF mice show decreased
anxiety-like behavior and decreased social behavior, similar to adult GF mice, as well as
changes to AVP and OXT immunoreactivity. These results suggest that AVP, OXT, and
microglia are influenced by microbiota during development, and the changes to these

systems may contribute to the altered behavioral phenotype of GF mice.
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2.2 Introduction

The microbiota that colonizes our gut, skin, oral cavity, and other regions of the
body exposed to the external environment affects the physiology of the body as well as
the brain (Foster and McVey Neufeld, 2013; Mayer et al., 2015; Dinan and Cryan,
2017). Germ-free (GF) mice, which are born and raised in sterile isolators, have been
widely used to identify systems affected by microbiota (reviewed in Cryan & Dinan,
2012; Luczynski et al., 2016). Adult GF mice have a well-established behavioral and
physiological profile, characterized by decreased anxiety-like, depressive-like, and
social behaviors, particularly in less stress-responsive mouse strains (Borre et al., 2014;
Desbonnet et al., 2014; Farzi, Frohlich, & Holzer, 2018), as well as immature immune
system development and low intestinal inflammation (Foster and McVey Neufeld, 2013;
Luczynski et al., 2016). Colonizing GF mice before puberty with conventional
microbiota restores behavior to normal levels in GF mice (Desbonnet et al., 2014; Diaz
Heijtz et al., 2011; Pan et al., 2019a), however, colonizing after puberty does not (Sudo
et al., 2004). This suggests a critical period for the effects of microbiota on behavior,
and thus on the underlying neural circuitry.

It is still unclear what neural circuitry is affected by the low inflammatory status of
GF mice to change their behavior. Others have shown that monoamines, including
noradrenaline, dopamine, and serotonin, as well as brain-derived neurotrophic factor,
and corticotropin-releasing factor are affected in the brains of GF mice (Guida et al.,
2018b; Baj et al., 2019; Luki¢ et al., 2019; Palomo-Buitrago et al., 2019; Pan et al.,
2019b; Singhal et al., 2019). However, relatively little attention has been paid to the

neuropeptides AVP and OXT, despite their major roles in anxiety, depression, and
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social behavior (reviewed in Bredewold & Veenema, 2018; Caldwell, 2017; Jurek &
Neumann, 2018). Previous experiments show that antibiotic treatment reduced AVP
and OXT mRNA expression in the hypothalamus and altered anxiety-like and social
behaviors (Desbonnet et al., 2015). Furthermore, OXT is needed during probiotic
treatment to ameliorate social behavior impairments in a maternal high fat diet model
(Buffington et al., 2016; Sgritta et al., 2019). These results point to the need to further
investigate how the microbiota affects these neuropeptides.

As gut inflammation can cause neuroinflammation (Rizzetto et al., 2018; Serra et
al., 2019), we used microglia, the macrophages of the central nervous system, as a
marker of neuroinflammation (Colonna and Butovsky, 2017). GF mice tend to have an
immature microglia profile, including increased microglial number, disturbed neural
surveillance parameters, and diminished response to pathogens (Erny et al., 2015;
Castillo-Ruiz et al., 2018; Thion et al., 2018), and recolonization with microbiota before
puberty restores the microglia to a more mature profile.

In the present study, we examined the immunoreactivity of AVP, OXT, and
microglia in adult GF and conventionally colonized (CC) mice, and in GF mice colonized
with microbiota at weaning (recolonized; RE) in brain regions implicated in the control of
social and anxiety-like behaviors. We found that OXT immunoreactivity was increased
in GF mice in some regions, whereas there was no difference in AVP immunoreactivity
between GF and CC mice. We also found site- and sex-specific effects of lack of
microbiota to Iba-1 (a marker of microglia) immunoreactivity and Iba-1 positive cell
count. Recolonization did not rescue immunoreactivity to the levels of CC mice in any

of the three systems we examined, but rather increased AVP immunoreactivity.
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This discovery led us to question whether the deficits in AVP, OXT, and microglia
were already present in weanling-aged mice. To do this, we first established that
weanling-aged mice show the same GF behavioral phenotype as described in adults,
defined by decreased anxiety-like behavior and social behavior. Then, we
characterized AVP, OXT and Iba-1 immunoreactivity in the same regions as the
previous experiment to determine if these systems are altered by weaning from the lack
of microbiota in early life, and if changes to these systems may explain the changes in

behavior in GF mice.
2.3 Materials and Methods

2.3.1 Animals

Swiss-Webster mice (GF, CC, and RE) were obtained from our breeding
program at Georgia State University. All non-sterile mice (CC and RE) were housed in
ventilated transparent Optimouse cages (35.6 x 48.5 x 21.8cm) lined with Bed-O-Cobs®
bedding, with nestlets and shelters for enrichment. Animals were kept on a 12h:12h
light:dark cycle (lights off at 1900 EST) and ambient temperature was kept at 23°C.
Food (Purina rodent chow no. 5001) and water were available ad libitum. Animals were
weaned at postnatal day 21 (P21) and housed with littermates of the same sex and
genotype. All procedures were in accordance with the Guide for Care and Use of
Laboratory Animals and were approved by the Animal Care and Use Committee at the
Georgia State University.

Germ-free mice were maintained in a Park Bioservices isolator as previously
described (Chassaing et al., 2015) and allowed ad libitum access to autoclaved food

(Purina rodent chow no. 5001) and water. Adult and weanling-aged mice were obtained
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from the established GF breeding colony at Georgia State University. Recolonized mice
were removed from the isolator at P21 and orally administered with 200uL of fecal
suspension from a sex-matched donor, then kept in conventional animal housing as
described above.

Weanling CC Swiss Webster mice used for behavioral testing were obtained
from Taconic (Germantown, NY) and allowed to habituate to the animal facility before
use in the behavioral experiment, and weanling GF mice were obtained as described
above. None of the animals used in behavioral testing were used for the anatomical

experiments.

2.3.2 Behavioral Testing

Weanling-aged mice (P21) were tested in the social interaction, marble burying,
and elevated plus maze tests, in that order, after removal from the isolators or animal
facility and an hour-long habituation to the testing room. The tests were ordered this
way, from least to most anxiogenic, to reduce residual stress from the previous test
(Mcilwain et al., 2001). GF and CC mice were not tested on the same day to reduce the
possibility of contamination of the GF mice. Behavioral testing began 3 hours after the
beginning of the light phase of the light:dark cycle, with overhead lights as illumination,
and was completed within a 6-hour time frame in one day to minimize microbiota
colonization. Mice were immediately moved from the social interaction arena to the
marble burying arena, then were returned to their home cage for between 30 minutes to
3 hours between the marble burying and EPM. This variation in time was due to the
animal order being randomized for each test. Apparatuses were cleaned with 70%

ethanol (between animals) or Vimoba solution (between treatment groups and at the
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start and end of each testing day; chlorine dioxide; Quip Laboratories, Wilmington, DE)
to remove the scent of the previous mouse. An experimenter blind to treatment

conditions scored all behavioral tests.

2.3.2.1 Social Interaction

A Plexiglas arena (24cm W X 46 cm L) was filled with 2 cm of Alpha-dri bedding
(Shepherd Specialty Paper, Fibercore, Cleveland, OH, USA). Two mice from the same
litter (and therefore the same treatment) were placed into the arena and video recorded
for 10 minutes. Time spent walking, immobile, grooming, allogrooming, rearing, digging,
and investigating the other mouse were scored using Observer XT 11.5 (Noldus

Information Technology, Wageningen, The Netherlands).

2.3.2.2 Marble Burying Test

A Plexiglas arena (24cm W X 46 cm L) was filled with 4 cm of Alpha-dri bedding
(Shepherd Specialty Paper, Fibercore, Cleveland, OH, USA). Mice were placed into the
arena for a 5-minute habituation period, then removed in order to place 20 marbles
(17mm) in an evenly spaced, 4x5 grid on top of the bedding. Mice were returned to the
center of the arena and their behavior was video-recorded for 10 minutes. The number
of marbles buried during this period, defined as being half or more covered by bedding,
the latency to bury the first marble, and total time spent digging were quantified using

Observer XT 11.5 (Noldus Information Technology, Wageningen, The Netherlands).

2.3.2.3 Elevated Plus Maze
A standard mouse elevated plus maze (EPM) was used, with 2 open arms and 2
closed arms. The arms were 10 cm W x 50 cm L, connected by a 10 cm X 10 cm

center square. Closed arms had a wall height of 40 cm, and the maze was elevated 50
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cm from the floor. At the beginning of the test, mice were placed in the center square of
the arena and allowed to freely explore for 5 min. Video trials were recorded from a
digital camera mounted above the apparatus that was connected to a computer. The
number of entries into the open and the closed arms of the apparatus, time spent in
open and closed arms, and total distance traveled were quantified by AnyMaze version

4.96 (Stoelting, Co., Wood Dale, IL).

2.3.3 Euthanasia and Tissue Collections

After completion of behavioral testing, mice were deeply anesthetized using
isoflurane (5%v/v). Blood was collected by retrobulbar intraorbital capillary plexus.
Hemolysis-free serum was collected by centrifugation of blood using serum-separator
tubes (Becton Dickinson, Franklin Lakes, NJ). Following blood collection, mice were
euthanized by cervical dislocation. The weight and length of the colon and weights of
the spleen, liver, and perigonadal adipose fat depot were recorded and normalized to

the body weight.

2.3.4 Immunohistochemistry

Brains were removed and fixed in 5% acrolein in sodium phosphate buffer (0.1M,
pH 7.4) at 20°C for 24 hours, followed by cryoprotection in 30% sucrose in phosphate-
buffered saline (PBS: 0.05M, ph7.4) at 4°C until sectioning (at least 24 hours). Brains
were sectioned (30um) in the coronal plane with a cryostat and stored in a
cryoprotectant solution (ethylene glycol/sucrose in sodium phosphate buffer) at -20°C

until immunostained.
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2.3.4.1 AVP Immunohistochemistry

Free-floating sections were rinsed five times in Tris-buffered saline (TBS; 0.05 M
Tris, 0,9% NaCl, pH 7.6), then incubated for 30 min in 0.05 M sodium citrate in TBS.
After rinsing in TBS sections were placed in 0.1 M glycine in TBS for 30 min, rinsed
again, and placed into block solution (10% normal goat serum (NGS), 0.4% Triton-X
and 1% H202 in TBS) for 30 min. Sections were then incubated overnight(~18 hours) in
anti-AVP (Bachem; 1:32000 dilution in TBS with 2% NGS and 0.4% Triton-X). The next
day, sections were rinsed five times in TBS containing 1% NGS and 0.02% Triton-X and
incubated in biotinylated secondary antiserum [goat anti-rabbit for AVP
immunoreactivity (Vector Laboratories, Burlingame, CA)] diluted 1:250 in TBS with 2%
NGS and 0.4% Triton-X for 1 h. This was followed by rinses in TBS containing 0.4%
Triton X, incubated in avidin-biotin complex (Vectastain Elite ABC Kit; Vector
Laboratories) diluted to 1:800 in TBS for 1 h, followed by four TBS rinses. Finally, the
staining was visualized using nickel-enhanced diaminobenzidine (DAB) Substrate Kit
(Vector Laboratories). Sections were mounted onto gelatin-coated slides and cover-

slipped with Permount.

2.3.4.2 OXT Immunohistochemistry

Sections were subjected to the same procedure outlined above, with the
exception of the sodium citrate step, and the secondary antibody and ABC steps were
increased to 90 minutes. Anti-OXT primary antibody (Peninsula Labs, 1:120,000) and

goat anti-guinea pig secondary antibody (Vector Laboratories, 1:250) were used.
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2.3.4.3 Iba-1 Immunohistochemistry

Sections were treated as outlined above with the following changes. Sections
were washed nine times in TBS before a 60 min sodium citrate step. A concentrated
blocking solution was used (TBS with 20% normal goat serum, 0.3% Triton-X, and 1%
hydrogen peroxide), and sections were incubated overnight in rabbit anti-lba-1primary
antibody (Fisher, 1:20,000) diluted in TBS with 2% NGS and 0.3% Triton-X. Slices were
then rinsed in dilute blocking solution (TBS with 1% NGS and 0.02% Triton-X) three

times before secondary antibody.

2.3.5 Image Analysis

Matched sections for each mouse were imaged using a Zeiss Axio Imager M2
microscope connected to an ORCA-R2 CCD digital camera (Hamamatsu Photonics).
Gray-scale images of the fiber density or positively labeled cell bodies in the
photomicrographs were gray-level threshold analyzed in Image J 1.43u (National
Institutes of Health, Bethesda, MD) in accordance to the methods previously described
in Rood et al., 2012. The region of analysis was outlined in each section. Subjects for
which the relevant sections were damaged or unavailable were dropped from a given
analysis. Brain regions were selected from each of the three neuropeptide source and
projection pathways: the PVN/SON pathway, the BNST-medial amygdala (MA)
pathway, and SCN pathway (as described in Rood & De Vries, 2011). The PVN/SON
pathway includes the PVN. The BNST-MA pathway includes the lateral habenula
(LHDb), ventral lateral septum (LS), and mediodorsal nucleus of the thalamus (MD). The
SCN pathway includes the SCN, subparaventricular zone (SPZ), paraventricular

nucleus of the thalamus (PVT), and the dorsomedial nucleus of the hypothalamus
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(DMH). Cell counts were only available for OXT and Iba-1 staining, as the dense
packing of cells and abundance of AVP-ir fibers made distinguishing individual cells
impossible. The SON was not included in AVP-ir analysis because the staining was too

dark to discern cell bodies or fiber tracts.

2.3.6 Statistical Analysis

Data were analyzed and visualized using IBM SPSS Version 21 (IBM). All data
were analyzed by a two-way ANOVA with sex and treatment as factors, followed by
Bonferroni post-hoc analyses. Differences in the post-hoc comparisons were noted as

significant *p<0.05.
2.4 Results

2.4.1 Animals

All animals used in this study were in good health with no impairments. A total of
55 adult mice were used in the adult IHC experiment (9 male GF, 8 female GF, 10 male
CC, 7 female CC, 13 male RE, and 8 female RE). In the weanling-aged IHC
experiment, 29 mice were used (6 male GF, 9 female GF, 7 male CC, and 7 female
CC). Finally, in the weanling-aged behavioral experiment, 63 mice were used (16 male
GF, 17 female GF, 19 male CC and 11 female CC), except for the social interaction
test, where 8 male CC and 4 female CC were excluded due to being paired with

strangers, not littermates.
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2.4.2 Adult Immunoreactivity
2.4.2.1 AVP Immunoreactivity

2.4.2.1.1 Suprachiasmatic Nucleus and Projection Sites

In the subparaventricular zone (SPZ), an effect of microbiota on AVP-ir emerged
that resulted in a sex by treatment interaction (Figure 2.1A, F(2, 53)=5.880, p=
0.005). In this region, male CC mice had higher AVP-ir expression than the CC females
(F(1, 53)=8.961, p=0.004). This sex difference was abolished in the GF mice but
rescued in the RE mice. The overall levels of AVP-ir in RE mice were decreased
compared to the CC mice (main effect of treatment, F(2, 53)= 4.008, p= 0.025;
Bonferroni post-hoc analysis, p= 0.052).

The PVT showed a different AVP-ir expression pattern than the SPZ. RE mice
had higher levels of AVP-ir than CC mice (Figure 2.1B; main effect of treatment, F(5,
53)=8.578, p=0.001; Bonferroni post-hoc analysis, p<0.001) and a trend towards higher
levels than GF mice (p=0.059). Males had consistently higher AVP-ir than females (F(5,
53)=9.038, p=0.004).

There was no effect of germ-free status or recolonization on AVP-ir in the
suprachiasmatic nucleus (SCN; Figure 2.1C, p>0.05). A projection site of the SCN, the
DMH, also showed no differences between sex and treatment groups (p>0.05, data not

shown).

2.4.2.1.2 Bed Nucleus of the Stria Terminalis-Medial Amygdala Pathway Projection
Sites
In the lateral habenula (LHb), RE mice had greater AVP-ir than GF or CC mice

(Figure 2.1D; F(2, 54)= 8.532, p<0.001, post-hoc analysis p= 0.001 and p= 0.004,
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respectively). GF and CC males had higher levels of immunoreactivity than females
(F(1, 54)= 30.563, p<0.001), and this sex difference was abolished in the RE mice. In
the mediodorsal nucleus of the thalamus (MD), RE mice showed an increase in AVP-ir
compared to CC mice (Figure 2.1E; F(2, 52)=5.278, p=0.009; Bonferroni post-hoc
analysis, p=0.009). Again, we replicated the sex difference seen in this region, in which
males have a significant increase in immunoreactivity compared to the females (F(1,
52)=29.759, p<0.001). In the lateral septum (LS), a projection site of the BNST, we
replicated the well-established sex difference in AVP-ir (F(1, 54)= 91.245, p<0.001, data
not shown), in which males had almost twice the immunoreactivity levels as the females

in each treatment group (Gatewood et al., 2006; Rood et al., 2013).

2.4.2.1.3 Paraventricular Nucleus of the Hypothalamus
There was a trend towards a sex by treatment interaction on AVP-ir in the PVN
(Figure 2.1F; F(2, 54)= 3.012, p= 0.058), where male RE mice had higher levels of

AVP-ir than female RE mice (p= 0.003).
2.4.2.2 OXT Immunoreactivity

2.4.2.2.1 Paraventricular Nucleus of the Hypothalamus and Projection Areas

Germ-free mice had an increase in OXT-ir positive cells in the PVN compared to
CC mice (Figure 2.2A; F(2, 54)= 4.165, p=0.021; Bonferroni post-hoc analysis,
p=0.013). Recolonization with CC microbiota only partially returned the number of
immunoreactive cells to CC levels. There was no difference in OXT-ir between groups
in the PVN pixel number analysis despite an increase in OXT-ir cells in GF mice

(p>0.05; data not shown).
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Recolonization had differing effects on OXT-ir in the AH and PVT. In the AH,
there was a trend towards RE mice having higher levels of OXT-ir than GF or CC mice
(Figure 2.2B; F(2, 54)=2.431, p=0.098). In the PVT, a sex difference emerged in the RE
mice, in which the females had higher immunoreactivity than the males (t-test, p=0.003).
This sex difference was large enough to result in a trend towards an interaction between
sex and treatment in the overall ANOVA (Figure 2.2C; F(2, 54)= 2.926, p=0.063).

Converse to the previous regions, there was a decrease in OXT-ir positive cells
in the BNST in GF and RE mice (Figure 2.2D; F(2, 54)= 4.178, p=0.021; Bonferroni
post-hoc analysis, p=0.07 and p=0.087, respectively). Despite the increase in OXT-ir
positive cells, there was no difference in OXT-ir pixel number. There was a sex
difference in the CC and a trend towards significance in GF groups, where females
show more immunoreactivity than males (F(1, 54)= 5.637, p=0.022; t-test, p=0.027 and
0.096, respectively, data not shown).

There was no difference between treatment or sex in the SPZ (p>0.05).

2.4.2.2.2 Supraoptic Nucleus

Germ-free females had more OXT-ir positive neurons than the males, who had
similar levels to the other groups (Figure 2.2E; t-test, p=0.031). Females had higher
levels of OXT-ir than males, but this did not quite reach significance (F(1, 39)= 3.167,

p=0.084).

2.4.2.3 Iba-1 Immunoreactivity
In the BNST, there was a sex by treatment interaction in Iba-1 immunoreactivity
(Figure 2.3A; F(2, 52)=5.883, p=0.005), driven by greater immunoreactivity in male CC

mice, a reversal of the sex difference in the GF mice, and a decrease in
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immunoreactivity in the GF and RE mice compared to CC mice (Bonferroni post hoc
analysis, p=0.05 and p=0.003, respectively). Iba-1 positive cell counts in the BNST
showed a similar pattern to Iba-1 immunoreactivity (Figure 2.3E; sex by treatment
interaction, F(2, 52)= 6.511, p= 0.003), including the reversal of the sex difference in the
GF mice, but there were no significant differences between treatment groups
(Bonferroni post-hoc analysis, p>0.05). This pattern of sex differences and decrease
from CC mice persisted in Iba-1 positive cell counts, resulting in a sex by treatment
interaction (F(2, 37)=5.233, p=0.011). CC mice had higher cell counts than RE mice
(p=0.034).

There was a sex by treatment interaction in Iba-1 immunoreactivity in the LS
(Figure 2.3B; F(2, 37)=4.059, p= 0.027), driven partially by the appearance of a sex
difference in GF mice. GF mice and RE mice had decreased immunoreactivity
compared to CC mice (Bonferroni post-hoc analysis, p=0.027 and p=0.003,
respectively). There was a trend towards a sex by treatment interaction in Iba-1 positive
cell counts (Figure 2.3F; F(2, 37)= 2.913, p=0.069), driven by a sex difference in the GF
mice, with females showing higher numbers of microglia than males (main effect of sex,
F(1, 37)=4.972, p=0.033).

In the striatum, there was a trend towards a sex by treatment interaction (Figure
2.3C; F(2, 37)= 3.051, p=0.061) in Iba-1 immunoreactivity. CC mice had higher levels
of immunoreactivity than GF or RE mice (F(2, 37)= 9.5, p=0.001, Bonferroni post-hoc
analysis, p=0.044 and p<0.001, respectively). There was an increase in
immunoreactivity in the males of CC mice and RE mice, but not in the GF animals,

contributing to a trend towards a main effect of sex (F(1, 37)= 3.509, p=0.07). This
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pattern of sex differences and decrease from CC mice persisted in Iba-1 positive cell
counts, resulting in a sex by treatment interaction (Figure 2.3G; F(2, 37)= 5.233,
p=0.011). CC mice had higher cell counts than RE mice (t-test, p=0.034).

There was a sex by treatment interaction in Iba-1 immunoreactivity in the PVT
(Figure 2.3D; F(2, 51)= 6.080, p=0.005), driven by greater immunoreactivity in the male
CC mice (p=0.001). CC mice had higher numbers of Iba-1 positive microglia compared
to both GF and RE mice (Figure 2.3H; F(2, 51)= 4.123, p= 0.023, Bonferroni post-hoc
analysis, p= 0.019 and p= 0.039, respectively), driven by a similar increase in male CC
Iba-1 cells (p= 0.006), leading to an almost significant main effect of sex (F(1, 51)=
3.945, p=0.053). GF and RE mice did not have a sex difference in Iba-1 expression,
indicating that this sex difference is established by microbiota exposure before weaning.

There were no treatment differences in Iba-1 immunoreactivity nor Iba-1 positive

cell count in the PVN (p>0.05).

2.4.3 Weanling-Aged Immunoreactivity

Due to the above results, showing that recolonization does not rescue GF mice
to expression levels of CC mice, we were interested in whether weanling-aged GF mice
show similar deficits in AVP, OXT and Iba-1 expression. We first examined AVP, OXT,
and Iba-1 expression in weanling-aged mice to establish whether changes to these
systems are present at weaning. In a cohort, we established the behavioral and
morphological profile of weanling-aged mice, to determine if any changes in these

neural circuits correlate with behavioral changes.
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2.4.3.1 AVP Immunoreactivity

2.4.3.1.1 Suprachiasmatic Nucleus and Projection Sites

In the SCN, GF mice showed less immunoreactivity than the CC mice (Figure
2.4A; F(3, 28)= 15.877, p=0.001). In a projection site from the SCN, the DMH, there
was a similar decrease in AVP-ir in the GF mice (Figure 2.4B; F(3, 28)=5.954,
p=0.022). There was no effect of germ-free status on AVP-ir in the SPZ (p>0.05; data
not shown).

A different pattern was seen in the anterior portion of the PVT. GF mice had
higher AVP-ir than CC mice (Figure 2.4C; F(3, 28)=6.179, p=0.02), driven by a
substantial increase in AVP-ir in the females (sex by treatment interaction, F(3, 28)=

5.733, p= 0.024).

2.4.3.1.2 Paraventricular Nucleus of the Hypothalamus
In the PVN, the GF mice had higher levels of AVP-ir than the CC mice, but this

difference did not reach significance (Figure 2.4D; F(3, 28)= 2.992, p= 0.096).

2.4.3.1.3 Bed Nucleus of the Stria Terminalis and Projection Sites
At weaning, there was no visible staining in the lateral septum, lateral habenula
or mediodorsal nucleus of the thalamus with the antibody for AVP used in this study,

thus we were unable to quantify AVP-ir in these regions.
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2.4.3.2 OXT Immunoreactivity

2.4.3.2.1 Paraventricular Nucleus of the Hypothalamus and Projection Sites

Germ-free mice had increased OXT-ir compared to CC mice in the PVN (F(1,
28)=21.946, p<0.001, data not shown). This may be partially attributed to an increase
in OXT-ir positive cells in GF mice (Figure 2.5A, F(1, 28)= 21.54, p<0.001).

There was no effect of the lack of microbiota on OXT fiber projections from the
PVN in the anterior hypothalamus (AH; Figure 2.5B), PVT (Figure 2.5C), DMH and SPZ
(data not shown; p>0.05). Females had increased OXT-ir in the BNST compared to
males (F(1, 28)=7.171, p=0.013, data not shown). However, there was an interaction
of sex and treatment in OXT-ir positive cells in the BNST (Figure 2.5D; F(1, 27)= 4.608,
p= 0.042), where GF males had a trend towards increased OXT-ir cells than GF

females (p=0.077).

2.4.3.2.2 Supraoptic Nucleus
Germ-free mice had an increased number of OXT-ir positive cells in the SON
(Figure 2.5E; F(1, 28)=5.611, p=0.026). This did not extend to an increase in OXT-ir in

the SON area analyzed, however (p>0.05).

2.4.3.3 Iba-1 Immunoreactivity

GF mice showed less Iba-1 immunoreactivity (Figure 2.6A; F(1, 26)= 4.584,
p=0.043) and less microglia cell counts (F(1, 26)= 9.656, p=0.005, data not shown) than
CC mice in the BNST. There was a sex by treatment interaction in the striatum (Figure
2.6C; F(1, 19)=6.937, p=0.018), in which the sex difference in Iba-1 immunoreactivity in
the CC mice was abolished in GF mice. This interaction was driven by the greater

immunoreactivity in CC males. Microglia counts were decreased in the striatum in GF
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mice compared to CC mice (F(1, 19)= 21.127, p<0.001, data not shown), and there was
a trend towards a main effect of sex (F(1, 19)= 3.336, p=0.087). In the PVN, there were
no effects of sex or treatment on Iba-1 immunoreactivity, but there was a trend towards
a sex by treatment interaction in microglia count (F(1, 27)= 3.219, p=0.085, data not
shown). There were no differences in sex or treatment in Iba-1 positive cells or

immunoreactivity in the LS (Figure 2.6B) or PVT (Figure 2.6D; p>0.05).
2.4.4 Weanling-Aged Behavior and Body Measures

2.4.4.1 Social Behavior

GF mice spent less time interacting with a familiar mouse in the social interaction
test than CC mice, (Fig. 2.7A, F(3, 59)= 19.149, p<0.001). Male CC mice showed
similar levels of social interaction as both male and female GF mice, indicating that a
lack of microbiota abolished the sex difference seen in the CC mice, whereas female
CC mice spent more time socially with the target mouse, resulting in a main effect of
sex, (F(3, 59)=12.343, p<0.001), and an interaction between sex and treatment (F(1,
59)=13.457, p<0.001). This same pattern was seen in allogrooming behavior, where
GF mice also spent less time allogrooming than CC female mice, but more than the CC
males, resulting in a sex by treatment interaction (Fig. 2.7B, F(3, 17)= 9.052, p= 0.009).

There was an interaction between sex and treatment in time spent walking in the
arena (Fig. 2.7C, F(3, 59)=6.751, p= 0.012). This was driven by a reversal in the
direction of sex differences from CC males walking more to GF females walking
more. When not walking or interacting with the other mouse, GF mice spent their time
rearing, (Fig. 2.7D; F(3, 56)= 7.758, p=0.007), and showed a trend towards spending

more time grooming than CC mice, (F(3, 57)= 3.602, p= 0.063; data not shown). There
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was no difference between GF and CC mice in time spent immobile or time spent

digging in the bedding (p>0.05; data not shown).

