Chapter 12

Influence of Stressor-Induced Nervous
System Activation on the Intestinal
Microbiota and the Importance

for Immunomodulation

Michael T. Bailey

Abstract The body is colonized by a vast population of genetically diverse
microbes, the majority of which reside within the intestines to comprise the
intestinal microbiota. During periods of homeostasis, these microbes reside within
stable climax communities, but exposure to physical, physiological, as well as
psychological stressors can significantly impact the structure of the intestinal
microbiota. This has been demonstrated in humans and laboratory animals, with
the most consistent finding being a reduction in the abundance of bacteria in the
genus Lactobacillus. Whether stressor exposure also changes the function of the
microbiota, has not been as highly studied. The studies presented in this review
suggest that stressor-induced disruption of the intestinal microbiota leads to
increased susceptibility to enteric infection and overproduction of inflammatory
mediators that can induce behavioral abnormalities, such as anxiety-like behavior.
Studies involving germfree mice also demonstrate that the microbiota are necessary
for stressor-induced increases in innate immunity to occur. Exposing mice to a
social stressor enhances splenic macrophage microbicidal activity, but this effect
fails to occur in germfree mice. These studies suggest a paradigm in which stressor
exposure alters homeostatic interactions between the intestinal microbiota and
mucosal immune system and leads to the translocation of pathogenic, and/or
commensal, microbes from the lumen of the intestines to the interior of the body
where they trigger systemic inflammatory responses and anxiety-like behavior.
Restoring homeostasis in the intestines, either by removing the microbiota or by
administering probiotic microorganisms, can ameliorate the stressor effects.

M.T. Bailey (><)

Institute for Behavioral Medicine Research, College of Medicine, The Ohio State University,
Columbus, OH 43210, USA

e-mail: Michael.bailey@osumc.edu

M. Lyte and J.F. Cryan (eds.), Microbial Endocrinology: The Microbiota-Gut-Brain 255
Axis in Health and Disease, Advances in Experimental Medicine and Biology 817,
DOI 10.1007/978-1-4939-0897-4_12, © Springer New York 2014


mailto:Michael.bailey@osumc.edu

256 M.T. Bailey

Abbreviations

ACTH  Adrenocorticotrophic hormone

CFU Colony forming units

CRH Corticotrophin release hormone

DGGE Denaturing gradient gel electrophoresis
GABA  y-Amino butyric acid

GI Gastrointestinal

HPA Hypothalamic-pituitary-adrenal

iNOS Inducible nitric oxide synthase

mRNA  Messenger ribonucleic acid

NE Norepinephrine
SDR Social disruption
SNS Sympathetic nervous system

TNF-a  Tumor necrosis factor alpha

Introduction

The body is heavily colonized by microorganisms collectively referred to as the
microbiota, and it is now realized that all surfaces of the body naturally harbor
unique microbial communities. While archea, protists, and viruses are known to
reside within these communities, the majority of the microbiota are bacteria that
reside within the gastrointestinal tract. Proximal sections of the gastrointestinal
(GI) tract, including the stomach and the duodenum, harbor low levels of microor-
ganisms (typically between 100 and 1,000 colony forming units (CFU) per ml of
contents), whereas distal sections of the GI tract, including the ileum and the colon,
harbor high levels of microorganisms (typically between 10° and 10'* CFU/ml of
contents). In the colon, the microbiota reside as a stable climax community due to
the selection of microbes that are best adapted for their given niche [1]. Although
this climax community is relatively resistant to change [2], it is well known that
factors such as diet and antibiotics can cause transient alterations in microbial
community structure [3-5]. This review will discuss the evidence that exposure
to different types of stressors can also cause transient alterations in microbial
community structure, and will discuss the evidence that even transient alterations
in the microbiota may be associated with variations in host immune and behavioral
responses.
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The Modern Stress Concept

Stress is an intrinsic part of life, and successfully coping with aversive stimuli is
essential for organism survival in an ever changing environment. While the concept
of stress is intuitive, there is not a single, widely accepted definition of stress. In its
simplest form, stress can be broken down into the stimulus that threatens organism
homeostasis (called the stressor) and the behavioral and physiological response to
this challenge (called the stress response). Thus, a stressor is any stimulus that
disrupts internal homeostasis, and can involve psychological, physical, or physio-
logical stimuli. This disruption to homeostasis elicits physiological responses that
are aimed at reducing the threat and re-establishing internal homeostasis. Initiation
of the stress response to physical or physiological stressors is typically subcon-
scious, but additional cognitive processing occurs in response to psychological
stressors. Psychological stressors that are perceived as exceeding available coping
strategies set into motion coordinated behavioral and physiological responses that
ultimately serve to help the organism adapt to the stressor. Interestingly, the
physiological stress responses to physical, physiological, and psychological
stressors have many similarities that can be generalized across host species.

Physiological Stress Response

There are two neuroendocrine pathways that are major contributors to the stress
response, namely the hypothalamic-pituitary-adrenal (HPA) axis and the sympa-
thetic nervous system (SNS). Activation of the HPA axis occurs through the release
of corticotrophin release hormone (CRH) from neurosecretory cells found in the
paraventricular nucleus of the hypothalamus. CRH travels a short distance from the
hypothalamus to the anterior pituitary gland where it stimulates the release of
adrenocorticotrophic hormone (ACTH). The ACTH then travels through the
blood and stimulates the release of glucorticoid hormones, namely corticosterone
in rodents and cortisol in humans, from the cortex of the adrenal glands. As the
name suggests, glucorticoids are important for increasing the bioavailability of
glucose via gluconeogenesis in the liver. The glucose is then used by the body to
cope with and adapt to the stressful stimulus.

In addition to the HPA axis, the sympathetic branch of the autonomic nervous
system becomes activated during stressor exposure. The sympathetic nervous
system (SNS) originates in the brain stem from different brain nuclei, such as the
locus coeruleus, pons, and medulla, which send projections along the spinal col-
umn. After exiting the spinal column, preganglionic SNS neurons synapse in
prevertebral ganglia using acetylcholine as the neurotransmitter. The acetylcholine
excites postganglionic neurons that innervate virtually every organ in the body
using norepinephrine (NE) as the terminal neurotransmitter.
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Activation of the SNS occurs very rapidly and is largely responsible for the well-
known “fight-or-flight” stress response, that is dependent upon the effects the SNS
has on the heart and lungs (i.e., increased heart rate and respiration), blood vessels
(i.e., increased vasodilation in skeletal muscle), and internal organs (e.g., increased
glycogenolysis in the liver and reduced digestive functions in the gut). Upon
stressor termination, the parasympathetic branch of the autonomic nervous system
becomes activated and releases the neurotransmitter acetylcholine to restore
homeostasis and induce the “rest-and-digest” response.

Stress Exposure and the Gut

Stressor-induced activation of the SNS and the HPA axis are well known to affect
the functioning of the gastrointestinal tract. This was first recognized when it was
observed that a patient with a gastric fistula produced significantly less gastric acid
during fearful periods [6]. Other stressors, including a cold pressure task and mental
arithmetic [7, 8] can also reduce gastric acid secretion. Studies in laboratory
animals indicate that these stressor effects are due to activation of the autonomic
nervous system. Activation of the SNS tends to suppress whereas the PNS enhances
gastric acid secretion [9].

Other components of gastrointestinal physiology such as gastrointestinal motil-
ity and mucous production are also known to be significantly changed by stressor
exposure. For example, GI motility, can be either slowed or enhanced during
stressor exposure depending upon the type of stressor and the section of the
intestine that is investigated [10, 11]. Stressor exposure has also been shown to
affect mucous secretion, depending upon the strength and duration of the stressor.
Early life or short-lasting stressors tend to increase mucous secretion throughout the
length of the gastrointestinal tract, whereas long-lasting stressors tend to deplete
mucous stores and thus decrease mucous levels in the gut [12, 13].