2.4.4.2 Marble Burying Test

Conventionally colonized males spent more time digging than CC females in the
marble burying test (Fig. 2.8A; F(3, 74)= 4.788, p=0.032), but this sex difference is
abolished in the GF mice. Both GF and CC mice walked in the arena similar amounts
of time (p>0.05; data not shown), but the main difference lied in their behavior when not
walking and digging. GF mice spent more time immobile (Fig. 2.8B; F(3, 74)= 15.268,
p<0.001), in which they were not actively investigating the arena, versus the CC mice,
who spent more time rearing against the walls of the arena (Fig. 2.8C; F(3, 74)=11.647,

p=0.001).

2.4.4.3 Elevated Plus Maze

Weanling aged GF mice showed decreased anxiety behavior in the elevated plus
maze, as measured by time spent in the open arms (Figure 2.9A; F(3, 74)=8.039,
p=0.006). This difference was due to GF mice spending more time in the outer half of
the open arms of the apparatus than CC mice (Figure 2.9B; F(3, 62)=10.898, p=0.002),
but not due to an increase in distance traveled in the GF mice (Figure 2.9C;
p>0.05). There was no difference in the time spent immobile in the apparatus between

the GF and CC mice (p>0.05; data not shown).

2.4.4.4 Body Measures
Overall, weanling GF mice weighed less than the CC mice (Fig. 2.10A, F(3, 44)=
40.43, p<0.001), driven by smaller gonadal adipose deposits (Fig. 2.10B, F(4, 62)=

31.431, p<0.001). Males of both treatments had larger gonadal fat pads than the
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females, despite being prepubertal (Fig. 2.10B, F(4, 62)= 10.237, p=0.002). As
previously reported, GF mice had ceca that are twice as heavy as the CC mice to aid in
digestion (Fig. 2.10C, F(4, 62)= 126.705, p<0.001). Furthermore, GF mice did not show
morphological markers of inflammation, demonstrated by a trend towards smaller
spleens and shorter colons than the CC mice (Fig. 2.10D, F(4, 62)= 2.97, p= 0.09; data
not shown, F(3, 44)= 14.699, p<0.001, respectively). GF mice showed a sex difference
in colon weight, with females having heavier colons than males (data not shown, F(4,

62)= 4.647, p=0.035).

2.5 Discussion

In this study, we demonstrated that the lack of microbiota alters AVP, OXT and
microglia at weaning and in adulthood, but not necessarily in the same manner.
Specifically, AVP-ir was decreased in weanling-aged GF mice, but there were no
differences between GF and CC animals in adulthood, whereas OXT-ir was higher in
both weanling-aged and adult mice. Furthermore, Iba-1 immunoreactivity generally
decreased in GF mice, but this was sex- and region-specific. Recolonization was not
sufficient to restore CC levels of immunoreactivity for all three neural markers, although
it did increase AVP-ir in some regions and rescue some sex differences observed in the
CC mice. The changes in these neural systems were accompanied by reduced anxiety-
like and social behavior in weanling-aged mice. These results suggest that microbiota
is necessary for proper development of microglia and AVP systems, and changes to the
microbiota during development may lead to behavior alterations downstream.

Very few experiments have investigated the effects of microbiota on AVP, OXT,

and microglia, and we wanted to investigate how and where germ-free status affects
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these systems. While we cannot use these results to make causative claims on the
interaction between the microbiota, neuropeptides, and behavior, we can now use these
results to perform hypothesis-driven experiments to elucidate the mechanism as to how
microbiota contributes to the development of these systems. We also did not replicate
the adult GF behavioral profile to prevent behavioral testing-induced changes in their
neurochemistry (Gagliano et al., 2008). However, the behavioral phenotype of GF mice
is well-established (reviewed in Luczynski et al., 2016) and the behavioral profile we
observed in the weanling-aged mice is similar to that published in adult GF mice.

We found that AVP immunoreactivity decreased in the SCN and its projections in
juvenile GF mice. In addition to its role in the control of circadian rhythms, the SCN and
its projection sites modulate the HPA axis and depressive-like behavior (reviewed in
Kalsbeek et al., 2010). AVP derived from the parvocellular neurons of the SCN have an
inhibitory effect on the HPA axis, and AVP release in the DMH from the SCN is
responsible for lowering circulating levels of corticosterone during the first half of the
light period (Kalsbeek et al., 1996; Kalsbeek et al., 1992). Thus, the decreased AVP-ir
we found may indicate more released AVP, which may reduce the level of
corticosterone in circulation. This would make sense, as GF mice have reduced
anxiety-like behavior than CC mice, but elevated HPA axis activation (Sudo et al.,
2004). Conversely, AVP-ir was increased in the PVT. The PVT is involved in a number
of behaviors, including food intake, food reward, emotional regulation and circadian
rhythms, due to the variation in inputs and projections from this region (Kirouac,

2015). AVP has excitatory effects on PVT neurons (Zhang et al., 2005), so the effects

of the increased AVP in the PVT is dependent on the recipients of the excitatory
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signaling. It is possible that its projections to the nucleus accumbens would increase
the reward from food intake or would increase anxiety-like behavior through its
activation of the extended amygdala (Heydendael et al., 2011; Stratford and Wirtshafter,
2013). However, the posterior PVT is heavily innervated by orexin neurons that
increase anxiety when activated (Heydendael et al., 2011), suggesting that the
anxiogenic role of the PVT is more posterior than the anterior region we analyzed.
Finally, juvenile GF mice showed a trend towards an increase in AVP-ir in the PVN,
which suggests that there may be alterations to the production of AVP or that the slight
increase may contribute to the altered social and anxiety-like behavior in these mice.

In the adult mice, we found that AVP-ir was increased in the RE mice in the PVT,
LHb, and MD compared to CC mice. In general, there was a slight increase in the GF
mice, but it was not significantly different from CC or RE mice. We expect that the
increase AVP-ir in the RE mice is due to the combination of early-life stress of oral
gavage, the immune stress of encountering microbiota for the first time, and the normal
stress of weaning interacting to affect AVP-ir permanently. Early life stress increases
AVP-ir in males in the PVN and AVP receptor 1a (V1aR) binding in the amygdala and
hypothalamus (Veenema et al., 2007). These studies suggest that the maternal
separation that occurs during weaning may affect AVP system function in
adulthood. Furthermore, colonization of GF mice corrects the deficits in mucosal
immune system function (Umesaki et al., 1995), but little examination of how the
immune stress of colonization impacts brain development has been done. It would be
interesting to examine the behavior of the recolonized mice to see if it correlates with

the increased AVP-ir. In the SPZ, we saw a decrease in AVP-ir in the RE mice. The
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SPZ receives AVP projections from the SCN, and the SPZ is involved in controlling
body temperature rhythms, sleep rhythms and locomotor activity, with downstream
functions in energy homeostasis and HPA axis regulation (Vujovic et al., 2016). The
reduction in AVP-ir in the SPZ may be due to increased AVP release from the SPZ or
decreased production. Reduced production may explain the anxiolytic nature of GF
mice, due to decreased HPA axis activation. Alternatively, increased release of AVP
may be acting on other neural systems to result in the behavioral changes.

In the PVN, we only saw trends towards an effect of treatment on AVP-ir in both
adults and weanling-aged mice. It is possible that GF mice would show differences in
immunoreactivity in projection sites from the PVN, similar to our results in the SCN and
its projection sites. More investigation into the PVN and its projections is needed to
understand how the lack of a microbiota impacts this AVP pathway.

We found increased OXT-ir in the PVN and SON of juvenile mice. OXT
production and release are activated by stressful stimuli and has an anxiolytic effect on
the brain. OXT administration either by ICV or into specific brain regions like the PVN
results in decreased anxiety-like behavior in both rats and mice (Ring et al., 2006;
Blume et al., 2008; Jurek et al., 2012). An increase in OXT production or release may
partially explain the anxiolytic behavior patterns of GF mice. A similar pattern is seen in
the adults, where GF mice have more OXT positive cells in the PVN. Of interest, there
was a trend towards a decrease in OXT positive cells in the BNST. OXT actions in the
BNST mediates social recognition, social vigilance, and acquisition of cued fear
(Dumais and Veenema, 2016; Moaddab and Dabrowska, 2017; Duque-Wilckens et al.,

2018), suggesting that the decrease in this region may contribute to the deceased social
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behaviors seen in GF mice (Desbonnet et al., 2014). Alternatively, there may be less
release of OXT, resulting in more OXT-ir in the PVN and SON, suggesting that the
behavioral changes we saw may be due to OXT's effects on the PVN and SON
specifically.

Our microglial results were divergent from those in previous experiments. We
found that mice lacking a microbiota had less microglial immunoreactivity and number,
measured as Iba-1 positive cells, whereas others report that GF mice have an immature
microglial phenotype, characterized by an increase in microglial number and increased
ramification of protrusions (Erny et al., 2015; Castillo-Ruiz et al., 2018). Furthermore,
Thion and colleagues reported that female microglia are more perturbed by the lack of
microbiota in adulthood, whereas males were more affected prenatally, which we did
not replicate (Thion et al., 2018). In fact, we found that GF females showed overall
similar levels of microglia expression to CC females and were affected by recolonization
more than males. Male GF mice showed a decrease in microglia compared to CC
mice, and in general were not affected by recolonization. A few factors may account for
these differences. One, our experiments used Swiss-Webster mice as opposed to the
C57BI/6 mice used in the previous studies. Another factor is that we did not measure
cytokine expression or microglial activation level, so there may be other factors
underlying these differences that are unknown. The fact that recolonization did not
recapitulate the CC phenotype is interesting, because Erny and colleagues report that
colonization with complex microbiota could restore deficient microglia (Erny et al.,
2015). However, they recolonized the GF mice in their experiment in adulthood,

suggesting the timing of recolonization may be crucial to rescue the abnormal microglia
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in GF mice. Taken together, it is clear that more research must be done in order to
tease apart the temporal factors that connect microglia and microbiota.

Our main behavioral finding is that weaning-aged GF mice show less anxiety-
related behavior than CC mice. This change in basal anxiety-like behavior is well
supported in the literature, where adult GF mice spent more time in the open arms of
the EPM compared to SPF mice (Diaz Heijtz et al., 2011; Neufeld et al., 2011b, 2011a,;
Clarke et al., 2013). Interestingly, Lu and colleagues (2018) found that GF mice spent
less time in the center of the open field area and no difference in time spent in the
closed arms of the EPM for C57BI/6 mice at 4 weeks of age (Lu et al., 2018). As our
study used Swiss-Webster mice, as did the experiments done by Neufeld and Clarke,
the differences in results suggest these differences may be due to the effects of mouse
strain. It is worth noting that GF mice in our study showed decreased anxiety behavior
at weaning, which suggests that these patterns of behavior are developing before
puberty, and that puberty may be a critical period for microbiota’s effects on anxiety-like
behavior. Evidence for this is seen in the addendum by Neufeld and colleagues (2011),
who demonstrated that colonization of GF mice in adulthood was not sufficient to rescue
the anxiolytic phenotype of GF mice. Mice that were treated with a cocktail of antibiotics
form weaning to adulthood to produce a model similar to germ-free mice showed an
anxiolytic phenotype as well, further suggesting that puberty is a sensitive period for
effects of microbiota (Desbonnet et al., 2015).

We found that our juvenile GF mice showed deficiencies in social behavior in a
sex-dependent manner. Our findings are partially supported by experiments by

Desbonnet et al. (2014), in which they found that male GF mice spent less time
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investigating a novel mouse in the three-chamber sociability test than CC males,
whereas we observed that only female GF mice were less social than female CC mice
(Desbonnet et al., 2014). There are a number of factors that may account for this
difference. Our study used weanling-aged mice in a different behavioral assay,
suggesting that age and experimental paradigm are important factors in the expression
of social behavior in microbiome manipulation studies. Other studies found increased
sociability (Arentsen et al., 2015) or no difference (Lu et al., 2018) between GF and CC
mice. These studies differed in the strain of stimulus mouse used, age of subjects, and
use of both sexes. The contradiction in results from social behavior assays using germ-
free mice further supports the importance of considering mouse strain, age, and
experimental paradigm (such as using littermates versus novel mice) when interpreting
behavioral results.

The reduction in social behavior in GF mice may be due to changes in odor cues
and odor processing. We used either two GF or two CC mice in our social interaction
paradigm to control for differences what odor signals the mouse receives and how they
are processed. Interestingly, Singh and colleagues demonstrated that rats cannot
discriminate between urine of two genetically dissimilar GF rats (Singh et al., 1990), nor
between two GF mice (Schellinck et al., 1995), suggesting that microbiota may be
necessary for individual odors to develop. However, mice can be trained to differentiate
between two germ-free mice in the Y-maze task, indicating that not all individual odor is
due to microbial factors, or that not all differentiation between animals is olfactory
(Yamazaki et al., 1990). Furthermore, recent evidence suggests that GF mice have

reduced olfactory epithelium cilia thickness and cellular turnover, reduced olfactory
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transduction expression genes, and a stronger electro-olfactogram response to number
of odorants, which may alter how a GF mouse may receive and process social odors
(Francois et al., 2016). Thus, the discrepancy in social behavior between our and other
studies may be due to differences in odor cues and processing.

We found that male CC mice spent more time digging in the marbled arena than
female CC mice, but this sex difference was abolished in GF mice. Males have been
shown to bury more marbles females in some studies (Mitra et al., 2018), but most do
not report sex differences in number of marbles buried (Kokras and Dalla, 2014; Taylor
et al., 2017; Tucker and McCabe, 2017). These studies used the number of marbles
buried instead of time spent digging, meaning we may have captured more subtle sex
differences than can be seen in the number of marbles buried alone to explain our
findings. Alternatively, the age of our mice and experimental procedure may account for
the differences. We used weanling-aged mice and only tested in the arena for 10
minutes, when most experiments tested adults for 30 minutes (Caligkan et al., 2017). It
is possible that males dig more in the first 10 minutes of testing than females, but the
difference disappears over the full 30 minutes. Thus, something about the lack of
microbiota in males may decrease the amount of digging seen in the first 10 minutes of
the marble burying test.

Our results show that GF upbringing is associated with changes to AVP and OXT
expression, as well as dysfunctional microglial response to microbiota
colonization. These results show that microbiota is necessary for proper development
of the AVP and OXT systems, and microbiota deficiency neonatally may alter the

organization these systems that results in long term behavioral changes. More
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evidence is required to determine when and through what pathways the lack of
microbiota affects AVP and OXT development, and what implications this has on
behavior. Understanding the mechanisms underlying this phenomenon may provide
novel therapeutics for psychiatric and neurodevelopmental disorders with anxiety and

social deficit components.
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Figure 2.1. Recolonization with microbiota generally increases AVP

immunoreactivity in adult mice.

Graphs depict AVP immunoreactivity (number of pixels above threshold) in the (A) SPZ,

(B) PVT, (C) SCN, (D) LHb, (E) MD, and (F) PVN. * represents a significant main effect

of treatment, with significant post-hoc tests indicated (p<0.05). # represents a

significant sex difference when the ANOVA indicates a main effect of sex (p<0.05). +

represents a significant treatment by sex interaction (p<0.05). Trends toward

significance are represented with the p-value. Data presented as +/- SEM (n=7-13).
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Figure 2.2. Microbiota alter adult OXT-ir in sex- and region-specific ways.

Graphs depict OXT immunoreactivity in the (A) PVN soma number, (B) AH
immunoreactivity, (C) PVT immunoreactivity, (D) BNST soma number, and (E) SON
soma number. * represents a significant main effect of treatment, with significant post-
hoc tests indicated (p<0.05). # represents a significant sex difference when the ANOVA
indicates a main effect of sex (p<0.05). -+ represents a significant treatment by sex
interaction (p<0.05). Trends toward significance are represented with the p-value. Data

presented as +/- SEM (n=7-13).
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Figure 2.3. Recolonization does not rescue the reduced microglia expression in
GF mice.

Graphs depict Iba-1 immunoreactivity (A-D) or Iba-1 positive cells (E-H) in the (A, E)
BNST, (B, F) LS, (C, G) striatum, and (D, H) PVT. * represents a significant main
effect of treatment, with significant post-hoc tests indicated (p<0.05). # represents a
significant sex difference when the ANOVA indicates a main effect of sex (p<0.05). +
represents a significant treatment by sex interaction (p<0.05). Trends toward

significance are represented with the p-value. Data presented as +/- SEM (n=7-13).
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Figure 2.4. Lack of a microbiota alters AVP-ir at weaning in a region-specific

manner.

Graphs depict AVP-ir in the (A) SCN, (B) DMH, (C) PVT, and (D) PVN. *represents a

significant main effect of treatment (p<0.05). -+ represents a significant treatment by

sex interaction (p<0.05). Trends toward significance are represented with the p-value.

Data are represented as means £ SEM (n=6-9).



44

A PVN B AH C PVT

120 40,000 30,0001

1007

30,0004

80

60 20,0007

Soma Number
Number of Pixels
Number of Pixels

407
10,0004

207

Treatment Treatment Treatment

D BNST E SON

*
3 'I- 25

p=077

"
3

Soma Number
Soma Number

3

Treatment Treatment

Figure 2.5. Germ-free conditions in weanling-aged mice increase OXT-ir in some
brain regions in a similar pattern to adults.

Graphs depict OXT-ir (B, C) or OXT positive cells (A, D, E) in the (A) PVN, (B) AH, (C)
PVT, (D) BNST, and (E) SON. * represents a significant main effect of treatment

(p<0.05).  represents a significant treatment by sex interaction (p<0.05). Trends

toward significance are represented with the p-value. Data are represented as means +

SEM (n=6-9).
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Figure 2.6. Germ-free conditions reduce microglia expression in a brain region-

dependent manner.
Graphs depict Iba-1 immunoreactivity in the (A) BNST, (B) LS, (C) striatum, and (D)
PVT. *represents a significant main effect of treatment (p<0.05). # represents a

significant sex difference when the ANOVA indicates a main effect of sex (p<0.05). +

represents a significant treatment by sex interaction (p<0.05). Data are represented as

means + SEM (n=6-9).
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Figure 2.7. Female GF mice spend less time interacting with a littermate than

female CC mice at weaning.

Graphs depict (A) Time spent actively investigating their littermate, (B) time spent

grooming the other mouse, (C) time moving around the arena, and (D) time spent

rearing against the side of the cage.

* represents a significant main effect of treatment

(p<0.05). # represents a significant sex difference when the ANOVA indicates a main

effect of sex (p<0.05). + represents a significant treatment by sex interaction

(p<0.05). Data are represented as means + SEM (n=10-22).
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3 KNOCKOUT OF TOLL-LIKE RECEPTOR 5 RESULTS IN AN ANXIOGENIC
PHENOTYPE ASSOCIATED WITH CHANGES IN NEURAL VASOPRESSIN
THROUGH A MICROBIOTA-INDEPENDENT PATHWAY

Nicole V. Peters, Benoit Chassaing, Mary K. Holder, Jack Whylings, Daniel

Teuscher, Andrew T. Gewirtz, and Geert J. de Vries
3.1 Abstract

Inflammation contributes to the strong comorbidity between psychiatric and

gastrointestinal disorders, but the exact mechanisms underlying this connection are still
unclear. To investigate this, we are using a model of chronic intestinal inflammation and
metabolic syndrome, induced by the knockout of toll-like receptor 5 (T5KO), to
determine: i) the effects of chronic inflammation and metabolic disruption on behavior, ii)
the neural circuitry that may contribute to the changes in behavior, and iii) the role
microbiota may play in this pathway. First, we phenotyped adult male and female T5KO
and wild-type (WT) mice in anxiety-like, depressive-like, and social behavior assays.
Then we quantified neural OXT and vasopressin (AVP) immunoreactivity. We found
that TS5KO mice have an anxiogenic and depressive-like phenotype that was associated
with changes in AVP in projection sites of the paraventricular nucleus of the
hypothalamus (PVN) and suprachiasmatic nucleus (SCN). To test whether the
behavioral phenotype is due to the actions of microbiota, we colonized GF mice at
weaning with microbiota from T5KO or WT mice, then behaviorally analyzed the
offspring of these microbiota-treated mice. We found that while adult T5KO-gavaged
(T5KO-g) mice show evidence of intestinal inflammation similar to T5KO mice, they did

not show behavioral changes. Microbiota transplantation was not sufficient to induce
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behavioral or physiological changes in juvenile mice. Thus, intestinal inflammation
promotes anxiety-like and depressive-like behavior, partially due to changes in AVP

neural circuitry, through a microbiota-independent pathway.

3.2 Introduction

In the developed world, there has been a reduction in infectious diseases with a
simultaneous increase in chronic inflammatory disorders (Powell et al., 2017). While
inflammatory disorders can affect all areas of the body, particular attention has been
paid to those gastrointestinal and psychiatric in nature, such as irritable bowel syndrome
or anxiety and mood disorders. Recent evidence of the considerable cross-talk
between the gut and the brain may explain the high levels of comorbidity between
intestinal inflammation and psychiatric disorders (Dinan and Cryan, 2016). In fact,
signals from the brain can influence gut function, and vice versa. To add to the
complexity, the composition of gut microbiota can have an effect on both gut and brain
function, due to the myriad of neural, endocrine, metabolic, and immune signals they
send to the rest of the body (reviewed in Martin et al., 2018). Thus, understanding the
signaling pathways of the microbiota-gut-brain axis, particularly in the context of
inflammation, can have significant implications for human mental health.

There are a number of models of intestinal inflammation that are used to probe
how inflammation affects the brain. Dextran sodium sulfate is commonly used to elicit
colitis, severe inflammation of the colon, but this provides a model of acute, not chronic,
inflammation (Emge et al., 2016). Others use dietary changes, such as diets containing

high fat concentrations or dietary additives like emulsifiers or artificial sweeteners, to
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illicit inflammation (Chassaing et al., 2015; de Sousa Rodrigues et al., 2017), but these
models may have downstream effects on the body that are still unknown. Another way
is through the acute or chronic administration of lipopolysaccharide (LPS), a protein
found on the outer membrane of pathogenic, Gram-negative bacteria, which increases
gut inflammation and induces sickness behavior. Recently, our lab found that orally-
gavaged LPS can increase anxiety-like and repetitive behaviors through sexually
dimorphic mechanisms (Fields et al., 2018a). Genetic models are also used to look at
chronic intestinal inflammation, like interleukin (IL)-10 or MUC2 (a major glycoprotein in
colonic mucus) knockouts (Leon et al., 1998; Kumar et al., 2017). To best understand
the gut-brain communication pathways in a chronic intestinal inflammatory and
disrupted metabolic state, a Toll-like receptor 5 (TLR5) knockout model should be used
for the reasons described below.

Toll-like receptors (TLRs) are pattern-recognition receptors that respond to
conserved protein patterns on the surfaces of bacterial membranes. TLR5 specifically
responds to flagellin, a component of flagellum on motile bacteria, and are primarily
located along the basolateral surface of the gut epithelium (Gewirtz et al., 2001,
Hayashi et al., 2001). T5KO mice have a larger intestinal bacterial load and more
epithelial-adherent bacteria, as well as a thinner protective layer of mucus along the gut
epithelium (Carvalho et al., 2012b). It is hypothesized that these changes to the gut
epithelium lead to invasion of bacteria into the peritoneum, leading to a robust immune
response to manage the intrusion (Carvalho et al., 2012; Etienne-Mesmin et al., 2016).
Knockout of TLR5 results in chronic intestinal inflammation, as characterized by

elevated levels of the systemic pro-inflammatory cytokines interleukin-14 (IL-18) and
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tumor necrosis factor-a (TNF-a), and other signs of inflammation like elevated lipocalin-
2, mild splenomegaly, and shorter and heavier colons (Carvalho et al., 2011; Carvalho
et al., 2012). T5KO mice also show symptoms of metabolic syndrome, including obesity
due to larger gonadal adipose deposits, insulin resistance and increased serum
cholesterol levels (Vijay-Kumar et al., 2010). These symptoms take many weeks to
develop (Vijay-Kumar et al., 2010). Furthermore, while there are only some species
level differences between the microbiota compositions of T5KO and wild-type (WT)
mice, the T5KO phenotype is microbiota-dependent (Vijay-Kumar et al.,

2010). Transplantation of TSKO microbiota into germ-free, WT mice induced the same
metabolic syndrome and intestinal inflammation characteristics as knockout of TLR5.

Inflammation contributes to the pathologies of anxiety and mood disorders;
therefore, it is possible that TSKO mice will have a behavioral phenotype indicative of
mild sickness behavior, including increased anxiety-like and depressive-like behaviors
and decreased social motivation (Dantzer et al., 2008). The neuropeptides OXT and
AVP are sensitive to peripheral immune signals and have roles in mediating anxiety and
social behaviors (reviewed in Bredewold & Veenema, 2018; Caldwell, 2017; Jurek &
Neumann, 2018). Thus, we hypothesize that intestinal inflammation increases anxiety-
and depressive-like behaviors through affecting OXT and AVP.

These factors led us to question 1) does knockout of TLR5 affect the behavior of
the mouse, 2) are the neuropeptides OXT and AVP altered in TSKO mice and 3) are
any behavioral changes microbiota-dependent? To test these questions, we first
behaviorally phenotyped T5KO mice and characterized OXT and AVP expression in

limbic brain regions. Then, we tested the offspring of TSKO microbiota-transplanted GF
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mice to determine if TS5KO microbiota was sufficient to recapitulate the T5KO behavioral
phenotype. We found that while TSKO mice had an anxiogenic and depressive
behavioral phenotype associated with changes to AVP, T5KO microbiota alone was not

sufficient to produce this phenotype in WT mice.
3.3 Materials and Methods
3.3.1 Experiment 1

3.3.1.1 Animals

Adult male and female T5KO and WT C57BI/6 mice were obtained from an in-
house breeding colony at Georgia State University. Mice were housed in ventilated
transparent Optimouse cages (35.6 x 48.5 x 21.8cm) lined with Bed-O-Cobs® bedding,
with nestlets and shelters for enrichment. Animals were kept on a 12h:12h light:dark
cycle (lights off at 1900 EST) and ambient temperature was kept at 23°C. Food (Purina
rodent chow no. 5001) and water were available ad libitum. Animals were weaned at
postnatal day 21 (P21) and housed with littermates of the same sex and genotype
group. All procedures were in accordance with the Guide for the Care and Use of
Laboratory Animals and were approved by the Animal Care and Use Committee at the

Georgia State University.

3.3.1.2 Behavioral Testing Schedule

Behavioral tests were conducted in the following order: Open Field Test,
Elevated Plus Maze, Light/Dark Box, Marble Burying Task, Three-Chamber Sociability
Task, and Forced Swim Test. Tests were performed 3-4 days apart, with the exception
of the sociability and swim tests, which only had 2 days between testing. Behavioral

testing occurred within the last 4 hours of the light phase of the light:dark cycle with
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overhead lights as illumination. Animals were allowed to habituate to the testing room
for 1 hour prior to testing. Apparatuses were cleaned with 70% ethanol between
animals in a testing session to remove the scent of previously-tested mice and Vimoba
solution (chlorine dioxide, Quip Laboratories, Wilmington, DE) to sterilize the arena at
the end of testing sessions. An experimenter blind to genotype conditions scored all
behavioral tests.

Two different cohorts were used in the three-chamber sociability test. The first
cohort used only WT stimulus animals for both TSKO and WT experimental mice. The
second cohort used a matched genotype stimulus mouse, such that T5KO mice were
exposed to an unfamiliar TSKO mouse, and WT mice exposed to an unfamiliar WT

mouse.
3.3.2 Experiment 2

3.3.2.1 Animals

Germ-free Swiss-Webster mice were obtained from our breeding program at
Georgia State University and maintained in a Park Biosciences isolator as previously
described (Chassaing et al., 2015). Mice were removed from isolator at weaning (P21)
and were orally administered with 200 uL of fecal suspension from an age-matched
designated donor. The fecal suspensions were sourced from wild-type or TSKO
C57BL/6 mouse donors. Transplanted mice were then housed in four breeding groups
(one male, two females) in isolated ventilated cages, Isocages (Techniplast, West
Chester, Pennsylvania, USA), and fed autoclaved Purina Rodent Chow # 5021, as
previously described (Chassaing & Gewirtz, 2018). Animals were kept on a 12h:12h

light:dark cycle (lights off at 1900 EST) and ambient temperature was kept at
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23°C. Breeding groups were removed from Isocages once reaching adulthood (P60),
once microbiota composition had stabilized, and kept in conventional animal housing as
described in Experiment 1.