Gastric acid secretion, gastrointestinal motility, and mucous levels can influence
the ability of microbes to colonize within the gastrointestinal tract. For example, it
is well known that microbes must be able to survive the low acidity in the stomach
in order to colonize lower sections of the gut. Reducing acid secretion can in turn
alter gut microbiota populations [14]. Similarly, motility has long been recognized
as a primary factor controlling microbe levels the length of the GI tract [15]. Phar-
macological manipulation of gastrointestinal motility is associated with altered
microbial populations [16]. The mucous layer in the gut is also an important factor
for the development of microbial community structure, because the mucins that
comprise the mucous layer are glycosylated with O-glycans that are an important
food source for mucoadherent microbes [17]. Moreover, some microbes, such as
members in the genus Lactobacillus, contain mucous binding proteins that help
them to bind to the intestinal mucous layer [18]. Thus, changing mucous secretion
has the potential to change microbial populations.
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Impact of the Stress Response on Gut Microbiota
and Colonic Inflammation

Studies in this laboratory have been influenced by the findings that gastrointestinal
physiological functions that are affected by stressor exposure can also impact gut
microbes, because they reflect a possible biological/mechanistic link between
stressor-exposure and alterations in the microbiota. However, alteration of gut
physiological functioning is not the only potential mechanism by which stress
could impact the gastrointestinal microbiota. Direct neurotransmitter/hormone-
bacterial interactions might also mediate stressor effects on the gut microbiota.

Neuroendocrine-Bacterial Interactions

The growth of many types of bacteria, including both infectious and commensal
organisms, have been shown to be significantly enhanced upon culture with cate-
cholamines, such a norepinephrine (NE), as shown in multiple chapters in this book.

While the effects of neuroendocrine hormones on microbial growth have been
amply demonstrated in both in vitro and ex vivo model systems (reviewed in [19]),
demonstrating these interactions occur in vivo has been challenging. However,
studies involving the use of a neurotoxin to lyse peripheral sympathetic neurons,
and thus causing an increase in norepinephrine levels in vivo, indicate that elevated
norepinephrine levels leads to bacterial overgrowth in the intestines [20]. The
growth of commensal Gram-negative microbes, primarily Escherichia coli, was
increased by nearly 10,000-fold after elevating NE levels through the use of the
neurotoxin [20]. The effects of norepinephrine on bacterial growth was also evident
in an ileal loop model, where growth of Salmonella enterica in the presence of NE
prior to inoculation into an ileal loop was associated with significantly elevated
pathogen levels in the ileal loop, and a more severe pathogen-induced disease
progression [21].

As these studies demonstrate, there are multiple mechanisms by which host
physiology can impact microbial populations in the intestines. And, exposure to
stressors that are physical, physiological, or psychological in nature has the capac-
ity to significantly change all of these host physiological processes. These findings
have led to testing the general hypothesis that stressor exposure can significantly
change microbial populations naturally residing within the gastrointestinal tract.
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Culture-Based Findings of Stressor Effects on the Structure
of the Microbiota

It has been recognized for over 30 years that changing an animal’s environment can
lead to gut microbial dysbiosis. In 1974, Tannock and Savage [22] demonstrated
that moving mice into a cage lacking bedding, food, and water reduced the number
of lactobacilli that could be cultured from the small and large intestines, with the
greatest reduction being found in the stomach. Although it was not possible to
determine whether the reduction was due to the change in environment, rather than
the lack of food and water, this was one of the earliest studies to demonstrate that
external factors could impact the microbiota. Subsequent studies confirmed and
extended the observation that environmental stimuli can impact the microbiota. For
example, chronic sleep deprivation was found to cause a significant overgrowth of
microbiota in the distal ileum and cecum [23]. This microbial overgrowth was
associated with a translocation of the microbes to the spleen, liver, and regional
lymph nodes in sleep-deprived animals [23].