All mice were weighed weekly and dams were examined for signs of
pregnancy. Pregnant females were removed from the breeding groups and housed
singly until the pups were weaned at P21. Weaned mice were housed with littermates
of the same sex and treatment group. Mice were fed Purina Rodent Chow #5021 while
in breeding groups and until weaning, at which point their food was changed to Purina
Rodent Chow #5001. All cage changes occurred in a biosafety cabinet to prevent
microbiota cross-contamination and new gloves were used between openings of cages

of each microbiota treatment during weighing and behavioral testing.

3.3.2.2 Behavioral Testing Schedule

All mice underwent behavioral testing at weaning, with half of the litters assayed
on the Open Field Test and Elevated Zero Maze on P22 and Social Interaction Test and
Tail Suspension Test on P24, with the other half tested on P23 and P25. Behavior was
conducted in the same manner as in Experiment 1. Half of the litters were allowed to
grow into adulthood, and the other half were sacrificed at P29 to determine the effects
T5KO microbiota have on development.

Adult (12-14 weeks of age) mice were tested in the Open Field Test, Elevated
Zero Maze, Light/Dark Box, Marble Burying Task, Three-Chamber Sociability Test, and
Tail Suspension Test as described above.

The elevated zero test was chosen in place of the elevated plus test due to its

ability to be repeated without affecting the results of the test (Tucker and McCabe,
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2017). The tail suspension test was chosen in place of the forced swim test because
the T5KO mice in experiment 1 did not move around the apparatuses as much as the
WT mice, and we wanted to minimize the chance that changes in depressive-like
behavior were just due to lack of movement. Finally, we used a social interaction
paradigm only for the weanling-aged mice due to the lack of age-matched stimulus

mice.
3.3.3 Descriptions of Behavioral Assays

3.3.3.1 Open Field Test (OFT)

Locomotor behavior was assessed in a Plexiglas arena (43.2cmW X 43.2L X
30.5 cm H; Med Associates Inc., St. Albans, VT) containing 2 infrared transmitter strips
(16 beams each) at the bottom of the arena in the X and Y planes, dividing the arena
into 256 squares. Another infrared transmitter strip was located 14 cm from the bottom
of the arena to assess behavior in the Z plane. The center of the apparatus was
defined as the center 8 beams in both the X and Y planes. Each mouse was placed
into the arena against the wall closest to the experimenter and allowed to freely explore
the apparatus for 10 minutes. The total distance traveled, and time spent in the center
of the arena were automatically calculated by Activity Monitor (Med Associates, Inc.) on

a computer connected to the open field arenas.

3.3.3.2 Elevated Plus Maze (EPM)

A standard mouse elevated plus maze (EPM) was used, with 2 open arms and 2
closed arms. The arms were 10 cm W x 50 cm L, connected by a 10 cm X 10 cm
center square. Closed arms had a wall height of 40 cm, and the maze was elevated 50

cm from the floor. At the beginning of the test, mice were placed in the center square of
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the arena and allowed to freely explore for 5 min. Video trials were recorded from a
digital camera mounted above the apparatus that was connected by USB to a
computer. The time spent in open arms and total distance traveled were quantified by

AnyMaze version 4.96 (Stoelting, Co., Wood Dale, IL).

3.3.3.3 Elevated Zero Maze (EZM)

A standard mouse elevated zero maze (EZM) was used. The apparatus
consisted of a 5.5 cm wide circular platform of internal diameter 35 cm, raised 50 cm off
the ground, with two equally spaced enclosed compartments covering half the
platform. At the beginning of the test, mice were placed at the intersection of the
enclosed and open sections of the arena and allowed to freely explore for 5 min. Video
trials were recorded from a digital camera mounted above the apparatus that was
connected by USB to a computer. The time spent in open and closed zones of the
apparatus was quantified and broken down into time spent walking, immobile, rearing,
and grooming. Time spent in stretch-attend posture, defined as elongated body posture
to investigate the open zone with at least 50% of the body in the closed zone (Grant and
Mackintosh, 1963). These behaviors were scored by a researcher blind to treatment

condition using AnyMaze version 4.96 (Stoelting, Co., Wood Dale, IL).

3.3.3.4 Light/Dark (L/D) Box

An acrylic box (14.5 cm W X 30 cm L X 14 cm H) was split into a light chamber
(20 cm long) made out of white acrylic, and a dark chamber (10 cm long) made out of
opaque black acrylic and covered. An opaque insert with a5 cm W X 5 cm H opening
separated the two chambers, in order to allow the animals to travel freely between the 2

compartments. Mice were placed in the light chamber by the edge farthest away from
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the dark compartment and were allowed to investigate for 5 min. Video trials were
recorded from a digital camera mounted above the apparatus that was connected by
USB to a computer. The number of entries into the light chamber and the total time
spent in the light were quantified by AnyMaze version 4.96 (Stoelting, Co., Wood Dale,

IL).

3.3.3.5 Marble Burying Test

A Plexiglas arena (24cm W X 46 cm L) was filled with 4 cm of Alpha-dri bedding
(Shepherd Specialty Paper, Fibercore, Cleveland, OH, USA). Mice were placed into the
arena for a 5-minute habituation period, then removed in order to place 20 marbles
(17mm) in an evenly spaced, 4x5 grid on top of the bedding. Mice were returned to the
center of the arena and their behavior was video recorded for 10 min. The number of
marbles buried during this period, defined as being half or more covered by bedding,
time spent grooming, and total time spent digging were quantified using the Observer
XT 11.5 (Noldus Information Technology, Wageningen, The Netherlands). Distance
traveled in the arena was calculated by AnyMaze version 4.96 (Stoelting, Co., Wood

Dale, IL).

3.3.3.6 Three-Chamber Sociability Test (TCT)

A polycarbonate chamber (24cm W X 74cm L X 24 cm H) was split equally into 3
equal sized chambers, with a 9 cm W opening between each to allow movement
between them. At either end of the apparatus was an opening (9cm W X 10 cm H) to
allow access to the stimulus cages. The stimulus cages were also made of
polycarbonate (10cm W X 10 cm L X 10 cm H) with a 10 X 10 grid of 0.5cm diameter

holes to allow transmission of odor and visual cues, while limiting physical contact to
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whisking or nose contact. The three-chamber sociability task was conducted in three

phases, as described below.

3.3.3.6.1 Habituation

Animals were placed into the center of the apparatus, lined with absorbent lab
paper, with empty stimulus cages in order to habituate the animals to the
apparatus. Animals were allowed to explore the apparatus for 5 minutes and were

recorded using an overhead camera.

3.3.3.6.2 Social Investigation

After the habituation period, the experimental animals were removed from the
apparatus and an unfamiliar, sex-matched C57BIl/6 mouse was placed in one of the
stimulus chambers. A novel object was placed in an identical stimulus chamber, and
both stimulus chambers were placed against the side chambers on opposite sides of
the apparatus. The positioning of the mouse chamber and novel object chamber were
alternated for each test, in order to avoid chamber preferences. The experimental
animal was placed back into the apparatus and freely allowed to explore for 10 minutes.
The time spent in each chamber and number of chamber entries were quantified by
Anymaze, and the amount of time spent actively investigating each chamber was hand

scored by an investigator blind to the experimental groups.

3.3.3.6.3 Social Preference

A different cohort of mice were used in the social preference task. Due to
differing behavioral results from the genotype of mouse used as the stimulus animal
during the investigation phase, we tested whether the experimental mice had a

preference for investigating a TSKO or WT mouse. These mice were allowed a 5-
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minute habituation to the apparatus, then they were removed and an unfamiliar, sex-
matched mouse of each genotype (WT or T5KO) was placed into the stimulus chamber
to allow the experimental mouse to choose between investigating a T5KO or WT
mouse. The experimental mouse (either TSKO or WT) was allowed to investigate the
arena freely for 10 minutes. The time spent in each chamber and the amount of time
spent actively investigating each stimulus mouse were by an investigator blind to
experimental groups using Observer XT 11.5 (Noldus Information Technology,

Wageningen, The Netherlands).

3.3.3.7 Social Interaction

A Plexiglas arena (24cm W X 46 cm L) was filled with 2 cm of Alpha-dri bedding
(Shepherd Specialty Paper, Fibercore, Cleveland, OH, USA). Two mice from the same
litter (and therefore the same treatment) were placed into the arena and video recorded
for 10 minutes. Time spent walking, immobile, grooming, allogrooming, rearing, digging,
and investigating the other mouse were scored using Observer XT 11.5 (Noldus

Information Technology, Wageningen, The Netherlands).

3.3.3.8 Forced Swim Test (FST)

Mice were placed into a Plexiglas cylinder containing 3L of water at 28°C+2° for 5
min. At the end of the test, mice were removed from the cylinder and gently dried with a
clean towel. The duration of mobility, defined as attempts to escape the cylinder and
active swimming, and the duration of immobility, defined as absence of movement or
small movement of posterior paws used for floatation only, were scored using Observer

XT by an investigator blind to experimental groups.
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3.3.3.9 Tail Suspension Test (TST)

Animals were suspended by their tails by a strip of tape (~15 cm) attached to an
overhang and recorded for 5 minutes. A pipette tip was placed on their tail before the
tape to prevent the mouse from holding onto their tail during the test. Time spent

struggling or hanging was analyzed using Noldus Observer.

3.3.4 Euthanasia and Tissue Collections

After completion of behavioral testing in both experiments, mice were deeply
anesthetized using isoflurane (5%v/v). Blood was collected by retrobulbar intraorbital
capillary plexus. Hemolysis-free serum was collected by centrifugation of blood using
serum-separator tubes (Becton Dickinson, Franklin Lakes, NJ). Following blood
collection, mice were euthanized by cervical dislocation. The weight and length of the
colon and weights of the spleen, liver, and perigonadal adipose fat depot were
recorded. Feces were collected for microbiota analysis. Brains were removed and fixed
in a 5% acrolein in sodium phosphate buffer (0.1M, pH 7.4) at 4°C, followed by
cryoprotection in 30% sucrose in phosphate buffered saline (PBS: 0.05M, ph7.4). Brains
were sectioned (30um) in the coronal plane with a cryostat and stored in a
cryoprotectant solution (ethylene glycol/sucrose in sodium phosphate buffer) until

immunostained.

3.3.5 Immunohistochemistry

Free-floating sections were rinsed five times in Tris-buffered saline (TBS; 0.05 M
Tris, 0,9% NaCl, pH 7.6), then incubated for 30 min in 0.05 M sodium citrate in TBS.
After rinsing five times in TBS, sections were places for 30 min in 0.1 M glycine in TBS,

rinsed again, and placed into block solution (10% normal goat serum (NGS), 0.4%
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Triton-X and 1% H202 in TBS) for 30 min. Sections were then incubated overnight in
one of the following primary antibodies: anti-AVP (Bachem; 1:32000) or anti-OXT
(Peninsula Labs; 1:32000); all dilutions in TBS with 2% NGS and 0.4% Triton-X. The
next day, sections were rinsed five times in TBS containing 1% NGS and 0.02% Triton-
X and incubated in biotinylated secondary antiserum [goat anti-rabbit for AVP
immunoreactivity; goat anti-guinea pig for OXT (Vector Laboratories, Burlingame, CA)]
diluted 1:800 in TBS with 2% NGS and 0.32% Triton-X for 1 h. This was followed by
rinses in TBS containing 0.4% Triton X, incubated in avidin-biotin complex (Vectastain
Elite ABC Kit; Vector Laboratories) diluted to 1:800 in TBS for 1 h, followed by three
TBS rinses and three sodium acetate buffer rinses. Finally, the staining was visualized
using nickel-enhanced diaminobenzidine (DAB) Substrate Kit (Vector Laboratories).

Sections were mounted onto gelatin-coated slides and coverslipped with Permount.

3.3.6 Colonic Myeloperoxidase Assay

Colonic myeloperoxidase, a marker for neutrophils, was analyzed as previously
described (Chassaing et al., 2015). In brief, tissue was washed in PBS and
homogenized in 0.5% hexadecyltrimethylammonium bromide (Sigma, St. Louis,
Missouri) in 50mM PBS (pH 6.0), freeze-thawed three times, sonicated and centrifuged.
Supernatant was analyzed for myeloperoxidase by adding dianisidine dihydrochloride
(Sigma, St. Louis, Missouri) and H202 and measuring the optical density at 450nm.
Human neutrophil myeloperoxidase (Sigma, St. Louis, Missouri) was used as a

standard.
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3.3.7 LCN2 ELISA
Serum supernatant was analyzed for Lcn-2 using Duoset murine Lcn-2 ELISA kit
(R&D Systems, Minneapolis, Minnesota) as previously described (Chassaing et al.,

2015). Optical density was measured at 450nm.

3.3.8 Image Analysis

Matched sections based on the Mouse Brain Axis (Franklin and Paxinos, 2008)
and location of staining for each mouse were imaged using a Zeiss Axio Imager M2
microscope connected to an ORCA-R2 CCD digital camera (Hamamatsu Photonics).
Brain regions were selected from each of the three neuropeptide source and projection
pathways: the PVN/SON pathway, the BNST pathway, and SCN pathway (as described
in Rood & De Vries, 2011). The PVN/SON pathway includes the PVN. The BNST-MA
pathway includes the lateral habenula (LHDb), ventral lateral septum (LS), and
mediodorsal nucleus of the thalamus (MD). The SCN pathway includes the SCN,
subparaventricular zone (SPZ), paraventricular nucleus of the thalamus (PVT), and the
dorsomedial nucleus of the hypothalamus (DMH). Gray-scale images of the fiber
density in the photomicrographs were analyzed in Image J 1.43u (National Institutes of
Health, Bethesda, MD). The region of analysis was outlined in each section. Subjects
for which the relevant sections were damaged or unavailable were dropped from a

given analysis.

3.3.9 Statistical analyses
Data were analyzed and visualized using IBM SPSS Statistics Version 21
(IBM). Anxiety-like and social behaviors, as well as body and organ weights, were

analyzed by a two-way ANOVA with treatment and sex as the factors, followed by
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Bonferroni post hoc analyses. Data were analyzed by MANOVA followed by
discriminant analysis to reveal patterns in the behavioral phenotype, as previously

described (Fields et al., 2018a).
3.4 Results
3.4.1 Experiment 1: Behavioral and neural phenotyping of TSKO mice

3.4.1.1 T5KO mice show symptoms of metabolic syndrome and low-grade
inflammation

As expected, T5KO showed morphological signs of metabolic syndrome,
including increased body weight (Figure 3.1A; F(1, 67)= 14.61, p<0.001) and increased
gonadal fat pad weight (Figure 3.1B; F(1, 72)= 24.126, p<0.001). Males were heavier
(F(1, 67)=122.004, p<0.001) and had larger fat pads (F(1, 72)=52.585, p<0.001) than
females. TS5KO mice showed morphological signs of low-grade inflammation, including
shorter (Figure 3.1C, F(1, 72)= 57.6, p<0.001) and heavier (Figure 3.1D; F(1, 72)=
25.384, p<0.001) colons as well as mild splenomegaly (Figure 3.1E; F(1, 72)=23.491,
p<0.001). Females in both groups had heavier spleens than males (F(1, 72)= 8.844,
p=0.004). Levels of Lcn-2 increased in female TSKO mice and decreased in male T5KO
mice compared to their WT counterparts (Figure 3.1F; sex by treatment interaction, F(1,
53)=35.242, p<0.001). There was no difference between genotypes in MPO levels,

indicating that TS5KO mice are not colitic (Figure 3.1G; p>0.05).

3.4.1.2 T5KO mice have an anxiogenic and depressive phenotype
Knockout of TLR5 in females resulted in decreased time spent in the center of
the open field arena (Figure 3.2A, main effect of treatment, F(1, 72)= 5.896, p=0.01,

main effect of sex, F(1, 72)= 4.585, p=0.036). This behavior may be partially due to the
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fact that TS5KO mice traveled less distance in the arena (Figure 3.2B, main effect of
treatment, F(1, 72)= 40.246, p<0.001), suggesting that TSKO mice were not exploring
the arena as much as the WT mice. When these data were analyzed using distance
traveled as a covariate, there was a trend towards an interaction between sex and
treatment (F(1, 72)=3.644, p=0.06), but there was no main effect of genotype on time
spent in the center of the OFT (p>0.05).

Similar to their behavior in the open field, female TSKO mice spent the least
amount of time in the open arms of the EPM (Figure 3.2C, main effect of sex, F(1, 72)=
4.025, p=0.049). However, T5KO mice overall did not show differences in open arm
time compared to WT mice, which led to a trend towards an interaction of treatment and
sex (F(1, 72)= 3.682, p=0.059). Again, T5KO mice traveled less in the EPM than the
WT mice (Figure 3.2D, F(1, 72)=4.751, p=0.033), which may partially explain the
difference in the female T5KO behavior. When we use distance traveled as a covariate,
there was no effect of genotype on time spent in the open arms of the elevated plus
maze (p>0.05).

T5KO mice spent half the time the WT mice did in the light chamber of the
light/dark box (Figure 3.2E, F(1, 71)= 35.474, p<0.001). We did not observe any sex
differences in time in the light zone (p>0.05). Because the dark chamber is covered
from camera view, we used the number of light chamber entries as a proxy of distance
traveled in the apparatus. There was no difference between genotype in light zone
entries (Figure 3.2F, p>0.05). There was still a significant effect of genotype when the
number of entries into the light zone was used as a covariate (F(1, 71)=33.325,

p<0.001).
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T5KO mice spent twice as long floating in the FST than WT mice (Figure 3.2G,
F(1, 72)= 46.846, p<0.001), typically indicative of a depressive-like
phenotype. However, this effect may be confounded by the fact that TS5KO mice were
less mobile in the other behavioral assays and that TSKO had more fat tissue. Knockout
of TLR5 had more of an effect on the males, resulting in a trend towards a sex
difference (main effect of sex, F(1, 72)= 5.269, p=0.025, independent t-test,
p=0.059). T5KO mice also had a shorter latency to begin floating than WT mice (Figure
3.2H, F(1, 40)= 14.886, p<0.001).

The marble burying test is used as a measure of compulsive behavior (Angoa-
Pérez et al., 2013). There were no differences between T5KO and WT mice in number
of marbles buried in the arena (Figure 3.3A, p>0.05), but males buried more marbles
than females (F(1, 72)= 18.292, p<0.001). Males spent more time digging in the
bedding of the arena than the females (Figure 3.3B, F(1, 72)= 16.849, p<0.001). While
there were no differences between T5KO and WT mice in digging behavior, T5KO mice
spent more time grooming in the arena than WT mice (Figure 3.3C, F(1, 71)= 16.589,
p<0.001). T5KO mice also traveled less distance than WT mice (Figure 3.3D, F(1, 71)=
42.255, p<0.001). When distance traveled was used as a covariate in the ANCOVA, we
found that there was a trend towards an effect of genotype in the number of marbles

buried (F(1, 71)= 3.099, p=0.083).

3.4.1.3 T5KO mice were more social only with WT stimulus mice
Three different cohorts of mice were used in the three-chamber sociability test:
one with all WT stimulus mice, one with matched genotype stimulus mice, and one

where a choice of T5KO or WT mouse was given. T5KO mice investigated both the
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stimulus WT mouse (Figure 3.4A, F(1, 40)= 25.237, p<0.001) and novel object (Figure
3.4B, F(1, 40)= 19.81, p<0.001) more than the WT mice. When the stimulus mouse
was of matched genotype, there was a trend towards an increase in social interaction in
the T5KO mice (Figure 3.4C, F(1, 31)= 3.98, p=0.056), and no difference in time
investigating the novel object (Figure 3.4D, p>0.05). When the distances traveled from
the first two cohorts were combined, T5KO mice traveled less in the arena than WT
mice (Figure 3.4E, F(1, 72)= 63.412, p<0.001). WT females traveled more than WT
males, and this sex difference was lost in the T5KO mice (F(1, 72)= 7.5,

p=0.008). Finally, when distance was used as a covariate, there was a main effect of
genotype in time investigating the mouse in the first (WT only) cohort (F(1, 40)= 12.937,
p=0.001, but there was no effect of genotype when the stimulus animals were of
matched genotypes (p>0.05).

Due to the fact that TS5KO mice were more social when presented with a WT
stimulus mouse than one of their own genotype, we decided to test the preference of
T5KO and WT mice for a mouse of their same or different genotype. WT females, T5KO
females and T5KO males preferred WT stimulus mice, as evidenced by a positive
preference score (Figure 3.4F, sex by treatment interaction, F(1, 37)= 4.562,
p=0.04). WT males, however, greatly preferred TSKO mice. Thus, with the exception of

WT females, mice prefer to investigate the different genotype stimulus.

3.4.1.4 Knockout of TLR5 increased AVP in PVN and SCN projection sites
In the PVN, T5KO mice had greater levels of AVP-ir than WT mice (Figure
3.5A). This difference was due to greater immunoreactivity in the TS5KO males,

resulting in main effects of both genotype (F(1, 35)=9.353, p=0.004) and sex (F(1,
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35)=14.357, p=0.001). A similar pattern was seen in the DMH, PVT, and SPZ,
projection sites of the SCN. In the DMH, T5KO mice had higher levels of AVP-ir (Figure
3.5B, F(1, 35)=10.238, p=0.003), due to greater immunoreactivity in the TSKO males
(F(1, 35)=5.633, p=0.024), but this did not reach significance in the PVT (Figure 3.5C;
trend towards main effect of genotype, F(1,35)=3.037, p=0.091; trend towards main
effect of sex, F(1,35)= 3.822, p=0.059), nor the SPZ (Figure 3.5D; trend towards main
effect of genotype, F(1, 35)= 3.107, p=0.088, main effect of sex, F(1, 35)= 7.502,
p=0.01).

In the SCN, T5KO males had greater AVP-ir compared to the other groups
(Figure 3.5E; F(1, 35)=4.213, p=0.048), resulting in overall greater immunoreactivity in
the T5KO mice, but this trend did not quite meet significance (F(1, 35)= 3.573,
p=0.068).

In the LHb, the typical sex difference in this region, where males have higher
AVP-ir than females, was greater in the T5KO mice than WT mice, resulting in a sex by
treatment interaction (Figure 3.5F; F(1, 35)= 17.93, p<0.001), such that AVP-ir
decreased from WT to T5KO females and increased in the males. The same pattern
was seen in the ventral LS, albeit with a lesser increase in the sex difference (Figure
3.5H; sex by treatment interaction, F(1, 35)=4.741, p=0.037). There were no genotypic
effects on AVP-ir in the MD, but a large sex difference was observed (Figure 3.5G; F(1,
34)=57.933, p<0.001), where males had higher immunoreactivity than the females, in

accordance with the literature (Rood et al., 2013).
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3.4.1.5 T5KO increased OXT in the BNSTmv and AH

T5KO mice showed higher levels of OXT-ir in the medial ventral BNST (Figure
3.6A; F(1, 37)=5.699, p=0.023). There were no differences between the sexes in OXT-
ir (p>0.05).

In the anterior hypothalamus, there was a sex by genotype interaction in the
number of OXT positive cells (Figure 3.6B; F(1, 38)= 5.49, p=0.025). This interaction
was due to the increase in OXT-ir positive cells in the male TSKO mice compared to
male WT and the abolishment of the sex difference in the TSKO mice. This pattern was
only seen in the number of OXT-positive cells, not the quantification of OXT-ir. Female
mice in both genotypes had higher levels of OXT-ir compared to the males (F(1,
38)=6.153, p=0.018, data not shown).

A sex difference emerged in the DMH in T5KO mice compared to WT mice,
where female T5KO mice had greater OXT-ir than the males (Figure 3.6C; F(1,
38)=4.323, p=0.045). In the SPZ, female WT mice had higher levels of OXT-ir than the
WT males, but there was no sex difference in the T5KO mice (Figure 3.6D; F(1,
37)=3.233, p=0.081).

Females showed a trend towards greater OXT-ir levels in the SON than males,
but this did not reach significance (Figure 3.6E; F(1, 38)= 3.573, p=0.067). There were
no differences in the number of OXT positive cells between genotypes or sexes
(p>0.05; data not shown).

There was no effect of genotype or sex on OXT-ir or OXT positive cells in the
PVN (Figure 3.6F; p>0.05). There were also no effects of sex or genotype on OXT

immunoreactivity in the ventral LS, BNST, MnPO, or PVT.
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3.4.1.6 Multivariate statistics separated groups by sex and genotype for both
behavioral profile and neuropeptide expression

We wanted to see if the behavioral changes we saw in the various assays
resulted in an aggregate behavioral phenotype. To do this, we used discriminant
analysis to determine the contribution of each behavioral measured outcome to the
overall phenotype (Figure 3.7A). When subjects were designated to four groups based
on sex and genotype, discriminant analysis revealed three canonical functions that
maximize group separation along these factors. Function 1 explains 79.9% of the
variance (canonical R?= 0.856), function 2 explains 18% of the variance (canonical R?=
0.617), and function 3 explains 2.1% of the variance (canonical R?=
0.259). Collectively, these discriminant functions significantly differentiated the sex and
genotype groups (A=0.154, X?(24)= 119.536, p<0.001). Table 1 reveals the correlations
between behavioral measures and the discriminant functions. In this case, function 1
primarily separated TSKO mice from WT mice and was driven by time spent floating in
the TST, distance traveled in the OFT, time spent investigating the mouse in the TCT,
and time spent self-grooming in the marble burying test. Function 2, which primarily
separated males from females, was driven by the number of marbles buried, time in
light zone of the L/D box, and time in the center of the OFT. This pattern is similar to
that seen in the individual graphs, where the factors underlying function 1 had larger
effects between genotypes, whereas the outcomes in function 2 showed sex
differences.

The same procedure was done for neuropeptide expression (Figure

3.7B). Function 1 explained 74.8% of the variance (canonical R?=0.921), function 2
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explained 22.7% of the variance (canonical R?=0.793), and function 3 explained 2.5% of
the variance (canonical R?=0.398). Collectively, these functions differentiated between
sex and genotype as well (A=0.047, X?(33)= 74.798, p<0.001). Function 1 separated
the cases mostly by sex, so it was unsurprising that this was driven by AVP-ir in the LHb
and MD, as both of these regions had distinct sex differences. Function 2, which split
the cases by genotype, was driven by AVP-ir in the DMH, PVN, and PVT, and OXT-ir in
the DMH. These results suggest that AVP is the main neuropeptide contributing to the

separation between sex and genotype.

3.4.2 Experiment 2: T5KO and WT microbiota transplantation to WT mice

In this experiment, we examined the offspring of microbiota-transplanted GF
mice at weaning and adulthood to see if the behavioral phenotype described above was
due to microbiota composition. The offspring were used in behavioral studies because
we wanted the experimental mice to have had T5KO or WT microbiota throughout their
lifetimes. However, we predicted that there would be no effect of TSKO microbiota
transplantation in the weanling-aged mice, because the physiological effects of TSKO
and T5KO microbiota transplantation take many weeks to develop (Vijay-Kumar et al.,

2010).

3.4.2.1 T5KO microbiota have little effect on physiology in juvenile mice

WT-g mice had a higher body weight than T5KO-g mice at P29 (F(1, 56)=
12.719, p=0.001) and males were heavier than females (Figure 3.8A; F(1, 56)= 7.673,
p=0.008). This was due in part to smaller adipose deposits in the TSKO-g mice (Figure
3.8B; F(1, 56)=83.444, p<0.001). A sex difference appeared in the T5KO-g mice, where

males had heavier adipose pads than females (F(1, 56)= 8.742, p=0.005). There was
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no difference between groups in colon weight (Figure 3.8C; p>0.05), but TS5KO males
had longer colons than T5KO females (Figure 3.8D; F(1, 56)=6.213, p=0.016). Males
had heavier ceca than females (Figure 3.8E; F(1, 56)= 18.002, p<0.001). Spleen
weight decreased in T5SKO males compared to WT males (Figure 3.8F; sex by
treatment interaction, F(1, 56)=4.947, p=0.03), and males had heavier spleens than

females.

3.4.2.2 T5KO microbiota had no effect on anxiety-, depressive-like, or social
behaviors at weaning

There was no effect of sex or treatment group on time spent in the center of the
apparatus nor distance traveled in the arena in the OFT (Figures 3.9A and 3.9B;
p>0.05), time in the open zones of the EZM (Figure 3.9C; p>0.05), nor time spent
hanging in the TST (Figure 3.9D; p>0.05).