It is becoming increasingly evident that physical and physiological stressor can
impact gut microbial populations, but only a few studies have focused on the impact
that psychological stressors can have on the microbiota. Data from early studies on
the composition of the microbiota in Russian cosmonauts were among the first to
suggest that psychological stimuli could impact the composition of the microbiota.
The data demonstrated that the intestinal microbiota were significantly different
during space flight as compared to training periods on Earth [24]. There are many
environmental changes associated with space flight, and it was not clear whether the
differences in the microbiota could be due to the stress associated with space flight.
However, other studies tracking microbial populations during space training found
that periods of emotional stress, such as the stress of confinement, was associated
with periods of altered microbial profiles [25], thus suggesting that emotional stress
could impact the stability of the intestinal microbiota.

The strongest evidence that stressor exposure can impact microbial populations
has come from studies involving laboratory animals. For example, studies demon-
strate that separating rhesus monkeys (Macaca mulatta) from their mothers was
sufficient to significantly change the number of bacteria that could be cultured from
the stool. Levels of total cultured bacteria tended to be significantly decreased by
3 days after separation [26], but the most consistent findings occurred when a single
type of microbe was cultured. Levels of bacteria in the genus Lactobacillus were
significantly reduced 3 days after maternal separation [26]. Of importance, this
reduction in lactobacilli was significantly correlated with the expression of stress
indicative behaviors. Those animals that displayed a larger number of stress-
indicative behaviors (such as repetitive lip smacking and cooing) tended to have
lower levels of lactobacilli. This effect lasted through 3 days post-separation.
Interestingly, as the infant monkeys formed stable social groups by 1 week post-
separation, the levels of lactobacilli returned to pre-separation values [26].
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Members of the genus Lactobacillus are known to have protective effects in the
intestines, with one protective effect being the production of proteins and other
compounds that have the capacity to kill enteric pathogens. Two enteric pathogens,
namely Shigella flexneri and Campylobacter jejuni, are endemic in monkey colo-
nies. Exposure to maternal separation increased opportunistic infection with
S. flexneri and C. jejuni, and pathogen levels tended to correlate with lactobacilli
levels. In general, maternally separated infant monkeys that had high pathogen
loads also had low levels of lactobacilli [26]. This study demonstrated that a
naturally occurring stressor changed the levels of bacteria that could be cultured
from the stool and also reduced the ability of the microbiota to exclude pathogen
colonization.

The effects of stressor exposure on the microbiota also extend into the prenatal
period. Exposing monkeys to an acoustical startle stressor during gestation signif-
icantly changes the development of the intestinal microbiota in the offspring
[27]. This was manifest as a reduction in the levels of bifidobacteria and lactobacilli
that could be cultured from the stool for the first 6 weeks of life. As with previous
studies, this stressor-associated reduction in lactobacilli was associated with an
increased incidence of opportunistic infection [27].

Culture-based studies in rodents have also demonstrated that stressor exposure
reduces the number of lactobacilli cultured from the stool. Mice that were housed in
cages lacking bedding, as well as mice that were exposed to horizontal shaking, for
3 consecutive days were found to have lower lactobacilli levels shed in the feces
than did control mice [28]. This reduction in lactobacilli was consistent between the
different stressors, and led the authors to suggest that reduction in the lactobacilli
could be used as a marker for environmental stressor exposure [28]. A note of
caution is needed, however, because one study has found that inbred female mice
have low levels of Enterococcus and Lactobacillus spp., as determined using
fluorescent in situ hybridization (FISH), but exposure to water avoidance stress
during antibiotic administration causes an increase in this bacterial group, rather
than a decrease [29].