Treatment with T5KO microbiota had the biggest impact on movement in the
social interaction test. For example, WT-g mice spent more time moving than T5KO-g
(Figure 3.10A,; significant treatment by sex interaction; F(1, 99)=6.682, p=0.011),
particularly the females, and spent less time immobile (Figure 3.10B; trend towards
main effect of treatment, F(1, 83)= 3.311, p=0.073). In addition, a number of sex
differences in behavior were seen. Males spent more time in the arena investigating the
other mouse (Figure 3.10C; F(1, 95)= 6.469, p=0.013) and grooming themselves
(Figure 3.10D; F(1, 97)= 11.4, p=0.001), whereas females spent more time digging
(Figure 3.10E; F(1, 59)= 5.255, p=0.026) and rearing (Figure 3.10F; trend towards main

effect of sex, F(1, 75)= 3.717, p=0.058).
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3.4.2.3 T5KO microbiota is sufficient to recapitulate T5SKO physiological
phenotype in adult mice

Adult T5KO-g mice had characteristics of metabolic syndrome and chronic
intestinal inflammation. T5KO-g mice had a higher body weight than WT-g mice at the
time of death (Figure 3.11B; F(1, 55)= 30.321, p<0.001), and males were heavier than
females (F(1, 55)=48.497, p<0.001). This effect did not appear until week 14 (Figure
3.11A), suggesting that T5KO microbiota takes multiple weeks to have their effect on
body weight (Vijay-Kumar et al., 2010). This was due to heavier adipose pads in the
T5KO-g mice (Figure 3.11C, F(1, 55)= 4.459, p=0.04). T5KO-g mice had heavier
(Figure 3.11D; F(1, 55)=19.608, p<0.001) and longer (Figure 3.11E; F(1, 55)= 16.396,
p<0.001) colons than WT mice. Females had shorter colons than males (F(1, 55)=
9.585, p=0.003). T5KO-g mice had heavier ceca than WT mice (Figure 3.11F, F(1,
55)=29.84, p<0.001). T5KO-g mice also had mild splenomegaly (Figure 3.11G; F(1,
55)=12.278, p=0.001), and females had heavier spleens than males (F(1, 55)= 23.509,

p<0.001).

3.4.2.4 T5KO microbiota has a mild effect on anxiety-like, but not depressive-like
or social, behavior in adult mice
Overall, TSKO-g mice spent less time in the center of the open field test than
WT-g mice, suggesting that T5KO-g mice have a more anxious phenotype than WT-g
mice. Male WT-g mice spent more time in the center of the arena than female WT-g
mice, but this sex difference was reversed in the T5KO-g groups, resulting in a sex by
treatment interaction (Figure 3.12A; F(1, 55)=4.354, p=0.042). This interaction was not

due to differences between groups in distance traveled in the whole arena or the center
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of the arena (Table 3.3; p>0.05). There was no difference between T5KO-g and WT-g
mice in time spent in the open arms of the elevated zero maze (Figure 3.12B; p>0.05),
nor time spent walking in the EZM (Table 3.3, p>0.05). T5KO-g and WT-g mice showed
no differences in time spent struggling or hanging in the tail suspension test (Figure
3.12C; p>0.05). Furthermore, there were no differences in the time spent in the light
zone of the light-dark box between treatment groups (Figure 3.12D; p>0.05). However,
T5KO-g mice spent less time in a stretch-attend posture, in which mice stretch their
midsections to explore the light zone while still remaining in the safety of the dark zone
(Figure 3.12E; F(1, 55)=4.552, p=0.038), which may suggest that TSKO-g mice are less
willing to risk exploring a novel area. There were no differences between zone entries
between treatment groups (Table 3.3; p>0.05).

There was a trend towards a sex difference in the number of marbles buried
during a 10-minute marble burying test, in which male T5KO-g mice buried more
marbles than female TS5KO-g mice (Figure 3.12F; F(1, 55)=2.874, p=0.096). However,
this trend was not seen when the amount of digging behavior was quantified (data not
shown; p>0.05). There was a sex difference in time spent grooming, where females
from both treatment groups groomed themselves more than males (data not shown;
F(1, 55)=4.359, p=0.042). There were no sex or treatment differences in time spent
walking, rearing, or immobile (Table 3.3; p>0.05).

In the three-chamber test, there was a trend towards an interaction of sex and
microbiota treatment on time spent in the chamber with the stimulus mouse (Figure
3.13A; F(1, 53)= 3.827, p-0.056), driven by a reversal in sex difference from WT-g to

T5KO-g. Of interest, this did not translate into differences in time spent actively
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investigating the mouse (Figure 3.13B; p>0.05). WT-g mice spent less time walking in
the stimulus mouse chamber (Figure 3.13C; F(1, 52)= 4.603, p=0.037), but there were
no differences in any other behaviors in this chamber. While there was no difference in
time spent in the object chamber (p>0.05; data not shown), there was a trend towards
an interaction between sex and treatment in time spent investigating the novel object
(Figure 3.13D; F(1, 53)= 5.325, p=0.084. This interaction was driven by a significant
increase in female WT mice, resulting in a main effect of sex (F(1, 53)=4.115, p=0.048)
and a main effect of treatment (F(1, 53)=4.22, p=0.045). T5KO-g mice spent more time
walking throughout each chamber than WT-g mice (Figure 3.13G; F(1, 53)=30.25,

p<0.001).

3.4.2.5 Multivariate statistics reveal no pattern of behavior in microbiota treated
mice
Discriminant analysis did not reveal separation of sex or genotype in the behavior
of T5KO-g and WT-g mice (Figure 3.14 and Table 3.4, A=0.48, X?(27)= 31.931,

p>0.05), further supporting the numerous non-significant behavioral results.

3.5 Discussion

We found that knockout of TLRS5 results in an anxiogenic and depressive-like
behavioral phenotype that was primarily due to changes in locomotion. Females
seemed more susceptible to anxiety-like behavior, whereas males showed a slight
elevation to depressive-like behavior. This behavioral phenotype was associated with
greater AVP immunoreactivity. Characteristics of chronic intestinal inflammation and
metabolic syndrome (Vijay-Kumar et al., 2010) were replicated in both sexes. While the

physiological phenotype of TSKO was conferred to WT mice by microbiota transfer,
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these mice did not show the T5KO behavioral phenotype. As expected, juvenile mice
treated with T5KO microbiota did not show the behavioral or physiological
characteristics of T5KO. These results suggest that there is another factor aside from
microbiota that is responsible for the behavioral changes in T5KO mice.

One possible limitation of this study is the use of whole-body deletion of TLR5.
TLR5 mRNA is expressed constitutively throughout the body, with the highest
expression in the lungs and liver, and excluding the kidney (Sebastiani et al.,
2000). There are low levels of TLR5 mRNA expression in the brain (Letiembre et al.,
2007; Qiao et al., 2012), with expression in astrocytes and neurons in the cerebral
cortex as well. Thus, itis entirely possible that the behavioral and neurochemical
effects seen in the TSKO mice may be due to knockout in tissue other than the
intestines. Although not directly tested here, it is likely that the results are from the loss
of TLRS5 in the intestine. Intestinal epithelial cell-specific knockout of TLR5 results in the
same physiological phenotype as whole-body knockout (Chassaing et al., 2014), but the
behavioral phenotype of these mice is unknown. Another limitation is the use of a
different mouse strain, due to GF mouse availability, between experiments 1 and 2,
which may contribute to the lack of behavioral differences after microbiota
transplantation. However, C57BI/6J and Swiss-Webster mice are shown to have similar
anxiety-related traits (Crawley, 2008), suggesting that the behavioral differences
between the strains used in this study are minor, and it is likely other factors are
contributing to our behavioral results. Finally, it is difficult to interpret what changes to
immunoreactivity indicate about the vasopressin and oxytocin systems. Greater

immunoreactivity may indicate either increased production of the neuropeptide or less
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release from the examined brain region. To truly identify how T5KO affects vasopressin
and oxytocin, in situ hybridization could be used to measure vasopressin or oxytocin
MRNA production, or microdialysis could measure vasopressin or oxytocin release.
T5KO mice display a behavioral profile reminiscent of mild sickness
behavior. Sickness behavior is the behavioral complement to an infection and is
defined as a motivational state that allows the organism to rest and recover from the
infection (Dantzer et al., 2008). Thus, sickness behavior is characterized by increases
in anxiety-like and depressive-like behavior, as well as aversions to movement,
exploration and social interactions. Female TSKO mice showed more anxiogenic
behavior in the OFT and EPM, but not L/D box, suggesting that TS5KO may affect
components of anxiety-like behavior differently between the sexes. The OFT has been
described as better measure of passive coping behavior, while the L/D box and EPM
are measures of active coping behavior (Bourin and Hascoét, 2003; Bourin et al., 2007,
Nosek et al., 2008). It may be that the responses to different stressors may differ
between T5KO males and females. When we examined the behavioral phenotype of
T5KO mice using multiple discriminant analysis, we found that time spent floating in the
FST, distance traveled in the OFT, time investigating the mouse in the TCT, and time
spent in repetitive grooming were the factors that most differentiated the TSKO and WT
mice. This is unsurprising, as examination of these behaviors individually showed
significant genotypic differences (refer to Figures 3.2-3.4). Interestingly, the behaviors
that differentiate the genotypes are components of locomotion, depressive-like and
social behavior, suggesting that the phenotype is more reminiscent of sickness behavior

than an anxiety-like behavior model.
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T5KO mice show higher levels of inflammatory markers like Lcn-2, suggesting
that this pro-inflammatory state may contribute to the anxiogenic phenotype. Lcn-2
modulates both peripheral and CNS responses to an infection, and Lnc-2 knockout
experiments show that it is protective against exacerbated neuroinflammation and more
severe sickness behavior (Ferreira, 2014; Kang et al., 2018). While we saw that
females had a more severe anxiety-like phenotype than males, despite higher levels of
Lcn-2, we did not investigate Lcn-2 levels in the brain, so we cannot say with certainty
the role Lcn-2 is playing in the expression of this behavioral phenotype. Itis also
possible that serum Lcn-2 levels are correlated with systemic proinflammatory cytokine
expression, which may account for the more severe phenotype in females. Elevated
levels of pro-inflammatory cytokines are associated with increased anxiety-like and
depressive-like behavior, and systemic injection of these cytokines can induce anxiety
(Maes et al., 2012). T5KO results in colonic increase of the pro-inflammatory cytokines
IL-1B and TNF-a, suggesting that the peripheral inflammation may contribute to the
elevated anxiety-like behavior in T5KO mice (Vijay-Kumar et al., 2007). Furthermore,
peripheral injection of LPS activates the PVN, and therefore the HPA axis, through an
IL-1B dependent mechanism (Quan et al., 2003). It is possible that these cytokines are
signaling to the brain through afferent nerves in the colon, exacting the neural and
behavioral changes summarized here. Taken together, the increased inflammation seen
in T5KO mice results in mild sickness behavior, with some behaviors differentially
affected by sex, and future experiments will need to probe into the exact immune factors

regulating this behavioral phenotype.
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Converse to canonical sickness behavior, TSKO mice were more investigatory in
the three-chamber test than WT mice, especially when WT mice were the stimulus
animals. T5KO mice actively investigated the WT stimulus mice in the first three-
chamber sociability cohort more than WT mice investigated the WT stimulus,
suggesting that T5KO mice had more motivation for social interaction than the WT
mice. However, it is possible that the T5SKO mice were responding to a different series
of odor cues from the WT mice than they are normally exposed to. It is well-established
that mice and other animals use odor cues in a variety of social situations, including kin
recognition and mate selection (Bienenstock et al., 2018). In addition, gut microbiota
can produce many odorants (Ezenwa and Williams, 2014), so it is likely that the gut
microbiota contributes to the differences in social behavior we observed. In fact, rats
raised in a germ-free environment lost their odors of individuality (Singh et al., 1990),
and experimental rats could not distinguish between the odors of two germ-free MHC-
congenic stimulus rats (Schellinck et al., 1995). Furthermore, mice treated with LPS
alters urine odor such that mice could distinguish between LPS- and control-treated
urine in a 'Y maze (Kimball et al., 2014). This evidence suggests that either the changes
in gut microbiota of the TS5KO mice and/or the immune system activation could have
altered their body odor, resulting in increased investigation of the novel-scented WT
mice. When given the choice between a WT or T5KO mouse, both sexes of TSKO
mouse showed a preference for investigating the WT mouse. This pattern goes the
other way as well, where male WT mice greatly preferred to investigate the TSKO
mouse, suggesting both WT and T5KO have a preference for odor novelty in a

controlled environment.
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We found that AVP immunoreactivity is greater in the SCN and PVN and their
projection sites, in response to T5KO. These regions control circadian rhythms and
motivated behaviors, respectively, and both have been shown to contribute to sickness
behavior through regulation of anxiety-like and depressive-like behaviors (Dantzer,
2006; Andries Kalsbeek et al., 2010; Landgraf et al., 2016). The hypothalamus and
thalamus receives input from the gut by way of the vagus nerve and the nucleus of the
solitary tract, so it is likely that inflammatory signals in T5KO mice affect OXT and AVP
producing neurons in the hypothalamus, which could then project to other areas of the
brain to enact behavioral changes (Goehler et al., 2005). Specifically, greater AVP
immunoreactivity in the SCN coupled with decreases in AVP mRNA production may
underlie the lethargy involved in depressive-like behaviors, and depressed patients
have higher numbers of AVP-ir positive neurons in the SCN (Dai et al., 1998; Zhou et
al., 2001). This suggests that the greater AVP immunoreactivity in the SCN, as well as
the projection sites the DMH, PVT, and SPZ, may have disrupted the circadian rhythms
of T5KO, contributing to increased lethargy and depressive-like behavior. AVP
signaling from the SCN can disrupt the HPA axis as well through GABAergic
interneurons in the DMH and SPZ, which also may contribute to the increased anxiety-
like behavior (Kalsbeek et al., 2010). More thorough examination of HPA activation is
prudent to understand the interplay between T5KO and anxiety-like and stress
behaviors.

The increases we see in AVP immunoreactivity in the PVN and its projection
sites may be contributing to the anxiogenic behavioral phenotype in TSKO mice. AVP

produced in the PVN is projected to a number of brain regions, including the lateral
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septum and central amygdala, as well as is released into the median eminence to
stimulate adrenocorticotropin from the anterior pituitary (Csikota et al., 2016; Hernandez
et al., 2016), indicating that AVP from the PVN can affect anxiety-like behavior through
its effects in other brain regions and through HPA activation. For example, AVP
infusion into the central amygdala in rats (Hernandez et al., 2016), and overexpressing
the Avprla gene in the lateral septum in mice (Bielsky et al., 2005), increases anxiety-
like behavior. Mouse models of anxiety tend to have increased HPA axis activity, which
is associated with increased AVP, and perturbing the stress response results in anxiety-
like behavior (Landgraf, Wigger, Holsboer, & Neumann, 1999; Niraula, Witcher,
Sheridan, & Godbout, 2019), but this is not always the case (Neufeld et al., 2011; Sudo
et al., 2004). More investigation is needed to determine how T5KO affects AVP and the
HPA axis, especially to delineate whether the greater immunoreactivity is due to
increased production of AVP mRNA or less release from the PVN.

We found that OXT is not very affected by inflammation in T5SKO mice. Ample
evidence suggests that OXT both anxiolytic and anti-inflammatory in the brain
(Neumann and Landgraf, 2012; Yuan et al., 2016a; Wang et al., 2018), so it is not
surprising that OXT was only mildly affected in our experiments. We did see elevated
OXT immunoreactivity in the BNSTmv, which is important for the regulation of social
behavior (Lebow and Chen, 2016), indicating that the increased sociability in T5KO
mice may be due to this increase in OXT. As mentioned previously, the greater OXT-ir
may be either increased mRNA production or decreased neuropeptide release. Thus,

more investigation is needed to identify what effect TSKO has on oxytocin.
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Our T5KO mice replicated the physiological phenotype previously reported
(Chassaing et al., 2014, Vijay-Kumar et al., 2010). This is true for adult WT mice
colonized with TSKO microbiota as well, albeit to a less severe degree, but not for
juvenile T5KO-g mice. This is not surprising, as T5KO requires multiple weeks for
metabolic syndrome to develop (Carvalho et al., 2012; Vijay-Kumar et al., 2010). While
T5KO microbiota is sufficient to promote intestinal inflammation and characteristics of
metabolic syndrome in the adult offspring of microbiota-transplanted mice, this was not
the case for the behavioral phenotype, suggesting that the behavior of T5KO mice is
modulated by more than just the microbiota. It is unclear what other factors may
underlie this microbiota-independent pathway, as we only measured behavioral
expression in these animals. It is possible that the intestinal inflammation did not
extend past the gut, for example to the brain, because the T5KO-g mice did have
functioning TLRS5 receptors. Even if the T5KO-g mice had an increased bacterial
burden, thinner mucus layer and more bacteria invading the gut epithelium, the
presence of TLR5 should catch any invading bacteria before a large-scale immune
response is mounted. It is also possible that more time was needed for the microbiota
transplant to fully affect behavior, which could be achieved by testing the mice at a later
age (20 weeks instead of 15), colonizing the parents at an earlier age than weaning, or
colonizing the experimental mice at birth. It is also possible that our procedure of
colonizing the GF mice at weaning resulted in microbiota shift to a more similar
microbiota between WT-g and T5KO-g mice. A recent experiment by Fulde and
colleagues found that GF mice colonized with T5KO microbiota as neonates had

microbiota compositions that grew more similar to WT microbiota over 28 days than
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T5KO microbiota given to adults (Fulde et al., 2018). This suggests that we may need
to administer T5KO microbiota to the parents in adulthood to maintain separation
between T5KO and WT mice. Future studies warrant investigation of systemic and
neural cytokines as well as neuropeptide expression to better pinpoint the deviation
from the T5KO phenotype.

Our results suggest that the physiological changes in TSKO may induce mild
sickness behavior through the elevation of hypothalamic AVP immunoreactivity in a gut
microbiota-independent mechanism. While TLR5 deficiency in humans does not result
in the same chronic inflammation that it causes in mice (Gewirtz et al., 2006), TSKO
mice are a novel model for investigating the microbiota-gut-brain communication
pathways that contribute to the association between inflammation and
behavior. Anxiety and depression are strongly associated with inflammation and
metabolic syndrome in humans, so identifying the mechanisms underlying this

relationship is imperative for developing novel therapeutics.
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3.6 Figures
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Figure 3.1. T5KO mice replicate metabolic syndrome and low-grade inflammatory
phenotype.

T5KO mice show morphological phenotypes of metabolic syndrome (A-B) and intestinal
inflammation (C-E). (A) Body weight, (B) gonadal fat pad mass, (C) colon length, (D)
colon weight, and (E) spleen weight were recorded. Markers of intestinal inflammation
(F) Len-2 from blood serum and (G) colonic MPO tissue show T5KO mice have low-
grade, but not colitic, inflammation. * represents a significant main effect of treatment
(p<0.05). # represents a significant main effect of sex (p<0.05). + represents a

significant treatment by sex interaction (p<0.05). Data presented as +/- SEM (n= 16-

22).
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Figure 3.2. T5KO mice have an anxious and depressive phenotype.

Behavior of T5SKO and WT mice were analyzed in the open field test (A-B), elevated
plus maze (C-D), light/dark box (E-F) and forced swim test (G-H). (A) Time spent in the
center of the arena. (B) Distance traveled in the entire arena. (C) Time spent in the
open arms of the EPM. (D) Distance traveled in the apparatus. (E) Time spent in the
light chamber. (F) Number of entries into the light chamber. (G) Time spent floating in
the forced swim test. (H) Latency to begin floating. * represents a significant main effect

of treatment (p<0.05). # represents a significant main effect of sex (p<0.05). +

represents a significant treatment by sex interaction (p<0.05). Trends toward

significance are represented with the p-value. Data presented as +/- SEM (n= 16-22).
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Figure 3.3. T5KO mice show increased repetitive grooming in the marble burying
test.

(A) Number of marbles buried. (B) Time spent digging in the bedding of the arena. (C)
Time spent grooming. (D) Distance traveled in the arena. * represents a significant main
effect of treatment (p<0.05). # represents a significant main effect of sex (p<0.05). Data

presented as +/- SEM (n= 16-22).
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Figure 3.4. T5KO mice are more social than WT mice when WT mice are used as a
stimulus.

(A-B) T5KO and WT mice were given the choice between a WT mouse and a novel
object (n=8-13). Time actively investigating the mouse (A) or object (B) were analyzed.
(C-D) A separate cohort (n=7-10) of T5SKO and WT mice were given the choice between

a matched genotype mouse (C) or an object (D). (E) Combined distance traveled data
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from cohorts in A-D (n=16-22). (F) A separate cohort of mice were given the choice
between a T5KO or WT mouse (n= 9-10). Preference score was determined by
subtracting time investigating the T5KO mouse from the WT mouse. Positive score
indicates preference for the WT mouse. * represents a significant main effect of

treatment (p<0.05). # represents a significant main effect of sex (p<0.05). + represents

a significant treatment by sex interaction (p<0.05). Trends toward significance are

represented with the p-value.
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Figure 3.5. T5KO increased AVP-ir in PVN and SCN projection sites.

AVP-ir was determined by gray-level thresholding in the (A) PVN, (B) DMH, (C) PVT,

(D) SPZ, (E) SCN, (F) LHb, (G) MD, and (H) LSV. * represents a significant main effect

of treatment (p<0.05). # represents a significant main effect of sex (p<0.05). +

represents a significant treatment by sex interaction (p<0.05). Trends toward

significance are represented with the p-value. Data presented as +/- SEM (n= 8-9).
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Figure 3.6. T5KO has little effect on OXT-ir.
OXT-ir (A, C-F) or OXT-positive cell counts (B) were determined in the (A) BNSTmv,
(B) AH, (C) DMH, (D) SPZ, (E) SON, and (F) PVN. # represents a significant main

effect of sex (p<0.05). + represents a significant treatment by sex interaction (p<0.05).

Data presented as +/- SEM (n=9-11).
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Figure 3.7. Multivariate test statistics reveal a separation of sex and genotype in

behavioral and neuropeptide expression in T5KO and WT mice.

The canonical discrimination function plot revealed a significant separation of groups by

sex and genotype along 3 different functions for (A) anxiety-like, depressive-like, and

social behaviors and (B) AVP and OXT protein expression. Individual contributions of

each measured outcome are summarized in Table 1 for behavioral measures and Table

2 for neuropeptides.



Table 3.1. Structure matrix for discriminant analysis of behavior.
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Measured Outcomes Function
1 2 3
Time Floating in FST (s) 529* .005 -.031
Distance Traveled in the OFT (cm) 510* -.002 .399
Time Investigating Mouse in TCT (s) 415* 123 .198
Time Grooming in Marble Burying .304* -.183 .097
Test (s)

Number of Marbles Buried .202 .619* -.102
Time in Light Zone of L/D Box (Ss) -.383 .498* -.255
Time in Center of OFT (s) -.115 A79* 422
Open Arm Time in EPM (s) .020 .338 .558*

Pooled within-group correlations between discriminating variables and standardized

canonical discriminant functions. The variables are ordered by absolute size of

correlation within each of the functions (*indicates the largest absolute correlation

between each variable and any discriminant function).
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Table 3.2. Structure matrix for discriminant analysis of neuropeptide expression.

Measured Outcomes Function
2

LHb AVP .805* .047 .264
MD AVP .565* 224 -.426
DMH AVP 214 .396* 351
PVN AVP 319 .392* .198
PVT AVP 163 .281* .081
DMH OXT -.192 -.193* -.083
SON OXT -.149 .046 410*
SPZ OXT -.068 -.207 .370*
BNST OXT -.002 .305 331*
SCN AVP 174 .209 .325*
PVN OXT -.097 118 .244*

Pooled within-group correlations between discriminating variables and standardized

canonical discriminant functions. The variables are ordered by absolute size of
correlation within each of the functions (*indicates the largest absolute correlation

between each variable and any discriminant function).
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Figure 3.8. T5KO-g is not sufficient to induce morphological T5KO phenotype in
juvenile (P29) mice.

Morphological aspects of (A-B) metabolic syndrome and (C-F) intestinal inflammation
were measured. (A) Body weight, (B) adipose weight, (C) colon weight, (D) colon
length, (E) cecum weight, and (F) spleen weight were recorded at time of sacrifice. *
represents a significant main effect of treatment (p<0.05). # represents a significant

main effect of sex (p<0.05). + represents a significant treatment by sex interaction

(p<0.05). Trends toward significance are represented with the p-value. Data are

represented as means +/- SEM (n=5-23).
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Figure 3.9. T5K0O-g has no effect on anxiety- and depressive-like behavior in
weanling-aged mice.

(A) Time in the center zone and (B) distance traveled in the OFT. (C) Time spent in
open zone of the elevated zero maze. (D) Time spent hanging in the tail suspension

test. Data are represented as means +/- SEM (n=13-39).
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Figure 3.10. T5KO-g had no effect on weanling-aged social behavior.

(A) Time spent moving in the arena, (B) time spent immobile, (C) time in active
investigation of the other mouse, (D) time spent grooming, (E) time spent digging in the
bedding, and (F) time spent rearing against the walls of the arena were recorded during
a 10-minute social interaction test with a littermate. # represents a significant main
effect of sex (p<0.05). + represents a significant treatment by sex interaction (p<0.05).

Trends toward significance are represented with the p-value. Data are represented as

means +/- SEM (n=13-39).
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Figure 3.11. T5KO microbiota is sufficient to produce the morphological
phenotype of T5KO in adult mice.

Morphological aspects of (A-C) metabolic syndrome and (D-H) intestinal inflammation
were measured. (A) Body weight over time, beginning at weaning (3 weeks of age) to
adulthood (14 weeks of age), (B) Body weight at time of sacrifice, (C) gonadal fat pad
weight, (D) colon weight, (E) colon length, (F) cecum weight, (G) spleen weight, and (H)
liver weight. * represents a significant main effect of treatment (p<0.05). # represents a
significant main effect of sex (p<0.05). Trends toward significance are represented with

the p-value. Data are represented as means +/- SEM (n=11-16).



99

A Open Field B Elevated Zero C Tail Suspension
Sex
[]Female -I-
100+ [l Male
507 100~
) ~ =
z N- 2 o 8
S 4 c
c —
N 1= =
E 60— N E’i
= S 30 T %0
@ a =
Q o §
c
o 7 £ o ® a0
b4 @
£ £ E
[ - [
201 104 207
wT KO ; wT KO ) wT KO
Treatment Treatment Treatment
D Light/Dark Box E Light/Dark Box F Marble Burying Test
120 w * L
e
— 2 60
@ 100 @
® & g
g E E
~N :1i g S =]
= g 401 rf, #
= 1 o .
: B0~ 5 -UEU
£ [
o = =
E a0 W
= £ 20 2
o
20+ g
=
ol
wT KO wT KO wT KO
Treatment Treatment

Treatment

Figure 3.12. T5KO-g has a mild effect on adult anxiety-like and depressive-like
behavior.

(A) Time in the center zone of the open field test, (B) time in the open zone of the
elevated zero maze, (C) time spent hanging in the tail suspension test, (D) time in the
light zone of the light/dark box, and (E) time spent in the stretch-attend posture in the
L/D box. * represents a significant main effect of treatment (p<0.05). # represents a

significant main effect of sex (p<0.05). + represents a significant treatment by sex

interaction (p<0.05). Data are represented as means +/- SEM (n=11-16).
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Figure 3.13. T5KO-g had little effect on adult social behavior in the three-chamber
apparatus.

(A) Time spent in the mouse chamber, (B) time investigating the mouse, (C) time
walking in the mouse chamber, (D) time investigating the object, (E) time spent
immobile in the object chamber, (F) time spent grooming in the object chamber, and (G)
total time spent walking in all three chambers. * represents a significant main effect of
treatment (p<0.05). # represents a significant main effect of sex (p<0.05). + represents

a significant treatment by sex interaction (p<0.05). Data are represented as means +/-

SEM (n=11-16).



Table 3.3 Behavioral Data for Microbiota-treated Mice
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Behavior Treatment Group
Male Female Male WT- | Female
T5KO-g T5KO-g | g WT-g
Distance Traveled in OFT (cm) 2,533+/- 2526+/- 2400+/- 2735+/-
141 176 144 188
Time Walking in EZM (s) 89.6 +/- 8.2 | 74.3 +/- 93.7 +/- 89.9 +/-
7.1 54 7.1
Light Entries in L/D Box 91+/-14 |93+/-12 [63+/-9 [9.0+-14
Time Walking in Marbles (s) 211.6 +/- 172.4 +/- | 169.9 +/- | 167.1 +/-
24.3 9.3 11.8 14.6
Time Rearing in Marbles (s) 475 +/-7.1 | 49.5 +/- 37.3 +/- 52.2 +/-
4.5 6.1 8.4
Time Immobile in Marbles (s) 167.1 +/- 154.1 +/- | 176.5+/- | 153.7 +/-
30.2 13.5 25.7 24.4
Time Digging in Marbles (s) 162.8 +/- 176.2 +/- | 183.5+/- | 175.7 +/-
22.2 20.2 21.7 20.1

Measures of locomotion and other behaviors in anxiety-like behavioral assays. Data

are represented as the mean +/- SEM. There were no significant differences between

groups in any measures listed.
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Figure 3.14. Discriminant analysis does not reveal a separation along sex or

microbiota treatment for behavioral characteristics of T5KO-g or WT-g mice.

102

The canonical discrimination function plot revealed a significant separation of groups by

sex and genotype along 3 different functions for anxiety-like, depressive-like, and social

behaviors. Individual contributions of each measured outcome are summarized in Table

3.



Table 3.4. Structure matrix for discriminant analysis of behavior in microbiota

treated mice.
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Measured Outcomes Function
1 2 3

Total Time Walking in TCT (s) -.574* .024 -.296
Stretch Attend Posture in L/D Box (S) -508* -.178 271
Time in Center of OFT (s) .332* .302 -.199
Time Walking in Mouse Chamber (s) -.151* -.013 -.139
Time Investigating Mouse in TCT (s) .059 .683* .264
Time in Light Chamber of L/D Box (s) .022 -.210* 101
Time Spent Hanging in TST (s) .079 -.189* -.067
Time Investigating Object in TCT (s) -.019 -.266 .615*
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Open Zone Time of EZM (s) .261 -.036 .349*

Pooled within-group correlations between discriminating variables and standardized
canonical discriminant functions. The variables are ordered by absolute size of
correlation within each of the functions (*indicates the largest absolute correlation

between each variable and any discriminant function).
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4 DISCUSSION

The projects described in this dissertation serve to highlight the importance of
considering vasopressin and oxytocin as targets of microbiota influence in the
microbiota-gut-brain-behavior axis. Alterations in gut microbiota composition
dysregulate the vasopressin and oxytocin systems, most likely through an immune
signaling pathway, to result in disordered anxiety-like, depressive-like and social
behaviors. Within this discussion | will outline the importance of vasopressin and
oxytocin in this pathway, propose a possible mechanism by which microbiota affects
these neuropeptides in the regulation of behavior, and place these results in the larger
context of human health. These studies highlight the need for more investigation into
the mechanisms underlying the microbiota-gut-brain-behavior axis in order to harness

this axis in developing therapeutics for both gastrointestinal and psychiatric disorders.

4.1 Vasopressin and Oxytocin in the Microbiota-Gut-Brain-Behavior Axis

In Chapter 2, we found that recolonization with microbiota increased vasopressin
expression, suggesting that something about colonization with microbiota resulted in
greater vasopressin immunoreactivity. It is possible that the GF mice we recolonized
were exposed to pathogenic bacteria, which would elicit an immune response. GF mice
have a blunted immune response to pathogens, and recolonization with microbiota does
not fully rescue splenic levels of macrophages (Khosravi et al., 2014; Pickard et al.,
2017), so an exposure to a pathogen may result in a more severe inflammatory
response than in a CC mouse. This could have downstream effects on vasopressin in
the brain, as cytokines tend to have a stimulatory effect on vasopressin production

(Palin et al., 2009). Colonization with microbiota occurred by oral gavage at weaning,
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each of which are stressful events to the mouse (Walker et al., 2012; Farshim et al.,
2016; Richter et al., 2016; Dong et al., 2017). Stressful events in early life, like weaning
or oral gavage, can increase vasopressin mRNA production in the hypothalamus
(Veenema et al., 2007). The combination of these events suggest that the colonization
of GF mice may increase vasopressin immunoreactivity through immune- and stress-
mediated mechanisms. In Chapter 3, we found that intestinal inflammation increased
vasopressin immunoreactivity, again pointing to gut-derived inflammation stimulating
vasopressin production in the brain. However, we cannot fully conclude this is the case,
because we do not know whether the increase in immunoreactivity is due to elevated
vasopressin production or rather reductions in vasopressin release. We could
investigate the effects on the vasopressin system further by either measuring
vasopressin mMRNA production through in situ hybridization, or vasopressin release
through microdialysis.

In Chapter 3, we found that vasopressin expression was associated with an
anxiogenic phenotype and reduction in locomotion in the T5KO mice. Vasopressin is
implicated in the generation of anxiety states in rodents, especially its actions in the
lateral septum (Liebsch et al., 1996). Injections of vasopressin into the LS is
anxiogenic, and blockade of V1aR through antagonists or genetic knockouts is
anxiolytic (Landgraf et al., 1995; Liebsch et al., 1996; Beiderbeck et al., 2007). We
found that TSKO males had increased vasopressin in the LS, but there was no effect in
females. This is surprising, because T5KO females had a stronger anxiogenic
phenotype. This may suggest that vasopressin in the LS is less critical for the

expression of anxiety-like behaviors in this model. Vasopressin also modulates
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voluntary locomotion, where systemic and hypothalamic vasopressin injections reduced
voluntary wheel running in golden hamsters (Cormier et al., 2015), suggesting the
reduction in movement we saw in the T5KO mice may be due to the actions of
vasopressin. However, more investigation into the base level of locomotion is important
to determine if TSKO mice are moving less overall, or just in a novel environment.

The main disruptions to the vasopressin system in both microbiota manipulations
were found in the SCN and its projection sites. Vasopressin in the SCN is involved in
maintaining circadian rhythmicity, responding to immune signals, and regulating the
HPA axis (Kalsbeek et al., 2010). Dysregulation of circadian rhythms can have
deleterious effects on mood and anxiety, so it is possible that the behavioral changes
we saw were due to a disruption of circadian rhythms (Kim et al., 2017). There is a
bidirectional interaction between circadian rhythms and microbiota. Microbiota have
their own diurnal rhythms that can affect the host’s rhythms, and disruption to the host’s
circadian patterns can affect microbiota composition (Voigt et al., 2014; Liang et al.,
2015; Rosselot et al., 2016; Thaiss et al., 2016), which suggests that our microbiota
alterations may have affected the rhythmicity of our mice. In fact, GF mice show altered
circadian rhythms in gene expression and metabolism (Wang et al., 2017; Weger et al.,
2019), which may contribute to the differences in behavior that GF mice possess. It is
also possible that disruptions to the circadian rhythms may have resulted in behaviorally
testing the different animal groups in different parts of their subjective photoperiods.
The part of the photoperiod that behavioral testing occurs in can have numerous effects
on behavioral expression (Huynh et al., 2011; Labots et al., 2016; Anyan et al., 2017).

However, we do not know whether circadian rhythms are affected in the T5KO mice.
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More experiments identifying the roles that microbiota play in the disruption of
vasopressin in the SCN are needed.

Inflammatory signals had minor effects on vasopressin from the BNST projection
sites. Inflammation affected vasopressin in the LHb differently between the sexes.
Lateral habenula hyperactivity is associated with depressive-like behaviors and aversion
in general (Yang et al., 2018), so increased vasopressin in this region may contribute to
a depressive-like phenotype. In Chapter 2, recolonization eradicated the sex difference
in vasopressin in BNST projection sites, and in Chapter 3, T5KO reduced AVP
immunoreactivity in females but elevated it in males, which may have contributed to the
increased depressive-like phenotype of the TS5KO males. We did not test the behavior
of RE mice, but it is possible that the loss of a sex difference may lead to sex-
dependent changes in behavior.

Oxytocin did not respond to inflammatory signals with the same intensity as
vasopressin. Oxytocin tends to be anxiolytic and anti-inflammatory (Neumann and
Slattery, 2016; Yuan et al., 2016b), and cytokines can modulate the transcription and
production of oxytocin. This occurs in a conditional manner, based on the location of
oxytocin and cytokines, as well as the individual (Wang et al., 2015). Thus, it is possible
that we did not see much effect of inflammation on oxytocin expression due to the
chronic nature of our models. Oxytocin may play more of a role in moderating immune
activation during more acute insults but may exert less influence during chronic
inflammation. Furthermore, it is possible that the microbiota models we used

permanently altered the oxytocin system in locations or ways that were not investigated
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in these experiments, or oxytocin may be acting to reduce the damage from chronic
inflammation.

Oxytocin tends to reduce food intake, suggesting that the elevations in oxytocin
immunoreactivity in GF mice may contribute to their obesity resistance (Backhed et al.,
2007; Herisson et al., 2016; Spetter and Hallschmid, 2017; Spetter et al., 2018).
Oxytocin is also involved in motivation, parental behavior, and addiction (Love, 2014;
Yoshihara et al., 2017; Leong et al., 2018), suggesting that there may be many other
reasons for the increase in oxytocin immunoreactivity in the GF mice that we did not test
in these experiments. More investigation into the roles of oxytocin in the gut-brain axis
are needed.

Taken together, gut-derived inflammation is associated with greater vasopressin
immunoreactivity in SCN and PVN projection sites of the brain and contributes to
disordered anxiety-like, depressive-like and social behaviors. Oxytocin may be playing
a role in the increased sociability of TSKO mice but have less influence over anxiety-like
and depressive-like behaviors in these models. Future experiments are needed to

tease apart the exact actions each neuropeptide has in this axis.

4.2 Commentary on Behavioral Testing

Unfortunately for behavioral neuroscientists interested in translational
implications of their work, rodent behavior is not a perfect analog of human behavior.
Thus, it is difficult to produce and validate mouse models of psychiatric disorders,
especially when these disorders have large cognitive components that are not testable
in rodents. It is also difficult to say whether the artificial assays we use for anxiety-like

and depressive-like behaviors are truly testing the behaviors we think they are. For
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example, the marble burying test is used as a measure of anxiety-like behavior,
repetitive behavior, and aversive behavior, among others, and is based on the idea that
rodents bury items that are anxiogenic to them (Kedia and Chattarji, 2014; Sanathara et
al., 2018; De Brouwer et al., 2019). However, Njung’e and Handley found that there
was no habituation to the marbles on repeated testing, they did not avoid the marbles
when given a choice of a marble-filled or empty arena, and administration of anxiogenic
agents did not increase the number of marbles buried (Njung’e and Handley, 1991).
Some use the marble burying test alone as a measure of anxiety-like behavior (Nardo et
al., 2014; Gawali et al., 2016), and others, us included, use the marble burying test as
part of a test battery for anxiety-like behaviors and measure more behaviors than just
the number of marbles buried. It is imperative that if we are to use rodents to
investigate the neural mechanisms of behavior in the context of developing therapies for
psychiatric disorders, then we need to examine a wide variety of behaviors in numerous
behavioral tests.

An intriguing way to gain an overall impression of a behavioral phenotype is to
use multiple discriminant analysis to build a model that predicts future group inclusion in
an unbiased manner (Fields et al., 2018a). This statistical method determines the
relationship between each variable and each individual in the analysis, create functions
that explain the variance between each data point, and identify which dependent
variables are contributing most to each function (Cooley and Lohnes, 1971). We used
discriminant analysis in Chapter 3 to gain a better understanding of the behavioral
phenotype of TSKO mice and to see if there was a pattern to the behavior of TSKO-g

mice that individual comparisons alone did not capture. We conclude that T5KO mice
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show mild sickness behavior because the factors that contributed the most to
separating the genotypes in the model were ones indicating lethargy, increased
depressive-like behavior, and repetitive grooming. These behaviors are all dependent
on activity level, which is a prime behavior affected during sickness behavior (Dantzer et
al., 2008). We saw significant changes in anxiety-like behavior in T5KO mice, but the
discriminant analysis suggested that those behaviors were more responsible for
separating the sexes from one another, and not genotypes. This suggests that anxiety-
like behavior may be a more important factor in sickness behavior in females or that
T5KO affects anxiety-like behavior in males and females differently. While this analysis
is not appropriate in all situations, it is a way to statistically mimic the way our brains

identify patterns in behavior and may be a useful tool in further behavior research.
4.3 Pathways of microbiota-gut-brain-behavior communication

4.3.1 Microbiota to gut signaling

As mentioned in the introduction, there are a number of mechanisms through
which microbiota can communicate with the gut, either to effect local change or to send
signals to other organ systems like the brain. Briefly, microbiota reside in the gut in the
thick, outer layer of mucus, which provides a good support for the development of
biofilms and provides an energy source if the host’s diet is insufficient (Russell et al.,
2011a; Kelly et al., 2015). Underneath this layer is a relatively sterile, thin layer of
mucus that is tightly adhered to the intestinal epithelial layer. The epithelial layer is
composed of a number of cell types, including enteroendocrine cells (EECs) that can
produce hormones, including serotonin, Paneth cells that host TLRs to sense bacterial

penetration, and other cells that are involved in sampling the intestinal milieu to ensure
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homeostasis (Samuel et al., 2008; Vaishnava et al., 2008; Haghikia et al., 2015; Yano et
al., 2015). Microbiota can produce a number of metabolites like short chain fatty acids
(SCFA), hormone precursors such as tryptophan, and other molecules like secondary
bile acids that communicate with the EECs or the mucosal immune system (Wikoff et
al., 2008; Tolhurst et al., 2012; Yano et al., 2015). SCFAs are mainly produced through
the fermentation of dietary fiber the host cannot digest alone, and the less dietary fiber
present in the diet, the less SCFAs produced (Topping and Clifton, 2001; Russell et al.,
2011b). SCFAs mediate the production of 5-hydroxytryptamine (5-HT) by EECs, so the
gut microbiota can directly influence the amount of 5-HT produced by the gut, which has
downstream implications for neural 5-HT and serotonin production (Clarke et al., 2013;
Yano et al., 2015).

GF mice, despite lacking a microbiota, still produce gut-derived signaling
molecules, including 5-HT. Because they do not have microbiota to ferment indigestible
starch, they do not have the microbiota regulation of tryptophan production, which
affects the amount of 5-HT produced in the gut. There are conflicting reports on the
amount of circulating tryptophan and 5-HT production in GF mice (Wikoff et al., 2008;
Clarke et al., 2013), but it is clear that the lack of microbiota disrupts the serotonin
system. Interestingly, when GF mice are colonized with microbiota, plasma 5-HT levels
are normalized but hippocampal 5-HT is not (Clarke et al., 2013). These experiments
suggest that the lack of microbiota affects the production of enteric hormones which has
long-lasting effects on brain structure and function. 5-HT can regulate vasopressin
release, such that administration of 5-HT rapidly increases plasma vasopressin release

(Pérgola et al., 1993), and there is a significant body of literature examining the interplay
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between 5-HT and vasopressin in aggression (Morrison and Melloni, 2014; Terranova et
al., 2016). Thus, it is possible that the dysregulation of serotonin may have far-reaching
effects on vasopressin and behavior.

T5KO mice have an increased bacterial load, thinner mucus layer, more
adherent bacteria to the epithelial wall, and increased SCFA production, providing
multiple avenues through which microbiota in this model can affect the gut (Carvalho et
al., 2012b; Singh et al., 2015a). Chronic inflammation can result in increased
permeability of the intestinal epithelium and is further exacerbated by the encroachment
of microbiota on the epithelial layer in TSKO mice, resulting in either a stronger immune
response or more translocation of bacterial products, like SCFA, across the membrane.
While SCFA are typically considered to be beneficial, in TSKO mice they aggravate
metabolic syndrome by traveling to the liver and contributing to insulin resistance when
added to the diet (Singh et al., 2015). This suggests that elevated SCFA may disrupt
other systems by modulating immune or metabolic activity, which may have
downstream effects on the brain and behavior. More investigation into whether SCFA

are elevated in the brain will further elucidate the roles that SCFA play in this pathway.

4.3.2 Gut to brain signaling

Similar to the number of ways microbiota can communicate with the gut, there is
a myriad of pathways that transfer information from the microbiota to the brain. A
primary path is through vagal activation. The vagus nerve innervates the heart, lungs
and digestive tract and sends signals to the hypothalamus by way of the nucleus of the
solitary tract (Chavan et al., 2017). The vagus nerve expresses innate immune

receptors and responds mainly to endocrine or immune signals. Many actions of
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microbiota on behavior are dependent on vagal nerve communication, as vagotomy
abolished the anxiolytic effect of Bifidobacterium longum on mice with colitis and
prevented the reduction in stress-induced depressive-like behavior in mice by
Lactobacillus rhamnosus (Bercik et al., 2011; Bravo et al., 2011). However, other
experiments still found behavior-moderating effects of probiotics in vagotomized mice,
suggesting that there are other mechanisms at play (van der Kleijj et al., 2008). It would
be interesting to see if TSKO mice would still exhibit the same behavioral phenotype
after vagotomy. One study found that the number of TLR5-expressing neurons is
increased after bleomycin treatment to induce pulmonary fibrosis (Jung et al., 2018),
suggesting that the vagus nerve is involved in some cases involving TLR5. It is also
possible that activation of this neural pathway primes brain structures for the production
and action of cytokines that propagate into the brain, essentially creating a mirror of the
peripheral inflammation (Dantzer et al., 2008). Thus, it is possible that the brains of
T5KO mice would be continuously primed for inflammation, leading to dysregulation of
neuropeptide expression and resulting in the anxiogenic phenotype described above.
Another pathway is the humoral route, in which circulating cytokines or microbial
proteins bind to receptors on cerebral endothelial cells (CEC) or circumventricular
organs (CVO) to elicit a neural immune response (D’Mello and Swain, 2014). CEC
make up the blood-brain barrier (BBB) and the tight junctions between CEC are affected
by microbial products, similar to the intestinal epithelium (Braniste et al., 2014). For
example, GF mice have a more permeable barrier than CC mice, likely due to deficits in
bacterial products like SCFA (Braniste et al., 2014). Binding of receptors for TNF-a and

IL-1B found on CEC activates NF-kB, which in turn induces production of second
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messengers like prostaglandins or nitric oxide (Rivest et al., 2000). These second
messenger systems can activate microglia and affect sickness behavior through
expression in the hypothalamus and amygdala (Zhang and Rivest, 1999). There are
also cytokine transporters in the BBB that allow systemic cytokines into the brain
through volume diffusion (Banks, 2006). Monocytes can adhere to CEC and even
transmigrate into the brain, providing another source of inflammation in the brain
(Kerfoot et al., 2006; D’Mello et al., 2009). Cytokines or microbial products may enter
the brain through CVO, which are brain regions that lack a functional BBB and include
regions like area postrema and the median eminence (Dantzer et al., 2008). These
regions produce c-fos mMRNA, an immediate-early gene, in response to systemic TNF-a,
and produce pro-inflammatory cytokines in the brain in response (Nadeau and Rivest,
1999). T5KO mice have increased systemic IL-1B and TNF-a, suggesting that these
cytokines may be interacting with the brain through CEC or CVO (Carvalho et al.,
2012c). More work needs to be done to elucidate whether the BBB is more permeable

in T5KO mice and if TSKO mice show neuroinflammation.

4.3.3 Brain to Behavior Signaling

Inflammatory signaling from the periphery may affect other neural systems than
vasopressin and oxytocin, like microglia. Microglia activation is associated with
sickness and depressive-like behaviors, and inhibiting microglia ameliorated these
behaviors (Henry et al., 2008; Corona et al., 2010; D’Mello et al., 2013). We showed
that GF mice have reductions in microglial number and immunoreactivity that were
unresponsive to colonization with microbiota, which corroborates our behavioral findings

of reduced anxiety-like behaviors. Contrary to the social withdrawal associated with
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activated microglia (Corona et al., 2010), we found that GF mice are less social than CC
mice, suggesting that the deficits in social behavior may occur through a microglia-
independent pathway.

We do not know the state of neuroinflammation in our TSKO mice. It is likely,
based on their behavior profile and intestinal inflammation, that TS5KO mice would have
elevated cytokine expression, activated microglia, or another indication of
neuroinflammation. There is some tangential evidence of neuroinflammation in T5KO
mice. For example, TSKO mice show worse nerve regeneration after a crush injury and
associated decreased BDNF expression (Hsieh et al., 2017). Other experiments show
a protective effect of TLR5 activation in post-conditioning treatment after ischemic
stroke, where sublethal hypoxia from TLRS activation can protect against future stroke
(Gu et al., 2016; Jeong et al., 2017). Furthermore, TLR5 expression is elevated in
major depressive disorder and schizophrenia, and antidepressant and antipsychotic
treatment, respectively, can normalize TLR5 expression (Hung et al., 2016; Kéri et al.,
2016, 2017). These studies suggest that TLR5 activation induces inflammation in the
brain and this activation can have behavioral consequences. It may be that TS5KO wiill
result in increased neuroinflammation, based on the peripheral inflammation in these
mice, possibly through upregulation of other TLRs. Future experiments can be done to

determine how TLR5 deficiency affects neuroinflammation.

4.3.4 Proposed Pathway
It is difficult to determine exactly how TLR5 deficiency results in changes to
vasopressin and behavior without direct experimental evidence. However, we can

predict a potential pathway. It is likely that the increased SCFA and intestinal pro-
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inflammatory cytokines signal to the brain through the vagus nerve, which sends
inflammatory signals to the hypothalamus, increasing vasopressin production. This
increased vasopressin will be projected to other regions of the limbic system to increase
anxiety-like behaviors, as well as increasing activation of the HPA axis. A secondary
modulatory pathway may occur through translocation of bacteria through the gut
epithelium, resulting in macrophage production of pro-inflammatory cytokines. These
systemic cytokines may either breach the BBB through downregulation of tight-junctions
or cytokine transporters. They may also bind to receptors on the CECs or CVOs to
induce neuroinflammation, possibly through activation of microglia or production of
cytokines in the brain.

Many more experiments are needed to test this pathway. A few possibilities
would be to vagotomize T5KO mice to see if the behavioral effects are dependent on an
intact vagus nerve, reducing intestinal inflammation by downregulating IL-1 and TNF-a
using nanoparticle-delivered siRNA (Neuhaus et al., 2015) to determine if inflammation
in the gut is part of this pathway, or selectively knocking down vasopressin in the PVN
or SCN using AVP-Cre mice to determine if vasopressin is necessary for the behavioral
phenotype of T5KO mice. These experiments could provide valuable information on
how inflammatory signals transmit to the brain to effect behavior.

It is still unclear why the T5KO-microbiota treated mice did not show the same
behavioral phenotype as the TLR5 knockouts. | predict that the inflammation was
localized to the gut, which would explain the physiological markers of inflammation we
saw but would also explain the lack of behavioral change. The T5KO-microbiota treated

mice still have functioning TLR5 receptors in the gut, so they may act to attenuate the
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inflammatory response. This may lead to less systemic pro-inflammatory cytokine
production, and thus less of an impact on the brain. To determine where this pathway is
interrupted, we need to do a careful examination of the microbiota, intestinal
inflammation, systemic inflammation, neuroinflammation, and neuropeptide expression
of the microbiota-treated mice. However, it is possible that this experimental paradigm
is insufficient to test the effect that TSKO microbiota have on behavior. Because we
colonized the parents of the tested animals, it is likely that the microbiota composition
shifted close to that of the WT microbiota-treated mice. We will be able to determine if
this is the case once we receive the results of microbiota sequencing from these
animals.

If we wanted to more directly test whether TSKO microbiota impacts the behavior
of WT mice, we could either colonize WT GF mice at birth or at weaning and assess
their behavior in adulthood. We chose not to do this initially due to the feasibility
constraints of recolonizing at birth, and we wanted the microbiota-transplanted mice to
have microbiota for their entire lives. Recolonizing at weaning may be a good choice,
because T5KO microbiota transplantation stabilize better when administered later in life,
and there does not seem to be a developmental effect of TSKO microbiota (Fulde et al.,

2018).
4.4 Implications for Human Health

4.4.1 Comorbidity between gastrointestinal and CNS disorders
Dysbiosis of the microbiota can have important implications for human health. A
rapidly accumulating body of evidence shows that microbiota composition can influence

the etiology and progression of neurological and psychiatric disorders, such as anxiety
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disorders, major depressive disorder, and autism spectrum disorders (Dinan and Cryan,
2016; Lach et al., 2018). For example, anxiety disorders have been linked to increased
inflammation (Felger, 2018) and are often comorbid with gastrointestinal symptoms,
suggesting a role for the gut microbiota in the expression of these disorders (Powell et
al., 2017). Specifically, patients with generalized anxiety disorder had lower levels of
Faecalibacterium, Eubacterium rectale, Lachnospira, Butyricicoccus, and Sutterella, all
genera that produce SCFA (Jiang et al., 2018; van de Wouw et al., 2018). This
suggests that patients with anxiety disorders may have increased gut permeability, due
to deficits in the protective SCFA. Furthermore, patients with anxiety disorders have
higher levels of pro-inflammatory cytokines (Pitsavos et al., 2006; O’Donovan et al.,
2010; Duivis et al., 2013), suggesting that dysbiosis of the gut can lead to increased
inflammation, and subsequently anxiety disorders.

Patients with major depressive disorder have been shown to have increased
microbial diversity, specifically increases in Bacteriodetes, Proteobacteria, and
Actinobacteria, with decreases in Firmicutes (Jiang et al., 2015), whereas another group
found a decrease in microbial diversity (Kelly et al., 2016). In the largest study to date,
depressed patients had decreased levels of the Coprococcus and Dialister genera, and
butyrate-producing bacteria were associated with higher qualities of life (Valles-Colomer
et al., 2019). The inconsistent pattern of results suggests more research is needed to
understand the role that microbiota play in major depressive disorders (Dinan and
Cryan, 2019). Perhaps more important than the bacterial composition is the
inflammatory potential of the microbiota, as inflammation is a key contributor to

depression for some individuals (Derry et al., 2015). Interestingly, cytokine-induced
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sickness behavior strongly resembles depression, and antidepressants can alleviate
some components of sickness behavior (Yirmiya et al., 1999). Cytokine-induced
sickness behavior may result in depressive-like behavior through reduction of
tryptophan due to increased activation of the tryptophan metabolizer, indoleamine 2,3
dioxygenase (IDO) (Wirleitner et al., 2003; Ruhé et al., 2007). IDO breaks down
tryptophan into kynurenine, which can be transported across the BBB, then either into
3-hydroxykynurenine (3-HK) and quinolinic acid (QA), or kynurenic acid (KA). 3-HK and
QA is preferentially produced by microglia and tend to cause oxidative stress, whereas
KA is produced by astrocytes and can be neuroprotective (Cervenka et al., 2017).
Thus, activation of microglia may trigger this pathway to produce more 3-HK and QA,
increasing the likelihood of depression. Furthermore, increased breakdown of
tryptophan by IDO can result in less tryptophan available for conversion to serotonin in
the brain, which may contribute to a depressive phenotype (Delgado, 2000). Finally,
major depressive disorder is more common in patients receiving immunotherapy and
ones that have chronic inflammatory disorders (Raison et al., 2006).

Children with ASD show an altered gut microbiota composition, such as an
increase in Clostridium, Bacteriodetes, and Lactobacillus, compared to higher numbers
of Firmicutes in neurotypical controls, suggesting an imbalance of beneficial bacteria
(Finegold et al., 2010; Adams et al., 2011). Treatment of children with ASD with the
antibiotic vancomycin, which preferentially affects the gut microbiome, alleviates autism
symptoms (Finegold et al., 2002). Furthermore, children with ASD have a correlation
between the severity of autism and gastrointestinal symptoms (Mulle et al.,

2013). While these measures are correlative and it is highly likely that external factors
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can contribute to these measures, as the diets of children with ASD are often different
from neurotypical controls, there is a high likelihood that the microbiota plays a
significant role in the onset and expression of ASD.

Inflammatory gastrointestinal disorders and metabolic syndrome have high
comorbidity with ASD, anxiety, and mood disorders (Harter et al., 2003; Adams et al.,
2011; de Sousa Rodrigues et al., 2017; Tang et al., 2017; Fowlie et al., 2018; Penninx
and Lange, 2018b), but it is still unclear the direction of causality in these cases. Using
mouse models like T5KO mice to mimic the relationship between obesity, inflammation,
and psychiatric disorders will bring us closer to understanding and treating these

disorders.