The effects of stressor exposure on lactobacilli have primarily been studied in
laboratory animals, but one study found that stressor exposure reduced the levels of
lactobacilli cultured from humans. Fecal lactobacilli levels were assessed in college
students during a low stress period (i.e., the first week of the semester) and a high
stress period (i.e., final exam week) to determine whether the stressful period was
associated with lower levels of lactobacilli. The final exam period was associated
with higher levels of perceived stress, and consistent with results from animal
studies, higher perceived stress resulted in lower levels of lactobacilli shed in the
stool [30]. It should be noted that the exam period was also associated with
significant differences in diet. Because diet can significantly impact microbial
populations [31], it is possible that the reductions in lactobacilli were dependent
upon changes in diet. However, given results demonstrating stressor-induced
reductions in fecal lactobacilli in laboratory animals consuming a standardized
laboratory diet [26, 27], it is likely that alterations in the human microbiome during
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the stress of the exam week were due to combined effects of the stressor on host
physiology and changes in dietary habits.

Culture-Independent Studies of Stressor Effects on Gut
Microbial Community Structure and Function

Most studies assessing the effects of stressor exposure on the gut microbiota have
relied on culture-based enumeration of only a few types of microbes within a given
sample. However, the vast majority of microbes in the gut cannot be cultured due to
undefined culture conditions [32]. As a result, there are an increasing number of
studies that have utilized culture-independent methods to demonstrate that stressor
exposure can affect more than just a few gut microbes; community-wide alterations
of the gut microbiota have been demonstrated to occur in response to multiple types
of stressors. This was first realized in rats that were separated from their mothers for
3 h per day early in life (i.e., postnatal days 3—12). This maternal separation stressor
resulted in significant community-wide alterations in the gut microbiota as assessed
using denaturing gradient gel electrophoresis (DGGE) to assess microbial
populations in the stool when the rats were 7-8 weeks of age [33]. Studies in this
laboratory have also used culture-independent methods to assess the effects of
stressor exposure on the intestinal microbiota [34, 35]. Next generation, high
throughput 454 FLX pyrosequencing was first used to characterize the microbiota
in mice exposed to a prolonged restraint stressor.

Studies Involving Prolonged Restraint

Prolonged restraint is a widely used murine stressor that has been extensively
characterized in the literature and is the most commonly used murine stressor in
biomedical and biobehavioral research [36]. This stressor involves both a physical
component (i.e., physical confinement) and a psychological component that is
thought to reflect the animal’s perception of burrow collapse and inescapability
[36]. Exposure to the prolonged restraint stressor induces a physiological stress
response that results in the elevation of endogenous corticosterone, epinephrine,
and norepinephrine [36-39]. Thus, mice were exposed to the prolonged restraint
stressor to determine the effects of the stress response on the stability of the
intestinal microbiota.

In this initial experiment, approximately 100,000 sequences from the cecal
contents of 32 mice (approximately 3,000 sequences per mouse) were analyzed to
characterize microbial diversity within the cecum. Microbial diversity encompasses
both the richness (i.e., the number of different types of bacteria in a community) and
the evenness (i.e., the distribution of the individual bacteria). In microbial ecology,
there are two primary measures of diversity, with a-diversity assessing diversity of
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species within samples and p-diversity assessing diversity between samples.
Prolonged restraint affected both a- and f-diversity. Hierarchical clustering ana-
lyses indicated that the profile of the top ten most abundant bacterial types was
significantly different in the mice exposed to 3, 5, or 7 days of restraint compared to
profiles found in control animals [34]. Mice will not eat or drink while in restraining
tubes, even if food and water is provided. Because changes in diet can have a
profound impact on the microbiota [5, 40], a food and water deprived control group
was included in the study. Mice that were restrained for one night had microbial
profiles that were similar to food and water deprived control mice. However, as
mice were exposed to repeated cycles of the restraint stressor (i.e., 3, 5, or 7 repeated
nights of prolonged restraint) microbial profiles were distinct from those found in
food and water deprived mice [34]. This indicates that at least some of the effects of
the stressor on the microbiota are due to food and water deprivation, but that
repeated cycles of the stressor had additional effects on the microbiota that were
not accounted for by food and water deprivation.