4.4.2 Dietary Considerations

An interesting consequence of the recent popularity of investigating the gut
microbiota is a refocus on diet as a way to improve human health. We are discovering
that dietary additives like emulsifiers and artificial sugars, added to provide a specific
texture to food or reduce consumption of sugars, both promote intestinal inflammation
and weight gain, as well as alter the gut microbiota (Chassaing et al., 2015; Palmnas et
al., 2014; Pepino, 2015; Suez et al., 2014; Swithers, Martin, Clark, Laboy, & Davidson,
2010). In the case of emulsifiers, we recently found that the detrimental effects of
emulsifier consumption can increase anxiety-like behavior and decrease preference for
social novelty in a sex-dependent manner, suggesting that the chemicals we add to our
food may directly influence our behavior (Holder et al., 2019).

Our dietary patterns are correlated with human health, with gut microbiota

composition acting as a mediator. The gut microbiota is shaped by diet, and changes to
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the diet can result in rapid alterations to microbiota composition (David et al., 2014;
Sheflin et al., 2017), so it is unsurprising that our dietary choices can greatly affect our
health. For example, diets high in fat can facilitate LPS translocation across the
epithelial barrier, which can generate chronic inflammation, but diets high in dietary fiber
tend to increase microbiota diversity (Caesar et al., 2015; Tap et al., 2015). We are
beginning to understand the health benefits of some popular diets, like the ketogenic
and gluten-free diets. In fact, we are finding that the ketogenic diet decreases bacterial
diversity due to the lack of carbohydrates, but actually increased beneficial strains of
bacteria, including Lactobacillus (Ma et al., 2018). A ketogenic diet can also alleviate
some of the symptoms of ASDs and can manage epilepsy in children (Newell et al.,
2016; Olson et al., 2018). Food intake patterns can affect the gut microbiota as well,
such as in intermittent fasting. Intermittent fasting increases bacterial diversity, reduces
IL-17 producing T cells, decreases obesity, and can ameliorate the disease progression
of multiple sclerosis in a mouse model (Li et al., 2017a; Cignarella et al., 2018).
Investigating the effect dietary choices have on the microbiome, and human health, can

provide us with ways to take preventative steps against disease progression.

4.5 Conclusions

Our organ systems communicate with each other and the environment in a vast
number of ways that we are only beginning to uncover. From the gut microbiota, the
gut, the immune system, the endocrine system, to the brain and behavior, a delicate
balance of homeostasis is maintained. Perturbations anywhere along this system can

have long-lasting, deleterious impacts on human health. Future experiments are
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needed to mechanistically identify interactions between these systems in order to

develop more effective treatments for both gastrointestinal and psychiatric disorders.



124

REFERENCES

Abrams GD, Bauer H, Sprinz H (1963) Influence of the normal flora on mucosal
morphology and cellular renewal in the ileum. A comparison of germ-free and
conventional mice. Lab Invest 12:355—-364.

Adams JB, Johansen LJ, Powell LD, Quig D, Rubin RA (2011) Gastrointestinal flora and
gastrointestinal status in children with autism - comparisons to typical children and
correlation with autism severity. BMC Gastroenterol 11.

Aidy S El, Dinan TG, Cryan JF (2015) Gut Microbiota: The Conductor in the Orchestra
of Immune-Neuroendocrine Communication. Clin Ther 37:954-967.

Alcock J, Maley CC, Aktipis CA (2014) Is eating behavior manipulated by the
gastrointestinal microbiota? Evolutionary pressures and potential mechanisms.
Bioessays 36:940-949.

Amico JA, Mantella RC, Vollmer RR, Li X (2004) Anxiety and stress responses in
female oxytocin deficient mice. J Neuroendocrinol 16:319-324.

Andoh A (2016) Physiological Role of Gut Microbiota for Maintaining Human Health.
Digestion 93:176-181.

Angoa-Pérez M, Kane MJ, Briggs DI, Francescutti DM, Kuhn DM (2013) Marble Burying
and Nestlet Shredding as Tests of Repetitive, Compulsive-like Behaviors in Mice. J
Vis Exp:50978.

Anyan J, Verwey M, Amir S (2017) Individual differences in circadian locomotor
parameters correlate with anxiety- and depression-like behavior Mintz EM, ed.
PL0S One 12:e0181375.

Arentsen T, Raith H, Qian Y, Forssberg H, Diaz Heijtz R (2015) Host microbiota



125

modulates development of social preference in mice. Microb Ecol Health Dis
26:297109.

Arletti R, Bertolini A (1987) Oxytocin acts as an antidepressant in two animal models of
depression. Life Sci 41:1725-1730.

Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI (2005) Host-Bacterial
Mutualism in the Human Intestine. Science (80-) 307:1915-1920.

Backhed F, Manchester JK, Semenkovich CF, Gordon JI (2007) Mechanisms
underlying the resistance to diet-induced obesity in germ-free mice. Proc Natl Acad
Sci 104:979-984.

Baj A, Moro E, Bistoletti M, Orlandi V, Crema F, Giaroni C (2019) Glutamatergic
Signaling Along The Microbiota-Gut-Brain Axis. Int J Mol Sci 20:1482.

Banks WA (2006) The Blood—Brain Barrier in Psychoneuroimmunology. Neurol Clin
24:413-419.

Barengolts E, Green SJ, Eisenberg Y, Akbar A, Reddivari B, Layden BT, Dugas L,
Chlipala G (2018) Gut microbiota varies by opioid use, circulating leptin and
oxytocin in African American men with diabetes and high burden of chronic
disease. PLoS One 13:1-22.

Beiderbeck DI, Neumann ID, Veenema AH (2007) Differences in intermale aggression
are accompanied by opposite vasopressin release patterns within the septum in
rats bred for low and high anxiety. Eur J Neurosci 26:3597-3605.

Bercik P, Denou E, Collins J, Jackson W, Lu J, Jury J, Deng Y, Blennerhassett P,
MacRi J, McCoy KD, Verdu EF, Collins SM (2011a) The intestinal microbiota affect

central levels of brain-derived neurotropic factor and behavior in mice.



126

Gastroenterology 141:599-609.

Bercik P, Park AJ, Sinclair D, Khoshdel A, Lu J, Huang X, Deng Y, Blennerhassett PA,
Fahnestock M, Moine D, Berger B, Huizinga JD, Kunze W, Mclean PG, Bergonzelli
GE, Collins SM, Verdu EF (2011b) The anxiolytic effect of Bifidobacterium longum
NCC3001 involves vagal pathways for gut-brain communication.
Neurogastroenterol Motil 23:1132-1139.

Bielsky IF, Hu S-B, Szegda KL, Westphal H, Young LJ (2004) Profound Impairment in
Social Recognition and Reduction in Anxiety-Like Behavior in Vasopressin Vl1a
Receptor Knockout Mice. Neuropsychopharmacology 29:483-493.

Bielsky IF, Hu SB, Ren X, Terwilliger EF, Young LJ (2005) The V1a vasopressin
receptor is necessary and sufficient for normal social recognition: A gene
replacement study. Neuron 47:503-513.

Bienenstock J, Kunze WA, Forsythe P (2018) Disruptive physiology: olfaction and the
microbiome—gut—brain axis. Biol Rev 93:390—-403.

Blume A, Bosch OJ, Miklos S, Torner L, Wales L, Waldherr M, Neumann 1D (2008)
Oxytocin reduces anxiety via ERK1/2 activation: local effect within the rat
hypothalamic paraventricular nucleus. Eur J Neurosci 27:1947-1956.

Borre YE, O’Keeffe GW, Clarke G, Stanton C, Dinan TG, Cryan JF (2014) Microbiota
and neurodevelopmental windows: Implications for brain disorders. Trends Mol
Med 20:509-518.

Bourin M, Hascoét M (2003) The mouse light/dark box test. Eur J Pharmacol 463:55—
65.

Bourin M, Petit-Demouliére B, Nic Dhonnchadha B, Hascoet M (2007) Animal models of



127

anxiety in mice. Fundam Clin Pharmacol 21:567-574.

Braniste V, Al-Asmakh M, Kowal C, Anuar F, Abbaspour A, Téth M, Korecka A,
Bakocevic N, Ng LG, Guan NL, Kundu P, Gulyas B, Halldin C, Hultenby K, Nilsson
H, Hebert H, Volpe BT, Diamond B, Pettersson S (2014) The gut microbiota
influences blood-brain barrier permeability in mice. Sci Transl Med 6:263ra158.

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

Bredewold R, Veenema AH (2018) Sex differences in the regulation of social and
anxiety-related behaviors: insights from vasopressin and oxytocin brain systems.
Curr Opin Neurobiol 49:132-140.

Buffington SA, Di Prisco GV, Auchtung TA, Ajami NJ, Petrosino JF, Costa-Mattioli M
(2016) Microbial Reconstitution Reverses Maternal Diet-Induced Social and
Synaptic Deficits in Offspring. Cell 165:1762-1775.

Caesar R, Tremaroli V, Kovatcheva-Datchary P, Cani PD, Backhed F (2015) Crosstalk
between Gut Microbiota and Dietary Lipids Aggravates WAT Inflammation through
TLR Signaling. Cell Metab 22:658—-668.

Caldwell HK (2017) Oxytocin and Vasopressin: Powerful Regulators of Social Behavior.
Neurosci 23:517-528.

Caldwell HK, Lee HJ, Macbeth AH, Young WS (2008a) Vasopressin: Behavioral roles of
an “original” neuropeptide. Prog Neurobiol 84:1-24.

Caldwell HK, Lee HJ, Macbeth AH, Young WS (2008b) Vasopressin: Behavioral roles of



128

an “original” neuropeptide. Prog Neurobiol 84:1-24.

Caligkan H, Sentunali B, Ozden FM, Cihan KH, Uzunkulaoglu M, Cakan O, Kankal S,
Zaloglu N (2017) Marble burying test analysis in terms of biological and non-
biological factors. J Appl Biol Sci 11:54-57.

Carding S, Verbeke K, Vipond DT, Corfe BM, Owen LJ (2015) Dysbiosis of the gut
microbiota in disease. Microb Ecol Health Dis 26:26191.

Carvalho F a., Aitken JD, Vijay-Kumar M, Gewirtz AT (2012a) Toll-Like Receptor—Gut
Microbiota Interactions: Perturb at Your Own Risk! Annu Rev Physiol 74:177-198.

Carvalho FA, Aitken JD, Gewirtz AT, Vijay-Kumar M (2011) TLR5 activation induces
secretory interleukin-1 receptor antagonist (slL-1Ra) and reduces inflammasome-
associated tissue damage. Mucosal Immunol 4:102-111.

Carvalho FA, Koren O, Goodrich JK, Johansson ME V, Nalbantoglu I, Aitken JD, Su Y,
Chassaing B, Walters WA, Gonzélez A, Clemente JC, Cullender TC, Barnich N,
Darfeuille-Michaud A, Vijay-Kumar M, Knight R, Ley RE, Gewirtz AT (2012b)
Transient inability to manage proteobacteria promotes chronic gut inflammation in
TLR5-deficient mice. Cell Host Microbe 12:139-152.

Carvalho FA, Nalbantoglu I, Ortega-Fernandez S, Aitken JD, Su Y, Koren O, Walters
WA, Knight R, Ley RE, Vijay-Kumar M, Gewirtz AT (2012c) Interleukin-13 (IL-1)
promotes susceptibility of toll-like receptor 5 (TLR5) deficient mice to colitis. Gut
61:373-384.

Castillo-Ruiz A, Mosley M, George AJ, Mussaji LF, Fullerton EF, Ruszkowski EM,
Jacobs AJ, Gewirtz AT, Chassaing B, Forger NG (2018) The microbiota influences

cell dealth and microglial colonization in the perinatal mouse brain. Brain Behav



129

Immun 67:218-2209.

Cervenka I, Agudelo LZ, Ruas JL (2017) Kynurenines: Tryptophan’s metabolites in
exercise, inflammation, and mental health. Science (80- ) 357:eaaf9794.

Chassaing B, Gewirtz AT (2016) Has provoking microbiota aggression driven the
obesity epidemic? Bioessays 38:122-128.

Chassaing B, Gewirtz AT (2018) Mice harboring pathobiont-free microbiota do not
develop intestinal inflammation that normally results from an innate immune
deficiency. PLoS One 13:1-22.

Chassaing B, Koren O, Carvalho FA, Ley RE, Gewirtz AT (2014a) AIEC pathobiont
instigates chronic colitis in susceptible hosts by altering microbiota composition.
Gut 63:1069-1080.

Chassaing B, Koren O, Goodrich JK, Poole AC, Srinivasan S, Ley RE, Gewirtz AT
(2015) Dietary emulsifiers impact the mouse gut microbiota promoting colitis and
metabolic syndrome. Nature 519:92-96.

Chassaing B, Ley RE, Gewirtz AT (2014Db) Intestinal epithelial cell toll-like receptor 5
regulates the intestinal microbiota to prevent low-grade inflammation and metabolic
syndrome in mice. Gastroenterology 147:1363-1377.e17.

Chassaing B, Ley RE, Gewirtz AT (2014c) Intestinal epithelial cell toll-like receptor 5
regulates the intestinal microbiota to prevent low-grade inflammation and metabolic
syndrome in mice. Gastroenterology 147:1363-1377.e17.

Chavan SS, Pavlov VA, Tracey KJ (2017) Mechanisms and Therapeutic Relevance of
Neuro-immune Communication. Immunity 46:927-942.

Chikanza IC, Grossman AS (2002) Hypothalamic-pituitary-mediated



130

immunomodulation: arginine vasopressin is a neuroendocrine immune mediator.
Rheumatology 37:131-136.

Chow J, Lee SM, Shen Y, Khosravi A, Mazmanian SK (2010) Host-bacterial symbiosis
in health and disease. Adv Immunol 107:243-274.

Chow JC, Young DW, Golenbock DT, Christ WJ, Gusovsky F (1999) Toll-like Receptor-
4 Mediates Lipopolysaccharide-induced Signal Transduction. J Biol Chem
274:10689-10692.

Cignarella F, Cantoni C, Ghezzi L, Salter A, Dorsett Y, Chen L, Phillips D, Weinstock
GM, Fontana L, Cross AH, Zhou Y, Piccio L (2018) Intermittent Fasting Confers
Protection in CNS Autoimmunity by Altering the Gut Microbiota. Cell Metab
27:1222-1235.€6.

Clarke G, Grenham S, Scully P, Fitzgerald P, Moloney RD, Shanahan F, Dinan TG,
Cryan JF (2013) The microbiome-gut-brain axis during early life regulates the
hippocampal serotenergic system in a sex-dependent manner. Mol Psychiatry
18:666—673.

Colonna M, Butovsky O (2017) Microglia Function in the Central Nervous System
During Health and Neurodegeneration. Annu Rev Immunol 35:441-468.

Cooley W, Lohnes P (1971) Multivariate data analysis. John Wiley & Sons, Ltd.

Cormier HC, Della-Maggiore V, Karatsoreos IN, Koletar MM, Ralph MR (2015)
Suprachiasmatic vasopressin and the circadian regulation of voluntary locomotor
behavior. Eur J Neurosci 41:79-88.

Corona AW, Huang Y, O’Connor JC, Dantzer R, Kelley KW, Popovich PG, Godbout JP

(2010) Fractalkine receptor (CX3CR1) deficiency sensitizes mice to the behavioral



131

changes induced by lipopolysaccharide. J Neuroinflammation 7:93.

Crawley JN (2008) Behavioral Phenotyping Strategies for Mutant Mice. Neuron 57:809—
818.

Crumeyrolle-Arias M, Jaglin M, Bruneau A, Vancassel S, Cardona A, Daugé V, Naudon
L, Rabot S (2014) Absence of the gut microbiota enhances anxiety-like behavior
and neuroendocrine response to acute stress in rats. Psychoneuroendocrinology
42:207-217.

Cryan JF, Dinan TG (2012) Mind-altering microorganisms: the impact of the gut
microbiota on brain and behaviour. Nat Rev Neurosci 13:701-712.

Csikota P, A F, Balazsfi D, Pinter O, Mizukami H, Weger S, Heilbronn R, Engelmann M,
Zelena D (2016) Vasopressinergic control of stress-related behavior: studies in
Brattleboro rats. Stress 19:349-361.

D’Mello C, Le T, Swain MG (2009) Cerebral Microglia Recruit Monocytes into the Brain
in Response to Tumor Necrosis Factor Signaling during Peripheral Organ
Inflammation. J Neurosci 29:2089-2102.

D’Mello C, Riazi K, Le T, Stevens KM, Wang A, McKay DM, Pittman QJ, Swain MG
(2013) P-selectin-mediated monocyte-cerebral endothelium adhesive interactions
link peripheral organ inflammation to sickness behaviors. J Neurosci 33:14878—
14888.

D’'Mello C, Swain MG (2014) Immune-to-Brain Communication Pathways in
Inflammation-Associated Sickness and Depression. Curr Top Behav Neurosci
31:73-94.

Dai J, Swaab DF, Van der Vliet J, Buijs RM (1998) Postmortem tracing reveals the



132

organization of hypothalamic projections of the suprachiasmatic nucleus in the
human brain. J Comp Neurol 400:87-102.

Dantzer R (2006) Cytokine, Sickness Behavior, and Depression. Neurol Clin 24:441—
460.

Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW (2008) From
inflammation to sickness and depression: When the immune system subjugates the
brain. Nat Rev Neurosci 9:46-56.

David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, Ling AV,
Devlin AS, Varma Y, Fischbach MA, Biddinger SB, Dutton RJ, Turnbaugh PJ
(2014) Diet rapidly and reproducibly alters the human gut microbiome. Nature
505:559-563.

De Brouwer G, Fick A, Harvey BH, Wolmarans DW (2019) A critical inquiry into marble-
burying as a preclinical screening paradigm of relevance for anxiety and obsessive-
compulsive disorder: Mapping the way forward. Cogn Affect Behav Neurosci 19:1—
39.

de Cossio LF, Fourrier C, Sauvant J, Everard A, Capuron L, Cani PD, Layé S,
Castanon N (2017) Impact of prebiotics on metabolic and behavioral alterations in a
mouse model of metabolic syndrome. Brain Behav Immun 64:33-49.

De Palma G, Collins SM, Bercik P (2014) The microbiota-gut-brain axis in functional
gastrointestinal disorders. Gut Microbes 5:419-429.

de Sousa Rodrigues ME, Bekhbat M, Houser MC, Chang J, Walker DI, Jones DP, Oller
do Nascimento CMP, Barnum CJ, Tansey MG (2017) Chronic psychological stress

and high-fat high-fructose diet disrupt metabolic and inflammatory gene networks in



133

the brain, liver, and gut and promote behavioral deficits in mice. Brain Behav
Immun 59:158-172.

Delgado PL (2000) Depression: the case for a monoamine deficiency. J Clin Psychiatry
61 Suppl 6:7-11.

Derry HM, Padin AC, Kuo JL, Hughes S, Kiecolt-Glaser JK (2015) Sex Differences in
Depression: Does Inflammation Play a Role? Curr Psychiatry Rep 17:78.

Desbonnet L, Clarke G, Shanahan F, Dinan TG, Cryan JF (2014) Microbiota is essential
for social development in the mouse. Mol Psychiatry 19:146-148.

Desbonnet L, Clarke G, Traplin A, O’Sullivan O, Crispie F, Moloney RD, Cotter PD,
Dinan TG, Cryan JF (2015) Gut microbiota depletion from early adolescence in
mice: Implications for brain and behaviour. Brain Behav Immun 48:165-173.

Desbonnet L, Garrett L, Clarke G, Bienenstock J, Dinan TG (2008) The probiotic
Bifidobacteria infantis: An assessment of potential antidepressant properties in the
rat. J Psychiatr Res 43:164-174.

Desbonnet L, Garrett L, Clarke G, Kiely B, Cryan JF, Dinan TG (2010) Effects of the
probiotic Bifidobacterium infantis in the maternal separation model of depression.
Neuroscience 170:1179-1188.

Diaz Heijtz R, Wang S, Anuar F, Qian Y, Bjorkholm B, Samuelsson A, Hibberd ML,
Forssberg H, Pettersson S (2011) Normal gut microbiota modulates brain
development and behavior. Proc Natl Acad Sci U S A 108:3047-3052.

Dinan TG, Cryan JF (2016) Mood by microbe: towards clinical translation. Genome Med
8:36.

Dinan TG, Cryan JF (2017) Brain-Gut-Microbiota Axis and Mental Health. Psychosom



134

Med 79:920-926.

Dinan TG, Cryan JF (2019) Gut microbes and depression: Still waiting for Godot. Brain
Behav Immun 79:1-2.

Dinel A-L, André C, Aubert A, Ferreira G, Layé S, Castanon N (2011) Cognitive and
emotional alterations are related to hippocampal inflammation in a mouse model of
metabolic syndrome. PL0S One 6:e24325.

Dinel A-L, André C, Aubert A, Ferreira G, Layé S, Castanon N (2014)
Lipopolysaccharide-induced brain activation of the indoleamine 2,3-dioxygenase
and depressive-like behavior are impaired in a mouse model of metabolic
syndrome. Psychoneuroendocrinology 40:48-59.

Dong Y, Han Y, Wang Z, Qin Z, Yang C, Cao J, Chen Y (2017) Role of serotonin on the
intestinal mucosal immune response to stress-induced diarrhea in weaning mice.
BMC Gastroenterol 17:82.

Duivis HE, Vogelzangs N, Kupper N, de Jonge P, Penninx BWJH (2013) Differential
association of somatic and cognitive symptoms of depression and anxiety with
inflammation: Findings from the Netherlands Study of Depression and Anxiety
(NESDA). Psychoneuroendocrinology 38:1573-1585.

Dumais KM, Veenema AH (2016) Vasopressin and oxytocin receptor systems in the
brain: Sex differences and sex-specific regulation of social behavior. Front
Neuroendocrinol 40:1-23.

Duque-Wilckens N, Steinman MQ, Busnelli M, Chini B, Yokoyama S, Pham M, Laredo
SA, Hao R, Perkeybile AM, Minie VA, Tan PB, Bales KL, Trainor BC (2018)

Oxytocin Receptors in the Anteromedial Bed Nucleus of the Stria Terminalis



135

Promote Stress-Induced Social Avoidance in Female California Mice. Biol
Psychiatry 83:203-213.

Emge JR et al. (2016) Modulation of the microbiota-gut-brain axis by probiotics in a
murine model of inflammatory bowel disease. Am J Physiol Gastrointest Liver
Physiol 310:G989-98.

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

Etienne-Mesmin L, Vijay-Kumar M, Gewirtz AT, Chassaing B (2016) Hepatocyte Toll-
Like Receptor 5 Promotes Bacterial Clearance and Protects Mice Against High-Fat
Diet—Induced Liver Disease. Cmgh 2:584-604.

Ezenwa VO, Williams AE (2014) Microbes and animal olfactory communication: Where
do we go from here? BioEssays 36:847-854.

Farshim P, Walton G, Chakrabarti B, Givens I, Saddy D, Kitchen I, R Swann J, Bailey A
(2016) Maternal Weaning Modulates Emotional Behavior and Regulates the Gut-
Brain Axis. Sci Rep 6:21958.

Farzi A, Frohlich EE, Holzer P (2018) Gut Microbiota and the Neuroendocrine System.
Neurotherapeutics 15:5-22.

Felger JC (2018) Imaging the Role of Inflammation in Mood and Anxiety-related
Disorders. Curr Neuropharmacol 16:533-558.

Ferreira A (2014) Lipocalin-2 is involved in emotional behaviors and cognitive function.
Front Cell Neurosci 7:1-10.

Fiebiger U, Bereswill S, Heimesaat MM (2016) Dissecting the interplay between

intestinal microbiota and host immunity in health and disease: Lessons learned



136

from germfree and gnotobiotic animal models. Eur J Microbiol Immunol 6:253-271.

Fields CT, Chassaing B, Castillo-Ruiz A, Osan R, Gewirtz AT, De Vries GJ (2018a)
Effects of gut-derived endotoxin on anxiety-like and repetitive behaviors in male
and female mice. Biol Sex Differ 9:1-14.

Fields CT, Chassaing B, Paul MJ, Gewirtz AT, De Vries GJ (2018b) Vasopressin
deletion is associated with sex-specific shifts in the gut microbiome. Gut Microbes
9:13-25.

Fields CT, Sampson TR, Bruce-Keller AJ, Kiraly DD, Hsiao EY, de Vries GJ (2018c)
Defining Dysbiosis in Disorders of Movement and Motivation. J Neurosci 38:9414—
9422.

Finegold SM et al. (2002) Gastrointestinal microflora studies in late-onset autism. Clin
Infect Dis 35:S6-S16.

Finegold SM, Dowd SE, Gontcharova V, Liu C, Henley KE, Wolcott RD, Youn E,
Summanen PH, Granpeesheh D, Dixon D, Liu M, Molitoris DR, Green JA (2010)
Pyrosequencing study of fecal microflora of autistic and control children. Anaerobe
16:444-453.

Foster JA, McVey Neufeld KA (2013) Gut-brain axis: How the microbiome influences
anxiety and depression. Trends Neurosci 36:305-312.

Fowlie G, Cohen N, Ming X (2018) The Perturbance of Microbiome and Gut-Brain Axis
in Autism Spectrum Disorders. Int J Mol Sci 19:2251.

Francois A, Grebert D, Rhimi M, Mariadassou M, Naudon L, Rabot S, Meunier N (2016)
Olfactory epithelium changes in germfree mice. Sci Rep 6:24687.

Franklin K, Paxinos G (2008) The mouse brain atlas in stereotaxic coordinates.



137

Fulde M, Sommer F, Chassaing B, van Vorst K, Dupont A, Hensel M, Basic M,
Klopfleisch R, Rosenstiel P, Bleich A, Backhed F, Gewirtz AT, Hornef MW (2018)
Neonatal selection by Toll-like receptor 5 influences long-term gut microbiota
composition. Nature 560:489-493.

Gagliano H, Fuentes S, Nadal R, Armario A (2008) Previous exposure to immobilisation
and repeated exposure to a novel environment demonstrate a marked dissociation
between behavioral and pituitary-adrenal responses. Behav Brain Res 187:239—
245.

Gatewood JD, Wills A, Shetty S, Xu J, Arnold AP, Burgoyne PS, Rissman EF (2006)
Sex Chromosome Complement and Gonadal Sex Influence Aggressive and
Parental Behaviors in Mice. J Neurosci 26:2335-2342.

Gawali NB, Chowdhury AA, Kothavade PS, Bulani VD, Nagmoti DM, Juvekar AR (2016)
Involvement of nitric oxide in anticompulsive-like effect of agmatine on marble-
burying behaviour in mice. Eur J Pharmacol 770:165-171.

Gentile CL, Weir TL (2018) The gut microbiota at the intersection of diet and human
health. Science (80-) 362:776—780.

Gewirtz AT, Navas TA, Lyons S, Godowski PJ, Madara JL (2001) Cutting edge:
bacterial flagellin activates basolaterally expressed TLRS5 to induce epithelial
proinflammatory gene expression. J Immunol 167:1882—-1885.

Gewirtz AT, Vijay-Kumar M, Brant SR, Duerr RH, Nicolae DL, Cho JH (2006) Dominant-
negative TLR5 polymorphism reduces adaptive immune response to flagellin and
negatively associates with Crohn’s disease. Am J Physiol Gastrointest Liver Physiol

290:G1157-63.



138

Goehler LE, Gaykema RPA, Opitz N, Reddaway R, Badr N, Lyte M (2005) Activation in
vagal afferents and central autonomic pathways: Early responses to intestinal
infection with Campylobacter jejuni. Brain Behav Immun 19:334-344.

Grant EC, Mackintosh JH (1963) A Comparison of the Social Postures of Some
Common Laboratory Rodents. Behaviour 21:246—-259.

Gu L, Huang J, Tan J, Wei Q, Jiang H, Shen T, Liang B, Tang N (2016) Impact of TLR5
rs5744174 on stroke risk, gene expression and on inflammatory cytokines, and lipid
levels in stroke patients. Neurol Sci 37:1537-1544.

Guida F et al. (2018a) Antibiotic-induced microbiota perturbation causes gut
endocannabinoidome changes, hippocampal neuroglial reorganization and
depression in mice. Brain Behav Immun.

Guida F et al. (2018b) Antibiotic-induced microbiota perturbation causes gut
endocannabinoidome changes, hippocampal neuroglial reorganization and
depression in mice. Brain Behav Immun 67:230-245.

Gur TL, Palkar AV, Rajasekera T, Allen J, Niraula A, Godbout J, Bailey MT (2019)
Prenatal stress disrupts social behavior, cortical neurobiology and commensal
microbes in adult male offspring. Behav Brain Res 359:886—-894.

Haghikia A et al. (2015) Dietary Fatty Acids Directly Impact Central Nervous System
Autoimmunity via the Small Intestine. Immunity 43:817-829.

Harter MC, Conway KP, Merikangas KR (2003) Associations between anxiety disorders
and physical illness. Eur Arch Psychiatry Clin Neurosci 253:313-320.

Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR, Eng JK, Akira S,

Underhill DM, Aderem A (2001) The innate immune response to bacterial flagellin



139

is mediated by Toll-like receptor 5. Nature 410:1099-1103.

Henry CJ, Huang Y, Wynne A, Hanke M, Himler J, Bailey MT, Sheridan JF, Godbout JP
(2008) Minocycline attenuates lipopolysaccharide (LPS)-induced
neuroinflammation, sickness behavior, and anhedonia. J Neuroinflammation 5:15.

Herisson FM, Waas JR, Fredriksson R, Schidth HB, Levine AS, Olszewski PK (2016)
Oxytocin Acting in the Nucleus Accumbens Core Decreases Food Intake. J
Neuroendocrinol 28.

Hernandez VS, Hernandez OR, Perez de la Mora M, Gémora MJ, Fuxe K, Eiden LE,
Zhang L (2016) Hypothalamic Vasopressinergic Projections Innervate Central
Amygdala GABAergic Neurons: Implications for Anxiety and Stress Coping. Front
Neural Circuits 10:92.

Heydendael W, Sharma K, lyer V, Luz S, Piel D, Beck S, Bhatnagar S (2011)
Orexins/Hypocretins Act in the Posterior Paraventricular Thalamic Nucleus During
Repeated Stress to Regulate Facilitation to Novel Stress. Endocrinology 152:4738—
4752.

Holder MK, Peters N V., Whylings J, Fields CT, Gewirtz AT, Chassaing B, de Vries GJ
(2019) Dietary emulsifiers consumption alters anxiety-like and social-related
behaviors in mice in a sex-dependent manner. Sci Rep 9.

Hsieh C-H, Rau C-S, Kuo P-J, Liu S-H, Wu C-J, Lu T-H, Wu Y-C, Lin C-W (2017)
Knockout of toll-like receptor impairs nerve regeneration after a crush injury.
Oncotarget 8:80741-80756.

Hug H, Mohajeri MH, La Fata G (2018) Toll-Like Receptors: Regulators of the Immune

Response in the Human Gut. Nutrients 10:11-13.



140

Hung YY, Huang KW, Kang HY, Huang GYL, Huang TL (2016) Antidepressants
normalize elevated Toll-like receptor profile in major depressive disorder.
Psychopharmacology (Berl) 233:1707-1714.

Huynh TN, Krigbhaum AM, Hanna JJ, Conrad CD (2011) Sex differences and phase of
light cycle modify chronic stress effects on anxiety and depressive-like behavior.
Behav Brain Res 222:212-222.

Jeong J, Kim S, Lim D-S, Kim S-H, Doh H, Kim S-D, Song YS (2017) TLR5 Activation
through NF-kB Is a Neuroprotective Mechanism of Postconditioning after Cerebral
Ischemia in Mice. Exp Neurobiol 26:213-226.

Jiang H-Y, Zhang X, Yu Z-H, Zhang Z, Deng M, Zhao J-H, Ruan B (2018) Altered gut
microbiota profile in patients with generalized anxiety disorder. J Psychiatr Res
104:130-136.

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

Jung WJ, Lee SY, Choi SI, Kim B-K, Lee EJ, In KH, Lee M-G (2018) Toll-like receptor
expression in pulmonary sensory neurons in the bleomycin-induced fibrosis model.
PLoS One 13:e0193117.

Jurek B, Neumann ID (2018a) The Oxytocin Receptor: From Intracellular Signaling to
Behavior. Physiol Rev 98:1805-1908.

Jurek B, Neumann ID (2018b) The Oxytocin Receptor: From Intracellular Signaling to
Behavior. Physiol Rev 98:1805-1908.

Jurek B, Slattery DA, Maloumby R, Hillerer K, Koszinowski S, Neumann ID, van den



141

Burg EH (2012) Differential contribution of hypothalamic MAPK activity to anxiety-
like behaviour in virgin and lactating rats. PLoS One 7:e37060.

Kalsbeek A, Buijs RM, van Heerikhuize JJ, Arts M, van der Woude TP (1992)
Vasopressin-containing neurons of the suprachiasmatic nuclei inhibit corticosterone
release. Brain Res 580:62—-67.

Kalsbeek A, Fliers E, Hofman MA, Swaab DF, Buijs RM (2010) Vasopressin and the
output of the hypothalamic biological clock. J Neuroendocrinol 22:362-372.

Kalsbeek A, van der Vliet J, Buijs RM (1996) Decrease of endogenous vasopressin
release necessary for expression of the circadian rise in plasma corticosterone: a
reverse microdialysis study. J Neuroendocrinol 8:299-307.

Kang SS, Ren Y, Liu CC, Kurti A, Baker KE, Bu G, Asmann Y, Fryer JD (2018)
Lipocalin-2 protects the brain during inflammatory conditions. Mol Psychiatry
23:344-350.

Keck ME, Welt T, Miller MB, Uhr M, Ohl F, Wigger A, Toschi N, Holsboer F, Landgraf R
(2003) Reduction of Hypothalamic Vasopressinergic Hyperdrive Contributes to
Clinically Relevant Behavioral and Neuroendocrine Effects of Chronic Paroxetine
Treatment in a Psychopathological Rat Model. Neuropsychopharmacology 28:235—
243.

Kedia S, Chattarji S (2014) Marble burying as a test of the delayed anxiogenic effects of
acute immobilisation stress in mice. J Neurosci Methods 233:150-154.

Kelly JR, Allen AP, Temko A, Hutch W, Kennedy PJ, Farid N, Murphy E, Boylan G,
Bienenstock J, Cryan JF, Clarke G, Dinan TG (2016) Lost in translation? The

potential psychobiotic Lactobacillus rhamnosus (JB-1) fails to modulate stress or



142

cognitive performance in healthy male subjects. Brain Behav Immun.

Kelly JR, Kennedy PJ, Cryan JF, Dinan TG, Clarke G, Hyland NP (2015) Breaking down
the barriers: the gut microbiome, intestinal permeability and stress-related
psychiatric disorders. Front Cell Neurosci 9:392.

Kennedy PJ, Cryan JF, Dinan TG, Clarke G (2017) Kynurenine pathway metabolism
and the microbiota-gut-brain axis. Neuropharmacology 112:399-412.

Kentner AC, Khan U, MacRae M, Dowd SE, Yan S (2018) The effect of antibiotics on
social aversion following early life inflammation. Physiol Behav 194:311-318.
Kerfoot SM, D’Mello C, Nguyen H, Ajuebor MN, Kubes P, Le T, Swain MG (2006) TNF-
a-secreting monocytes are recruited into the brain of cholestatic mice. Hepatology

43:154-162.

Kéri S, Szabo C, Kelemen O (2016) Antipsychotics influence Toll-like receptor (TLR)
expression and its relationship with cognitive functions in schizophrenia. Brain
Behav Immun.

Kéri S, Szabo C, Kelemen O (2017) Uniting the neurodevelopmental and immunological
hypotheses: Neuregulin 1 receptor ErbB and Toll-like receptor activation in first-
episode schizophrenia. Sci Rep 7:4147.

Khosravi A, Yafiez A, Price JG, Chow A, Merad M, Goodridge HS, Mazmanian SK
(2014) Gut microbiota promote hematopoiesis to control bacterial infection. Cell
Host Microbe 15:374-381.

Kim J, Jang S, Choe HK, Chung S, Son GH, Kim K (2017) Implications of Circadian
Rhythm in Dopamine and Mood Regulation. Mol Cells 40:450-456.

Kimball BA, Opiekun M, Yamazaki K, Beauchamp GK (2014) Immunization alters body



143

odor. Physiol Behav 128:80-85.

Kirouac GJ (2015) Placing the paraventricular nucleus of the thalamus within the brain
circuits that control behavior. Neurosci Biobehav Rev 56:315-329.

Kokras N, Dalla C (2014) Sex differences in animal models of psychiatric disorders. Br J
Pharmacol 171:4595-4619.

Kormos V, Gaszner B (2013) Role of neuropeptides in anxiety, stress, and depression:
From animals to humans. Neuropeptides 47:401-4109.

Kumar M, Kissoon-Singh V, Coria AL, Moreau F, Chadee K (2017) Probiotic mixture
VSL#3 reduces colonic inflammation and improves intestinal barrier function in
Muc2 mucin-deficient mice. Am J Physiol Liver Physiol 312:G34—-G45.

Labots M, Zheng X, Moattari G, Ohl F, van Lith HA (2016) Effects of light regime and
substrain on behavioral profiles of male C57BL/6 mice in three tests of
unconditioned anxiety. J Neurogenet 30:306—315.

Lach G, Schellekens H, Dinan TG, Cryan JF (2018) Anxiety, Depression, and the
Microbiome: A Role for Gut Peptides. Neurotherapeutics 15:36-59.

Landgraf D, Long JE, Proulx CD, Barandas R, Malinow R, Welsh DK (2016) Genetic
Disruption of Circadian Rhythms in the Suprachiasmatic Nucleus Causes
Helplessness, Behavioral Despair, and Anxiety-like Behavior in Mice. Biol
Psychiatry 80:827-835.

Landgraf R, Gerstberger R, Montkowski A, Probst JC, Wotjak CT, Holsboer F,
Engelmann M (1995) V1 vasopressin receptor antisense oligodeoxynucleotide into
septum reduces vasopressin binding, social discrimination abilities, and anxiety-

related behavior in rats. J Neurosci 15:4250-8.



144

Landgraf R, Wigger A, Holsboer F, Neumann ID (1999) Hyper-reactive hypothalamo-
pituitary-adrenocortical axis in rats bred for high anxiety-related behaviour. J
Neuroendocrinol 11:405—-407.

Lebow MA, Chen A (2016) Overshadowed by the amygdala: the bed nucleus of the stria
terminalis emerges as key to psychiatric disorders. Mol Psychiatry 21:450-463.

Leon LR, Kozak W, Kluger MJ (1998) Role of IL-10 in Inflammation: Studies Using
Cytokine Knockout Micea. Ann N Y Acad Sci 856:69-75.

Leong K-C, Cox S, King C, Becker H, Reichel CM (2018) Oxytocin and Rodent Models
of Addiction. In: International review of neurobiology, pp 201-247.

Letiembre M, Hao W, Liu Y, Walter S, Mihaljevic I, Rivest S, Hartmann T, Fassbender K
(2007) Innate immune receptor expression in normal brain aging. Neuroscience
146:248-254.

Ley RE, Lozupone CA, Hamady M, Knight R, Gordon JI (2008) Worlds within worlds:
evolution of the vertebrate gut microbiota. Nat Rev Microbiol 6:776—788.

Li G, Xie C, Lu S, Nichols RG, Tian Y, Li L, Patel D, Ma Y, Brocker CN, Yan T, Krausz
KW, Xiang R, Gavrilova O, Patterson AD, Gonzalez FJ (2017a) Intermittent Fasting
Promotes White Adipose Browning and Decreases Obesity by Shaping the
Gut Microbiota. Cell Metab 26:672-685.e4.

Li T, Wang P, Wang SC, Wang YF (2017b) Approaches mediating oxytocin regulation
of the immune system. Front Immunol 7:1-9.

Liang X, Bushman FD, FitzGerald GA (2015) Rhythmicity of the intestinal microbiota is
regulated by gender and the host circadian clock. Proc Natl Acad Sci 112:10479—

10484.



145

Liebsch G, Wotjak CT, Landgraf R, Engelmann M (1996) Septal vasopressin modulates
anxiety-related behaviour in rats. Neurosci Lett 217:101-104.

Liu W-H, Chuang H-L, Huang Y-T, Wu C-C, Chou G-T, Wang S, Tsai Y-C (2016)
Alteration of behavior and monoamine levels attributable to Lactobacillus plantarum
PS128 in germ-free mice. Behav Brain Res 298:202-209.

Love TM (2014) Oxytocin, motivation and the role of dopamine. Pharmacol Biochem
Behav 119:49-60.

Lu J, Synowiec S, Lu L, Yu Y, Bretherick T, Takada S, Yarnykh V, Caplan J, Caplan M,
Claud EC, Drobyshevsky A (2018) Microbiota influence the development of the
brain and behaviors in C57BL/6J mice. PLoS One 13:1-29.

Luczynski P, Neufeld KAMV, Oriach CS, Clarke G, Dinan TG, Cryan JF (2016) Growing
up in a bubble: Using germ-free animals to assess the influence of the gut
microbiota on brain and behavior. Int J Neuropsychopharmacol 19:1-17.

Lukic I, Getselter D, Koren O, Elliott E (2019) Role of Tryptophan in Microbiota-Induced
Depressive-Like Behavior: Evidence From Tryptophan Depletion Study. Front
Behav Neurosci 13:123.

Luki¢ I, Getselter D, Ziv O, Oron O, Reuveni E, Koren O, Elliott E (2019)
Antidepressants affect gut microbiota and Ruminococcus flavefaciens is able to
abolish their effects on depressive-like behavior. Transl Psychiatry 9.

Lyte M, Varcoe JJ, Bailey MT (1998) Anxiogenic effect of subclinical bacterial infection
in mice in the absence of overt immune activation. Physiol Behav 65:63—-68.

Ma D, Wang AC, Parikh I, Green SJ, Hoffman JD, Chlipala G, Murphy MP, Sokola BS,

Bauer B, Hartz AMS, Lin A-L (2018) Ketogenic diet enhances neurovascular



146

function with altered gut microbiome in young healthy mice. Sci Rep 8:6670.

Maes M, Berk M, Goehler L, Song C, Anderson G, Gatecki P, Leonard B (2012)
Depression and sickness behavior are Janus-faced responses to shared
inflammatory pathways. BMC Med 10:1-19.

Martin CR, Osadchiy V, Kalani A, Mayer EA (2018) The Brain-Gut-Microbiome Axis.
Cmgh 6:133-148.

Mayer EA, Tillisch K, Gupta A (2015) Gut/brain Axis and the microbiota. J Clin Invest
125:926-938.

Mazidi M, Rezaie P, Kengne AP, Mobarhan MG, Ferns GA (2016) Gut microbiome and
metabolic syndrome. Diabetes Metab Syndr Clin Res Rev 105:5150-5157.

Mcdermott AJ, Huffnagle GB (2014) The microbiome and regulation of mucosal
immunity. Immunology 142:24-31.

Mcilwain KL, Merriweather MY, Yuva-Paylor LA, Paylor R (2001) The use of behavioral
test batteries: Effects of training history. Physiol Behav 73:705-717.

Midenfjord I, Polster A, Sjévall H, Térnblom H, Simrén M (2019) Anxiety and depression
in irritable bowel syndrome: Exploring the interaction with other symptoms and
pathophysiology using multivariate analyses. Neurogastroenterol Motil:e13619.

Mitra S, Bastos CP, Chesworth S, Frye C, Federal U, Gerais DM (2018) Strain and sex
based characterization of behavioral expressions in non-induced compulsive-like
mice. Physiol Behav 168:103-111.

Moaddab M, Dabrowska J (2017) Oxytocin receptor neurotransmission in the
dorsolateral bed nucleus of the stria terminalis facilitates the acquisition of cued

fear in the fear-potentiated startle paradigm in rats. Neuropharmacology 121:130—



147

139.

Morais LH, Felice D, Golubeva A V., Moloney G, Dinan TG, Cryan JF (2018) Strain
differences in the susceptibility to the gut-brain axis and neurobehavioural
alterations induced by maternal immune activation in mice. Behav Pharmacol
29:181-198.

Morrison DJ, Preston T (2016) Formation of short chain fatty acids by the gut microbiota
and their impact on human metabolism. Gut Microbes 7:189-200.

Morrison TR, Melloni RH (2014) The Role of Serotonin, Vasopressin, and
Serotonin/Vasopressin Interactions in Aggressive Behavior. In: Current topics in
behavioral neurosciences, pp 189-228.

Mulle JG, Sharp WG, Cubells JF (2013) The gut microbiome: A new frontier in autism
research. Curr Psychiatry Rep 15.

Nadeau S, Rivest S (1999) Effects of circulating tumor necrosis factor on the neuronal
activity and expression of the genes encoding the tumor necrosis factor receptors
(p55 and p75) in the rat brain: a view from the blood-brain barrier. Neuroscience
93:1449-1464.

Nardo M, Casarotto PC, Gomes F V., Guimaraes FS (2014) Cannabidiol reverses the
mMCPP-induced increase in marble-burying behavior. Fundam Clin Pharmacol
28:544-550.

Nava F, Carta G, Haynes LW (2000) Lipopolysaccharide increases arginine-
vasopressin release from rat suprachiasmatic nucleus slice cultures. Neurosci Lett
288:228-230.

Neufeld K-AM, Kang N, Bienenstock J, Foster JA (2011a) Effects of intestinal



148

microbiota on anxiety-like behavior. Commun Integr Biol 4:492—-494.

Neufeld KM, Kang N, Bienenstock J, Foster JA (2011b) Reduced anxiety-like behavior
and central neurochemical change in germ-free mice. Neurogastroenterol Motil
23:255-265.

Neuhaus B, Frede A, Westendorf AM, Epple M (2015) Gene silencing of the pro-
inflammatory cytokine TNF-a with siRNA delivered by calcium phosphate
nanoparticles, quantified by different methods. J Mater Chem B 3:7186—7193.

Neumann ID, Landgraf R (2012) Balance of brain oxytocin and vasopressin:
Implications for anxiety, depression, and social behaviors. Trends Neurosci
35:649-659.

Neumann ID, Slattery DA (2016) Oxytocin in General Anxiety and Social Fear: A
Translational Approach. Biol Psychiatry 79:213-221.

Newell C, Bomhof MR, Reimer RA, Hittel DS, Rho JM, Shearer J (2016) Ketogenic diet
modifies the gut microbiota in a murine model of autism spectrum disorder. Mol
Autism 7:1-6.

Niraula A, Witcher KG, Sheridan JF, Godbout JP (2019) Interleukin-6 Induced by Social
Stress Promotes a Unigue Transcriptional Signature in the Monocytes That
Facilitate Anxiety. Biol Psychiatry 85:679—689.

Nishino R, Mikami K, Takahashi H, Tomonaga S, Furuse M, Hiramoto T, Aiba Y, Koga
Y, Sudo N (2013) Commensal microbiota modulate murine behaviors in a strictly
contamination-free environment confirmed by culture-based methods.
Neurogastroenterol Motil 25:521-528.

Njung’e K, Handley SL (1991) Evaluation of marble-burying behavior as a model of



149

anxiety. Pharmacol Biochem Behav 38:63-67.

Nosek K, Dennis K, Andrus BM, Ahmadiyeh N, Baum AE, Woods L, Redei EE (2008)
Context and strain-dependent behavioral response to stress. Behav Brain Funct
4:23.

O’Donovan A, Hughes BM, Slavich GM, Lynch L, Cronin M-T, O’Farrelly C, Malone KM
(2010) Clinical anxiety, cortisol and interleukin-6: Evidence for specificity in
emotion—biology relationships. Brain Behav Immun 24:1074-1077.

O’Leary OF, Ogbonnaya ES, Felice D, Levone BR, C. Conroy L, Fitzgerald P, Bravo JA,
Forsythe P, Bienenstock J, Dinan TG, Cryan JF (2018) The vagus nerve modulates
BDNF expression and neurogenesis in the hippocampus. Eur
Neuropsychopharmacol 28:307-316.

O’Mahony SM, Clarke G, Borre YE, Dinan TG, Cryan JF (2015) Serotonin, tryptophan
metabolism and the brain-gut-microbiome axis. Behav Brain Res 277:32—48.

Olson CA, Vuong HE, Yano JM, Liang QY, Nusbaum DJ, Hsiao EY (2018) The gut
microbiota mediates the anti-seizure effects of the ketogenic diet. Cell 173:1728—
1741.

Palin K, Moreau ML, Sauvant J, Orcel H, Nadjar A, Duvoid-Guillou A, Dudit J, Rabié A,
Moos F (2009) Interleukin-6 activates arginine vasopressin neurons in the
supraoptic nucleus during immune challenge in rats. Am J Physiol Endocrinol
Metab 296:1289-1299.

Palmnas MSA, Cowan TE, Bomhof MR, Su J, Reimer RA, Vogel HJ, Hittel DS, Shearer
J (2014) Low-dose aspartame consumption differentially affects gut microbiota-host

metabolic interactions in the diet-induced obese rat. PLoS One 9:€109841.



150

Palomo-Buitrago ME, Sabater-Masdeu M, Moreno-Navarrete JM, Caballano-Infantes E,
Arnoriaga-Rodriguez M, Coll C, Ramio L, Palomino-Schatzlein M, Gutiérrez-
Carcedo P, Pérez-Brocal V, Simé R, Moya A, Ricart W, Herance JR, Fernandez-
Real JM (2019) Glutamate interactions with obesity, insulin resistance, cognition
and gut microbiota composition. Acta Diabetol 56:569-579.

Pan JX, Deng FL, Zeng BH, Zheng P, Liang WW, Yin BM, Wu J, Dong MX, Luo YY,
Wang HY, Wei H, Xie P (2019a) Absence of gut microbiota during early life affects
anxiolytic Behaviors and monoamine neurotransmitters system in the hippocampal
of mice. J Neurol Sci 400:160-168.

Pan JX, Deng FL, Zeng BH, Zheng P, Liang WW, Yin BM, Wu J, Dong MX, Luo YY,
Wang HY, Wei H, Xie P (2019b) Absence of gut microbiota during early life affects
anxiolytic Behaviors and monoamine neurotransmitters system in the hippocampal
of mice. J Neurol Sci 400:160-168.

Penninx BWJH, Lange SMM (2018a) Metabolic syndrome in psychiatric patients:
overview, mechanisms, and implications. Dialogues Clin Neurosci 20:63-73.

Penninx BWJH, Lange SMM (2018b) Metabolic syndrome in psychiatric patients:
overview, mechanisms, and implications. Dialogues Clin Neurosci 20:63-73.

Pepino MY (2015) Metabolic effects of non-nutritive sweeteners. Physiol Behav
152:450-455.

Pérgola PE, Sved AF, Voogt JL, Alper RH (1993) Effect of Serotonin on Vasopressin
Release: A Comparison to Corticosterone, Prolactin and Renin.
Neuroendocrinology 57:550-558.

Pickard JM, Zeng MY, Caruso R, Nufiez G (2017) Gut microbiota: Role in pathogen



151

colonization, immune responses, and inflammatory disease. Immunol Rev 279:70—
89.

Pitsavos C, Panagiotakos DB, Papageorgiou C, Tsetsekou E, Soldatos C, Stefanadis C
(2006) Anxiety in relation to inflammation and coagulation markers, among healthy
adults: the ATTICA study. Atherosclerosis 185:320-326.

Powell N, Walker MM, Talley NJ (2017) The mucosal immune system: Master regulator
of bidirectional gut-brain communications. Nat Rev Gastroenterol Hepatol 14:143—
159.

Qiao H, Zhang X, Zhu C, Dong L, Wang L, Zhang X, Xing Y, Wang C, Ji Y, Cao X
(2012) Luteolin downregulates TLR4, TLR5, NF-kB and p-p38MAPK expression,
upregulates the p-ERK expression, and protects rat brains against focal ischemia.
Brain Res 1448:71-81.

Quan N, He L, Lai W (2003) Endothelial activation is an intermediate step for peripheral
lipopolysaccharide induced activation of paraventricular nucleus. Brain Res Bull
59:447-452.

Raison CL, Capuron L, Miller AH (2006) Cytokines sing the blues: inflammation and the
pathogenesis of depression. Trends Immunol 27:24-31.

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

Rebolledo-Solleiro D, Roldan-Roldan G, Diaz D, Velasco M, Larqué C, Rico-Rosillo G,
Vega-Robledo GB, Zambrano E, Hiriart M, De La Mora MP (2017) Increased

anxiety-like behavior is associated with the metabolic syndrome in non-stressed



152

rats. PLoS One 12:1-21.

Respondek F, Gerard P, Bossis M, Boschat L, Bruneau A, Rabot S, Wagner A, Martin
J-C (2013) Short-chain fructo-oligosaccharides modulate intestinal microbiota and
metabolic parameters of humanized gnotobiotic diet induced obesity mice. PLoS
One 8:€71026.

Rezzi S, Ramadan Z, Martin FO-PJ, Fay LB, Van Bladeren P, Lindon JC, Nicholson JK,
Kochhar S (2007) Human Metabolic Phenotypes Link Directly to Specific Dietary
Preferences in Healthy Individuals. J Proteome Res 6:4469-4477.

Richter SH, Kastner N, Loddenkemper D-H, Kaiser S, Sachser N (2016) A Time to
Wean? Impact of Weaning Age on Anxiety-Like Behaviour and Stability of
Behavioural Traits in Full Adulthood. PLoS One 11:e0167652.

Ring RH, Malberg JE, Potestio L, Ping J, Boikess S, Luo B, Schechter LE, Rizzo S,
Rahman Z, Rosenzweig-Lipson S (2006) Anxiolytic-like activity of oxytocin in male
mice: behavioral and autonomic evidence, therapeutic implications.
Psychopharmacology (Berl) 185:218-225.

Ring RH, Schechter LE, Leonard SK, Dwyer JM, Platt BJ, Graf R, Grauer S, Pulicicchio
C, Resnick L, Rahman Z, Sukoff Rizzo SJ, Luo B, Beyer CE, Logue SF, Marquis
KL, Hughes ZA, Rosenzweig-Lipson S (2010) Receptor and behavioral
pharmacology of WAY-267464, a non-peptide oxytocin receptor agonist.
Neuropharmacology 58:69-77.

Rivest S, Lacroix S, Vallieres L, Nadeau S, Zhang J, Laflamme N (2000) How the Blood
Talks to the Brain Parenchyma and the Paraventricular Nucleus of the

Hypothalamus During Systemic Inflammatory and Infectious Stimuli. Proc Soc Exp



153

Biol Med 223:22-38.

Rizzetto L, Fava F, Tuohy KM, Selmi C (2018) Connecting the immune system,
systemic chronic inflammation and the gut microbiome: The role of sex. J
Autoimmun 92:12-34.

Rojo D, Méndez-Garcia C, Raczkowska BA, Bargiela R, Moya A, Ferrer M, Barbas C
(2017) Exploring the human microbiome from multiple perspectives: factors altering
its composition and function. FEMS Microbiol Rev 41:453-478.

Rood BD, De Vries GJ (2011) Vasopressin innervation of the mouse (Mus musculus)
brain and spinal cord. J Comp Neurol 519:2434-2474.

Rood BD, Stott RT, You S, Smith CJW, Woodbury ME, De Vries GJ (2013) Site of origin
of and sex differences in the vasopressin innervation of the mouse (Mus musculus)
brain. J Comp Neurol 521:2321-2358.

Rosselot AE, Hong CI, Moore SR (2016) Rhythm and bugs: circadian clocks, gut
microbiota, and enteric infections. Curr Opin Gastroenterol 32:7-11.

Ruhé HG, Mason NS, Schene AH (2007) Mood is indirectly related to serotonin,
norepinephrine and dopamine levels in humans: a meta-analysis of monoamine
depletion studies. Mol Psychiatry 12:331-359.

Russell WR, Gratz SW, Duncan SH, Holtrop G, Ince J, Scobbie L, Duncan G,
Johnstone AM, Lobley GE, Wallace RJ, Duthie GG, Flint HJ (2011a) High-protein,
reduced-carbohydrate weight-loss diets promote metabolite profiles likely to be
detrimental to colonic health. Am J Clin Nutr 93:1062-1072.

Russell WR, Gratz SW, Duncan SH, Holtrop G, Ince J, Scobbie L, Duncan G,

Johnstone AM, Lobley GE, Wallace RJ, Duthie GG, Flint HJ (2011b) High-protein,



154

reduced-carbohydrate weight-loss diets promote metabolite profiles likely to be
detrimental to colonic health. Am J Clin Nutr 93:1062-1072.