In addition to changes in microbial community p-diversity, exposure to
prolonged restraint also results in changes to a-diversity. Rarefaction analysis
indicated that species diversity decreased with repeated cycles of restraint. This is
important, because it is generally believed that loss of a-diversity leads to increased
susceptibility to enteric infection [41]. Thus, it was hypothesized that mice exposed
to the prolonged restraint stressor would have an increased susceptibility to enteric
infection [34]. To test this hypothesis, mice were orally challenged with
Citrobacter rodentium, which is a natural murine colonic pathogen, with patho-
genesis and resulting colonic pathology that are nearly indistinguishable from that
produced in humans infected with enteropathogenic E. coli, and some components
of enterohemorrhagic E. coli [42—44]. As the infection progresses, the colonic
inflammatory response resembles many aspects of the colitis found in patients
with inflammatory bowel disease [44, 45].

Challenging mice with C. rodentium prior to, or during, exposing to the
prolonged restraint stressor significantly increased C. rodentium colonization in
the colon and increased pathogen-induced colitis marked by increases in inflam-
matory cytokine (e.g., TNF-a) mRNA levels and increased colonic histopathology
[34, 46]. Interestingly, exposing mice to six consecutive nights of prolonged
restraint prior to oral challenge with C. rodentium increased colonic pathogen
levels and mildly increased pathogen-induced colitis [34]. However, exposing
mice to the prolonged restraint stressor for 1 night prior to oral challenge with
C. rodentium and then exposing mice to 6 more nights of prolonged restraint (i.e.,
through day 5 post-C. rodentium challenge) resulted in significantly greater colonic
pathology [46]. Simultaneously administering the prolonged restraint stressor and
the C. rodentium challenge caused outbred CD-1 mice, which are generally con-
sidered resistant to C. rodentium infection, to develop severe colitis with lesions
containing inflammation, epithelial defects, hyperplasia, and dysplasia. In some
cases, neutrophilic inflammation extended from the mucosa to the submucosa and
was frequently associated with epithelial erosion and ulceration [46].
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C. rodentium lack pathogenic mechanisms to cross the intestinal epithelial
barrier, and thus are not considered an invasive pathogen. However, simply expos-
ing mice to the prolonged restraint stressor during oral challenge with C. rodentium
was sufficient to significantly increase the occurrence of C. rodentium in the spleen,
and also increased circulating levels of IL-6 and anxiety-like behavior. This sug-
gests that stressor exposure during C. rodentium challenge disrupted the tight
junctions between intestinal epithelial cells that in healthy tissue prevent the passive
transfer of non-invasive microbes, fluid, and nutrients form the lumen of the
intestines to the interior of the body. Stressor exposure is well known to affect
tight junctional protein expression and the permeability of intestinal tissue [47—
49]. Our study involving a colonic pathogen suggests that pairing stressor exposure
and colonic infection can further degrade colonic epithelial barrier integrity [46].

It is not yet known whether stressor-induced alterations in the intestinal
microbiota contribute to the enhancive effects of stressor exposure on
C. rodentium challenge. However, administering probiotic Lactobacillus reuteri
(ATCC23272) has beneficial effects on stressor-exposed mice orally challenged
with C. rodentium [46]. L. reuteri is widely recognized to limit inflammation, and in
a study involving gnotobiotic mice orally challenged with enterohemorrhagic
E. coli (which is closely related to C. rodentium), L. reuteri significantly reduced
colonic inflammation [50]. In our studies, L. reuteri administration during
prolonged restraint significantly enhanced gut barrier integrity. Providing
L. reuteri to the stressor-exposed mice prevented the ability of C. rodentium to
translocate from the lumen of the intestines to the spleen. Administering the
L. reuteri also prevented the increase in circulating IL-6 and the development of
anxiety-like behavior in mice exposed to the stressor during C. rodentium
challenge [46].