Samuel BS, Shaito A, Motoike T, Rey FE, Backhed F, Manchester JK, Hammer RE,
Williams SC, Crowley J, Yanagisawa M, Gordon JI (2008) Effects of the gut
microbiota on host adiposity are modulated by the short-chain fatty-acid binding G
protein-coupled receptor, Gpr4l. Proc Natl Acad Sci U S A 105:16767-16772.

Sanathara NM, Garau C, Alachkar A, Wang L, Wang Z, Nishimori K, Xu X, Civelli O
(2018) Melanin concentrating hormone modulates oxytocin-mediated marble
burying. Neuropharmacology 128:22-32.

Schellinck HM, Rooney E, Brown RE (1995) Odors of individuality of germfree mice are
not discriminated by rats in a habituation-dishabituation procedure. Physiol Behav
57:1005-1008.

Sebastiani G, Leveque G, Lariviere L, Laroche L, Skamene E, Gros P, Malo D (2000)
Cloning and Characterization of the Murine Toll-like Receptor 5 (TIr5) Gene:
Sequence and mMRNA Expression Studies in Salmonella-Susceptible MOLF/EI
Mice. Genomics 64:230-240.

Sender R, Fuchs S, Milo R (2016) Revised Estimates for the Number of Human and
Bacteria Cells in the Body. PLoS Biol 14:e1002533.

Serra D, Almeida LM, Dinis TCP (2019) The Impact of Chronic Intestinal Inflammation
on Brain Disorders: the Microbiota-Gut-Brain Axis. Mol Neurobiol.

Sgritta M, Dooling SW, Buffington SA, Momin EN, Francis MB, Britton RA (2019)
Mechanisms Underlying Microbial-Mediated Changes in Social Behavior in Mouse

Models of Autism Spectrum Disorder. Neuron 101:246-259.



155

Sheflin AM, Melby CL, Carbonero F, Weir TL (2017) Linking dietary patterns with gut
microbial composition and function. Gut Microbes 8:113-129.

Singh PB, Herbert J, Roser B, Arnott L, Tucker DK, Brown RE (1990) Rearing rats in a
germ-free environment eliminates their odors of individuality. J Chem Ecol
16:1667-1682.

Singh V, Chassaing B, Zhang L, San Yeoh B, Xiao X, Kumar M, Baker MT, Cai J,
Walker R, Borkowski K, Harvatine K, Singh N, Shearer GC, Ntambi JM, Joe B,
Patterson AD, Gewirtz AT, Vijay-Kumar M, Professor A (2015a) Microbiota-
Dependent Hepatic Lipogenesis Mediated by Stearoyl CoA Desaturase 1 (SCD1)
Promotes Metabolic Syndrome in TLR5-Deficient Mice HHS Public Access. Cell
Metab 22:983-996.

Singh V, Chassaing B, Zhang L, San Yeoh B, Xiao X, Kumar M, Baker MT, Cai J,
Walker R, Borkowski K, Harvatine KJ, Singh N, Shearer GC, Ntambi JM, Joe B,
Patterson AD, Gewirtz AT, Vijay-Kumar M (2015b) Microbiota-Dependent Hepatic
Lipogenesis Mediated by Stearoyl CoA Desaturase 1 (SCD1) Promotes Metabolic
Syndrome in TLR5-Deficient Mice. Cell Metab 22:983-996.

Singhal M, Turturice BA, Manzella CR, Ranjan R, Metwally AA, Theorell J, Huang Y,
Alrefai WA, Dudeja PK, Finn PW, Perkins DL, Gill RK (2019) Serotonin Transporter
Deficiency is Associated with Dysbiosis and Changes in Metabolic Function of the
Mouse Intestinal Microbiome. Sci Rep 9:2138.

Spetter MS, Feld GB, Thienel M, Preissl H, Hege MA, Hallschmid M (2018) Oxytocin
curbs calorie intake via food-specific increases in the activity of brain areas that

process reward and establish cognitive control. Sci Rep 8:2736.



156

Spetter MS, Hallschmid M (2017) Current findings on the role of oxytocin in the
regulation of food intake. Physiol Behav 176:31-39.

Stratford TR, Wirtshafter D (2013) Injections of muscimol into the paraventricular
thalamic nucleus, but not mediodorsal thalamic nuclei, induce feeding in rats. Brain
Res 1490:128-133.

Sudo N, Chida Y, Aiba Y, Sonoda J, Oyama N, Yu X-NX, Kubo C, Koga Y (2004)
Postnatal microbial colonization programs the hypothalamic-pituitary-adrenal
system for stress response in mice. J Physiol 558:263—-275.

Suez J, Korem T, Zeevi D, Zilberman-Schapira G, Thaiss CA, Maza O, Israeli D, Zmora
N, Gilad S, Weinberger A, Kuperman Y, Harmelin A, Kolodkin-Gal I, Shapiro H,
Halpern Z, Segal E, Elinav E (2014) Artificial sweeteners induce glucose
intolerance by altering the gut microbiota. Nature 514:181-186.

Swithers SE, Martin AA, Clark KM, Laboy AF, Davidson TL (2010) Body weight gain in
rats consuming sweetened liquids: Effects of caffeine and diet composition.
Appetite 55:528-533.

Takeuchi O, Akira S (2010) Pattern Recognition Receptors and Inflammation. Cell
140:805-820.

Tang F, Wang G, Lian Y (2017) Association between anxiety and metabolic syndrome:
A systematic review and meta-analysis of epidemiological studies.
Psychoneuroendocrinology 77:112-121.

Tap J, Furet J-P, Bensaada M, Philippe C, Roth H, Rabot S, Lakhdari O, Lombard V,
Henrissat B, Corthier G, Fontaine E, Doré J, Leclerc M (2015) Gut microbiota

richness promotes its stability upon increased dietary fibre intake in healthy adults.



157

Environ Microbiol 17:4954—-4964.

Taylor GT, Lerch S, Chourbaji S (2017) Marble burying as compulsive behaviors in
male and female mice. Acta Neurobiol Exp (Wars) 77:254—-260.

Taylor P V, Veenema AH, Paul MJ, Bredewold R, Isaacs S, de Vries GJ (2012)
Sexually dimorphic effects of a prenatal immune challenge on social play and
vasopressin expression in juvenile rats. Biol Sex Differ 3:15.

Terranova JI, Song Z, Larkin li TE, Hardcastle N, Norvelle A, Riaz A, Albers HE (2016)
Serotonin and arginine-vasopressin mediate sex differences in the regulation of
dominance and aggression by the social brain. Proc Natl Acad Sci 113:13233—
13238.

Thaiss CA et al. (2016) Microbiota Diurnal Rhythmicity Programs Host Transcriptome
Oscillations. Cell 167:1495-1510.e12.

Thion MS et al. (2018) Microbiome Influences Prenatal and Adult Microglia in a Sex-
Specific Manner. Cell 172:500-516.e16.

Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E, Cameron J,
Grosse J, Reimann F, Gribble FM (2012) Short-Chain Fatty Acids Stimulate
Glucagon-Like Peptide-1 Secretion via the G-Protein—Coupled Receptor FFAR2.
Diabetes 61:364.

Tomova A, Husarova V, Lakatosova S, Bakos J, Vlkova B, Babinska K, Ostatnikova D
(2015) Gastrointestinal microbiota in children with autism in Slovakia. Physiol
Behav 138:179-187.

Topping DL, Clifton PM (2001) Short-Chain Fatty Acids and Human Colonic Function:

Roles of Resistant Starch and Nonstarch Polysaccharides. Physiol Rev 81:1031—



158

1064.

Tucker LB, McCabe JT (2017) Behavior of Male and Female C57BL/6J Mice Is More
Consistent with Repeated Trials in the Elevated Zero Maze than in the Elevated
Plus Maze. Front Behav Neurosci 11:1-8.

Umesaki Y, Okada Y, Matsumoto S, Imaoka A, Setoyama H (1995) Segmented
filamentous bacteria are indigenous intestinal bacteria that activate intraepithelial
lymphocytes and induce MHC class Il molecules and fucosyl asialo GM1
glycolipids on the small intestinal epithelial cells in the ex-germ-free mouse.
Microbiol Immunol 39:555-562.

Vaishnava S, Behrendt CL, Ismail AS, Eckmann L, Hooper L V (2008) Paneth cells
directly sense gut commensals and maintain homeostasis at the intestinal host-
microbial interface. Proc Natl Acad Sci U S A 105:20858-20863.

Valles-Colomer M, Falony G, Darzi Y, Tigchelaar EF, Wang J, Tito RY, Schiweck C,
Kurilshikov A, Joossens M, Wijmenga C, Claes S, Van Oudenhove L, Zhernakova
A, Vieira-Silva S, Raes J (2019) The neuroactive potential of the human gut
microbiota in quality of life and depression. Nat Microbiol 4:623—-632.

van de Wouw M, Boehme M, Lyte JM, Wiley N, Strain C, O’Sullivan O, Clarke G,
Stanton C, Dinan TG, Cryan JF (2018) Short-chain fatty acids: microbial
metabolites that alleviate stress-induced brain-gut axis alterations. J Physiol
596:4923-4944.

van der Kleij H, O’'Mahony C, Shanahan F, O’Mahony L, Bienenstock J (2008)
Protective effects of Lactobacillus reuteri and Bifidobacterium infantis in murine

models for colitis do not involve the vagus nerve . Am J Physiol Integr Comp



159

Physiol 295:R1131-R1137.

Veenema AH, Bredewold R, Neumann ID (2007) Opposite effects of maternal
separation on intermale and maternal aggression in C57BL/6 mice: link to
hypothalamic vasopressin and oxytocin immunoreactivity.
Psychoneuroendocrinology 32:437-450.

Vijay-Kumar M, Aitken JD, Carvalho FA, Cullender TC, Mwangi S, Srinivasan S,
Sitaraman S V, Knight R, Ley RE, Gewirtz AT (2010) Metabolic syndrome and
altered gut microbiota in mice lacking Toll-like receptor 5. Sci (New York, NY)
328:228-231.

Vijay-Kumar M, Aitken JD, Gewirtz AT (2008) Toll like receptor-5: protecting the gut
from enteric microbes. Semin Immunopathol 30:11-21.

Vijay-kumar M, Sanders CJ, Taylor RT, Kumar A, Aitken JD, Sitaraman S V, Neish AS,
Uematsu S, Akira S, Williams IR, Gewirtz AT (2007) Deletion of TLRS results in
spontaneous colitis in mice. 117:3909-3921.

Voigt RM, Forsyth CB, Green SJ, Mutlu E, Engen P, Vitaterna MH, Turek FW,
Keshavarzian A (2014) Circadian disorganization alters intestinal microbiota. PL0S
One 9:e97500.

Vujovic N, Gooley JJ, Jhou TC, Saper CB (2016) Channels of Output From the
Circadian Timing System. 523:2714-2737.

Walker MK, Boberg JR, Walsh MT, Wolf V, Trujillo A, Duke MS, Palme R, Felton LA
(2012) A less stressful alternative to oral gavage for pharmacological and
toxicological studies in mice. Toxicol Appl Pharmacol 260:65—69.

Wang P, Yang H-P, Tian S, Wang L, Wang SC, Zhang F, Wang Y-F (2015) Oxytocin-



160

secreting system: A major part of the neuroendocrine center regulating
immunologic activity. J Neuroimmunol 289:152-161.

Wang Y, Kuang Z, Yu X, Ruhn KA, Kubo M, Hooper L V (2017) The intestinal
microbiota regulates body composition through NFIL3 and the circadian clock.
Science 357:912-916.

Wang Y, Zhao S, Liu X, Zheng Y, Li L, Meng S (2018) Oxytocin improves animal
behaviors and ameliorates oxidative stress and inflammation in autistic mice.
Biomed Pharmacother 107:262—269.

Weger BD, Gobet C, Yeung J, Martin E, Jimenez S, Betrisey B, Foata F, Berger B,
Balvay A, Foussier A, Charpagne A, Boizet-Bonhoure B, Chou CJ, Naef F, Gachon
F (2019) The Mouse Microbiome Is Required for Sex-Specific Diurnal Rhythms of
Gene Expression and Metabolism. Cell Metab 29:362-382.€8.

Wigger A, Sdnchez MM, Mathys KC, Ebner K, Frank E, Liu D, Kresse A, Neumann ID,
Holsboer F, Plotsky PM, Landgraf R (2004) Alterations in central neuropeptide
expression, release, and receptor binding in rats bred for high anxiety: critical role
of vasopressin. Neuropsychopharmacology 29:1-14.

Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC, Siuzdak G, Kay SA
(2008) Metabolomics analysis reveals large effects of gut microflora on mammalian
blood metabolites. Proc Natl Acad Sci 106:3698-3703.

Wirleitner B, Neurauter G, Schrécksnadel K, Frick B, Fuchs D (2003) Interferon-gamma-
induced conversion of tryptophan: immunologic and neuropsychiatric aspects. Curr
Med Chem 10:1581-1591.

Wostmann B, Bruckner-Kardoss E (1959) Development of cecal distention in germ-free



161

baby rats. Am J Physiol Content 197:1345-1346.

Yamazaki K, Beauchamp GK, Imai Y, Bard J, Phelan SP, Thomas L, Boyse EA (1990)
Odor types determined by the major histocompatibility complex in germfree mice.
Proc Natl Acad Sci U S A 87:8413-8416.

Yang Y, Wang H, Hu J, Hu H (2018) Lateral habenula in the pathophysiology of
depression. Curr Opin Neurobiol 48:90-96.

Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, Nagler CR, Ismagilov RF,
Mazmanian SK, Hsiao EY (2015) Indigenous bacteria from the gut microbiota
regulate host serotonin biosynthesis. Cell 161:264—-276.

Yirmiya R, Weidenfeld J, Pollak Y, Morag M, Morag A, Avitsur R, Barak O, Reichenberg
A, Cohen E, Shavit Y, Ovadia H (1999) Cytokines, “Depression Due to A General
Medical Condition,” and Antidepressant Drugs. In: Cytokines, Stress, and
Depression, pp 283-316. Boston, MA: Springer US.

Yiu JHC, Dorweiler B, Woo CW (2016) Interaction between gut microbiota and toll-like
receptor: from immunity to metabolism. J Mol Med 95:13-20.

Yoo BB, Mazmanian SK (2017) The Enteric Network: Interactions between the Immune
and Nervous Systems of the Gut. Immunity 46:910.

Yoshihara C, Numan M, Kuroda KO (2017) Oxytocin and Parental Behaviors. In:
Current topics in behavioral neurosciences, pp 119-153.

Yuan L, Liu S, Bai X, Gao Y, Liu G, Wang X, Liu D, Li T, Hao A, Wang Z (2016a)
Oxytocin inhibits lipopolysaccharide-induced inflammation in microglial cells and
attenuates microglial activation in lipopolysaccharide-treated mice. J

Neuroinflammation 13:1-18.



162

Yuan L, Liu S, Bai X, Gao Y, Liu G, Wang X, Liu D, Li T, Hao A, Wang Z (2016b)
Oxytocin inhibits lipopolysaccharide-induced inflammation in microglial cells and
attenuates microglial activation in lipopolysaccharide-treated mice. J
Neuroinflammation 13:77.

Zamani M, Alizadeh-Tabari S, Zamani V (2019) Systematic review with meta-analysis:
the prevalence of anxiety and depression in patients with irritable bowel syndrome.
Aliment Pharmacol Ther 50:132-143.

Zhang J, Rivest S (1999) Distribution, regulation and colocalization of the genes
encoding the EP2- and EP4-PGE2 receptors in the rat brain and neuronal
responses to systemic inflammation. Eur J Neurosci 11:2651-2668.

Zhang L, Doroshenko P, Cao XY, Irfan N, Coderre E, Kolaj M, Renaud LP (2005)
Vasopressin induces depolarization and state-dependent firing patterns in rat
thalamic paraventricular nucleus neurons in vitro. Am J Physiol Integr Comp
Physiol 290:R1226—-R1232.

Zhou JN, Riemersma RF, Unmehopa UA, Hoogendijk WJ, van Heerikhuize JJ, Hofman
MA, Swaab DF (2001) Alterations in arginine vasopressin neurons in the

suprachiasmatic nucleus in depression. Arch Gen Psychiatry 58:655-662.



APPENDIX: CURRICULUM VITAE

CURRICULUM VITAE

EDUCATION
Master of Science, Neuroscience, Fall 2015

Georgia State University, Atlanta, GA (2012-2015)

Bachelor of Arts, Psychology (Magna cum laude; Honors fellow)

Siena College, Loudonville, NY (2007-2012)

Bachelor of Sciences, Biology (Magna cum laude; Honors fellow)

Siena College, Loudonville, NY (2007-2012)

Honors Thesis: The role of androgens in the development of sexual orientation

EXPERIENCE

Graduate Research Assistant
Georgia State University, Atlanta, GA (2012-present)
-Rotated in the labs of Dr. Aras Petrulis and Dr. Elliott Albers

-Currently in the lab of Dr. Geert de Vries

Chemist Aide (Chemical Safety Office and Media Lab)
Wadsworth Center, NYS Department of Health, Albany, NY (2010-2012)

-Produced solutions and agar for research labs

163



164

-Assisted in lab inspections, hazardous waste disposal and chemical safety training

modules

SAT Tutor
Huntington Learning Center (2012)
-Assessed students’ weaknesses in their SAT performance and taught them techniques

to improve their SAT or ACT score

Research Assistant (Research Experience for Undergraduates program)
Duke University, Durham, NC (2009)
-Worked in the lab of Dr. Christina Williams investigating the organizational and

activational effects of hormones on adult neurogenesis

FELLOWSHIPS & GRANTS

e Center for Neuromics Student Grant, Georgia State University (2014)
e 2CIl Neurogenomics Fellowship, Georgia State University (2012-present)

e Presidential Scholar Fellowship, Siena College (2007-2012)

PUBLICATIONS

1. Peters NV, Holder MK, Chassaing B, Paul MJ, Whylings J, Gewirtz AT, and de
Vries GJ (in prep). Microbiota are necessary for proper neural vasopressin and

oxytocin development.



165

. Peters NV, Chassaing B, Holder MK, Whylings J, Gewirtz AT, and de Vries GJ
(in prep). Sex-dependent anxiogenic and depressive-like phenotype in TLR5
knockout mice associated with changes in neural vasopressin and oxytocin.

. Holder MK, Peters NV, Fields CT, and de Vries GJ (in prep). Sex differences for
life. Frontiers in Neuroendocrinology.

. Whylings J, Rigney N, Peters NV, de Vries GJ, and Petrulis A (in revision). The
role of BNST vasopressin cells in anxiety-like, depressive-like and social
behavior following sickness in male and female mice. Brain, Behavior, and
Immunity.

. Tran HQ, Mills RH, Peters NV, Holder MK, de Vries GJ, Knight R, Chassaing B,
Gonzalez DJ, Gewirtz AT (in press). Associations of the fecal microbial proteome
composition and proneness to diet-induced obesity, Molecular &Cellular

Proteomics. https://doi.org/10.1074/mcp.RA119.001623

. Holder MK, Peters NV, Whylings J, Fields CT, Gewirtz AT, Chassaing B and de
Vries GJ (2019). Dietary emulsifiers affect the intestinal microbiota and alter
anxiety and social behaviors in a sex-dependent manner, Scientific Reports

9(172). DOI:_10.1038/s41598-018-36890-3

. Paul MJ, Peters NV, Holder MK, Kim AM, Whylings JJ, Terranova Jl, and de
Vries GJ (2016). Atypical social development in vasopressin-deficient

Brattleboro rats. eNeuro, 3(2). DOI:_10.1523/ENEURO.0150-15.2016

. de Vries GJ, Fields CT, Peters NV, Whylings JJ, and Paul MJ (2014). Sensitive
periods for hormonal programming of the brain. Current Topics in Behavioral

Neurosciences, 16, 79-108. DOI: 10.1007/7854 2014 286



https://doi.org/10.1074/mcp.RA119.001623
https://doi.org/10.1038/s41598-018-36890-3
http://dx.doi.org/10.1523/ENEURO.0150-15.2016
http://dx.doi.org/10.1007/7854_2014_286

166

ORAL PRESENTATIONS

1. Neuroscience Institute Breakfast Lecture. “Chronic inflammation and behavior:
investigating the role of microbiota.” Atlanta, GA (2018).

2. ION Program. “Gut microbiota and behavior.” Emory University, Atlanta GA
(2018).

3. Neurogenomics Forum. “Decoding the microbiome.” Atlanta, GA (2017).

4. Neuroscience Institute Breakfast Lecture. “Gut feelings: How microbiota
influence brain and behavior.” Atlanta, GA (2016).

5. Neuroscience Institute Breakfast Lecture. “Sex differences in anxiety across

social development.” Atlanta, GA (2014).

POSTER PRESENTATIONS & PUBLISHED ABSTRACTS

1. Peters NV, Chassaing B, Holder MK, Whylings J, Gewirtz AJ, and de Vries
GJ. Knockout of TLR5 in mice results in sex-dependent changes to neural
vasopressin. Organization for the Study of Sex Differences, Montreal, QC,
Canada, 2017.

2. Peters NV, Chassaing B, Holder MK, Whylings JJ, Gewirtz AJ, and de Vries
GJ. Sex effects of TLR5 knockout on physiology and behavior. Keystone
Symposia, Keystone, CO, 2017.

3. Peters NV, Paul MJ, Chassaing B, Dunn J, Gewirtz AT, and de Vries
GJ. Increased oxytocin immunoreactivity in male and female germ-free Swiss-

Webster mice. Society for Neuroscience, San Diego, CA, 2016.



167

4. Peters NV, Chassaing B, Holder MK, Whylings JJ, Gewirtz AJ, and de Vries
GJ. Sex effects of TLR5 knockout on physiology and behavior. Organization for
the Study of Sex Differences. Philadelphia, PA, 2016.

5. Holder MK, Peters NV, Castillo-Ruiz A, Mosley MD, Chassaing B, Gewirtz AT,
Forger NG, de Vries GJ. Development of microglia of germ-free and
conventionally colonized mice. Society for Neuroscience, Chicago, IL, 2015.

6. Peters NV, Paul MJ, Chassaing B, Gewirtz AJ, and de Vries GJ. Microbiota
impact vasopressin immunoreactivity in adult Swiss-Webster mice in a sex-
dependent manner. Society for Behavioral Neuroendocrinology, Pacific Grove,
CA, 2015.

7. Paul MJ, Peters NV, Holder MK, Whylings J, Badeau C and de Vries GJ.
Decreased number and mean frequency of ultrasonic vocalizations in juvenile
Brattleboro rats. Society for Neuroscience, Washington, D.C., 2014.

8. Peters NV, Paul MJ, Chassaing B, Gewirtz AJ, and de Vries GJ. Microbiome
impacts vasopressin immunoreactivity in juvenile Swiss-Webster mice. Society
for Neuroscience, Washington, DC, 2014.

9. Peters NV, Paul MJ, Rhaney CN, Cooke BM, and de Vries GJ. Sex differences
in behavioral states across pre-juvenile and juvenile development. Organization
for the Study of Sex Differences, Minneapolis, MN, 2014.

10.Paul MJ, Peters NV, Kim AM, Shah CR, Probst CK, and de Vries GJ. Null
mutation in the vasopressin gene eliminates sex differences in the development
of social play in rats. Society for Behavioral Neuroendocrinology, Atlanta GA,

2013.



168

11.Peters NV. Effect of Androgen Hormones on Sexual Orientation
Development. Association for Psychological Science, Chicago, IL, 2012.

12.Angstadt J, Simone A, and Peters NV. Effects of riluzole on cell DE-3 of the
medicinal leech: Evidence that persistent sodium current contributes to post-
inhibitory rebound responses and bursting activity induced by calcium channel
blockers. Society for Neuroscience, Washington D.C., 2011.

13.Peters NV. Effect of Physiological Arousal on Perceived Attraction. Association

for Psychological Science, Washington, D. C., 2011.

TEACHING & MENTORSHIP

Instructor of Record
e Introduction to Drugs and Behavior, PSYC 2050, Georgia State University (2018)
Teaching Assistantships
e Drugs and the Nervous System, NEUR 4150, Georgia State University (2018)
o Responsible for all grading and gave lecture on antidepressants
e Drugs and the Nervous System, NEUR 4150, Georgia State University (2017)
o Responsible for all grading, helped professor to develop class activities,
and gave lectures on anxiolytics and antidepressants
e Drugs and the Nervous System, NEUR 4150, Georgia State University (2016)
o Responsible for grading all of the quizzes given, performed the lectures on
anxiolytics
e Cellular and Molecular Neuroscience, NEUR 4010, Georgia State University

(2015)



169

o Developed a primary literature comprehension series, led class
discussions, and graded primary literature assignments
Tutoring Experience
e Undergraduate Writing and research Skills for Biology Students, Siena College
(2009-2011)
o Led small group workshops, led peer-mentoring groups, graded scientific
papers
e Higher Education Opportunity Program Tutoring, Siena College (2009)
o Individually tutored students in chemistry, biology, philosophy, and
statistics
Pedagogy Training
e General Pedagogy for Future College Teachers workshop
o Provided instruction on how to develop courses, assignments, and
evaluations, how to work with varying types of students, and how to
develop a teaching philosophy
e Research Mentoring Training
e Using Constructive Criticism
Invited Lectures
e Intro to Drugs and Behavior, Georgia State University, “Depressants” (Spring
2018)
e Neuroimmunology Seminar, Georgia State University, “Microbiota and relevance
to neuroimmunology” (Spring 2014)

Mentorship



170

e Daniel Teusher (2017- 2019)
e Julian Dunn, Brains & Behavior Undergraduate Scholar (2016-2017)
e Kristen Jackson, ION Scholar (2015)
e Beth Allyn, ION Scholar (2014)
¢ Krishna Mehta, Brains & Behavior Undergraduate Scholar (2013-2016)
e Christina Rhaney, ION Scholar (2013-2014)
*ION is an NIH-funded educational summer research program for high school

teachers and students.

PROFESSIONAL SERVICE

e Organization for the Study of Sex Differences, Trainee Social Coordinator (2017-
present)

e Neuroscience Graduate Student Association, co-president (2015-2016)

e Professional Development for Neuroscientists Seminar, grant reviewer (2015)

e Neuroscience Institute Graduate Representative Committee, member (2014-
present)

o Neuroscience Institute Breakfast Lecture, organizer (2014-2015)

e Neuroscience Institute Recruitment Weekend, assistant (2013-2016)

COMMUNITY SERVICE

e Hey, You Touched My Brain! Workshop, Atlanta Science Festival (2019)
e Organization for the Study of Sex Differences Annual Meeting Program Booklet

Developer (2018)



171

e Assistant to Organization for the Study of Sex Differences (September 2016)

e Gathered information on membership to help plan next year’'s meeting

e Informal Education and Training Mentor for the Atlanta’s NET/work
Undergraduate Research Program (January 2016)

e Build-a-Brain Workshop, Discovery Day, Atlanta Science Festival (March 2016)

e Build-a-Brain Workshop, Science at Hand Day at Fernbank Museum (November

2014 and 2015)

PROFESSIONAL MEMBERSHIP

e Society for Neuroscience (2012-present)

e Society for Behavioral Neuroendocrinology (2013-present)

e Organization for the Study of Sex Differences (2013-present)

e Psi Chi Honor Society (2011-present)

e Pi Sigma Gamma Sigma Biology Honor Society (2011- present)

e Delta Epsilon Sigma Honor Society (2011-present)

RESEARCH INTERESTS

e Neuroendocrinology

e Sex differences

e Behavioral Development
e Microbiota

e Social & Anxiety Behaviors



172

BENCH SKILLS

e Immunohistochemistry

e Enzyme-linked immunosorbent assay (ELISA)
e Microscopy (Bright field, fluorescent, confocal)
e Polymerase chain reaction (PCR)

e Behavioral testing and scoring

e Surgery

e Cannula implantation

e Single injection neurosurgery

e Gonadectomy

e Osmotic mini-pump implantation

e Histology (including tissue removal and processing)

e Statistical analysis



	Georgia State University
	ScholarWorks @ Georgia State University
	8-13-2019

	Identifying the Role of Vasopressin and Oxytocin in the Microbiota-Gut-Brain-Behavior Axis
	Nicole Peters
	Recommended Citation


	tmp.1563828459.pdf.E1MmA