Exposure to the prolonged restraint stressor reduces both relative and absolute
levels of commensal L. reuteri that are associated with colonic tissue (Galley et al.,
under review). This was observed in a study involving 16s rRNA gene sequencing
using the 454 FLX-Titanium pyrosequencing platform followed by real-time PCR
to characterize colonic tissue-associated microbiota in mice exposed to the
prolonged restraint stressor. Considering the finding that administering probiotic
L. reuteri to stressor-exposed mice prevents some, but not all, effects of the stressor
has led to the hypothesis that stressor-induced alterations in commensal tissue-
associated microbiota result in an internal environment that is more conducive to
pathogen-induced colonic inflammation. It is further hypothesized that this internal
environment leads to increased epithelial permeability and the translocation of
pathogenic (as well as commensal) microbes from the lumen of the intestines to
the interior of the body where they stimulate increases in inflammatory cytokines
that alter the behavior of the host (Fig. 12.1). Further studies are needed to confirm
this hypothesis, and to determine whether commensal and probiotic microbes in
addition to L. reuteri are involved with, or can prevent, stressor-induced increases
in colonic inflammation.
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Physical, Physiological, and/or
Psychological Stressor Exposure

Beneficial/Probiotic Microbes
Stressor-Induced e.g., Lactobacillus reuteri ==
Physiological Response
e.g., Glucocorticoids,
Catecholamines

}

Disruption of Homeostatic Interactions
Between Host and Microbiota

Circulating cytokines
Anxiety-like behavior

T Susceptibility to mucosal pathogens

1 Inflammation

71 Epithelial barrier disruption/Bacterial
translocaiton

Fig. 12.1 Exposure to physical, physiological, or psychological stressors sets into motion a series
of physiological responses that have the capacity to disrupt homeostatic interactions between the
host and the gut microbiota. These disrupted homeostatic interactions lead to increases in suscep-
tibility to intestinal infection and inflammation, and enhances epithelial barrier permeability and
subsequent translocation from the lumen of the intestines to the interior of the body. The
disruptions in epithelial barrier integrity lead to increases in circulating cytokines that have the
capacity to change animal behavior and further stimulate the endocrine response. The hypothesis
that alterations in the intestinal microbiota are responsible for these disrupted homeostatic
interactions comes from data indicating that stressor exposure reduces beneficial microbes, such
as bacteria in the genus Lactobacillus. Feeding mice lactobacilli to prevent the stressor-induced
reduction in Lactobacillus spp. prevents the stressor-induced increase in susceptibility to colonic
infection and inflammation and prevents disruptions to epithelial barrier integrity

Studies Involving Repeated Social Defeat

The effects of stress on colonic microbiota and inflammatory responses are also
evident using a social stressor called social disruption (SDR). Social stressors often
involve aggressive interactions between dominant and subordinate animals and are
widely used to study the effects of stress on animal behavior and physiological
functioning [51-54]. Social disruption involves aggressive interactions between a
dominant intruder mouse (i.e., the aggressor) and resident subordinate mice (i.e.,
the experimental subjects). The aggressive interactions occur over a 2 h period at
the beginning of the active cycle, when the aggressor is placed into the cage of the
resident subordinate mice. The aggressor physically interacts with the residents for
short periods of time until the residents display an upright defeat posture. Because
the mice are housed together, the subordinate mice cannot escape and the aggres-
sive intruder mouse will repeatedly attack and defeat the residents. Thus, the
residents are exposed to repeated social defeat during the 2 h period.

The SDR stressor involves both physical and psychological components, and the
defeated mice develop anxiety-like behaviors [55, 56] and a physiological stress
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response marked by elevated corticosterone [57, 58], epinephrine, and norepineph-
rine [59]. Importantly, exposure to the SDR stressor has well defined effects on
systemic immune responses. For example, exposure to the SDR stressor is known to
increase circulating levels of cytokines, such as IL-1 and IL-6, even in the absence
of infectious challenge [60-62], which is also commonly evident in humans
exposed to different types of stressors [63—65]. In addition, exposure to the SDR
stressor reduces the sensitivity of splenic monocytes/macrophages to the suppres-
sive effects of glucocorticoid hormones and increases the ability of these splenic
monocytes/macrophages to kill target microbes [57, 58, 66—69].

Microbial populations in the cecums of mice exposed to the well-defined SDR
stressor were assessed using 454 FLX pyrosequencing. Consistent with results
obtained with prolonged restraint, exposure to the SDR stressor resulted in signif-
icant changes in both the o and P diversity of the cecal microbiota [35]. Alpha
diversity indices, including OTU, ACE, and Chao all demonstrated statistically
significant reductions in microbial diversity by 15 h after the last cycle of the SDR
stressor. In addition, the relative abundance of 8 out of the top 25 most abundant
microbes was significantly affected by exposure to the SDR stressor. These differ-
ences were evident immediately after the last cycle of stressor exposure, as well as
the morning following the last cycle of the stressor [35] indicating that the effects of
the stressor occur rapidly in response to stressor exposure and can persist for at least
15 h after termination of stressor exposure.

The conclusion that stressor exposure can enhance infectious colitis based on
studies involving outbred CD-1 mice exposed to prolonged restraint during oral
challenge with C. rodentium has been confirmed and extended in inbred mice
exposed to a social stressor during oral challenge with C. rodentium. Inbred
C57BL/6 mice were orally challenged with a low dose of C. rodentium, and in
non-stressed control mice, little pathogen colonization and pathogen-induced coli-
tis occurred with this low infectious dose. However, simply exposing the mice to
the SDR stressor again increased both pathogen colonization and associated pathol-
ogy (Galley et al., under review). Mice exposed to the social stressor during
C. rodentium challenge had higher levels of mRNA for colonic inflammatory
cytokines (e.g., TNF-a), chemokines (e.g., CCL2), and inflammatory mediators
(e.g., inducible nitric oxide synthase (iNOS)). In addition, pathogen-induced
colonic histopathology, which was mild in mice left undisturbed during oral
challenge with C. rodentium, was significantly increased in mice exposed to the
SDR stressor during challenge with the pathogen. Stressor exposed mice had
increases in colonic epithelial cell hyperplasia and dysplasia, as well as epithelial
defects, generalized edema and leukocyte infiltration. These effects were not
evident in the mice that were not exposed to the stressor during pathogen challenge
(Galley et al., under review).

Inflammatory monocytes are recruited to sites of inflammation in response to the
chemokine CCL2 and are prolific producers of tissue-damaging TNF-a and iNOS
in the colon [70]. Unpublished observations from our laboratory indicate that
L. reuteri ATCC23272 can inhibit the ability of murine colonic epithelial cells
(i.e., CMT-93 cells) to produce CCL2 (Mackos et al., unpublished observations),
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while others demonstrate that L. reuteri (strain 6475) can inhibit the ability of
monocytes to produce TNF-a [71-73]. Thus, mice were administered L. reuteri to
determine whether the commensal probiotic would attenuate stressor-induced coli-
tis. Daily administration with 1 x 108 CFU of L. reuteri after exposure to the SDR
stressor significantly reduced the effects of the stressor on C. rodentium induced
colitis (Galley et al., under review); stressor-induced increases in TNF-a, iNOS, or
CCL2 through the peak of C. rodentium infection, which occurs on day 12 post-
challenge did not occur in probiotic-treated mice. In addition, colonic histopathol-
ogy was not evident in any of the mice fed the L. reuteri, regardless of whether they
were exposed to the stressor or not.

Much has been learned about the effects of probiotic microbes on host immune
responses over the past 10 years, and it is tempting to speculate on the mechanisms
by which L. reuteri attenuates stressor-induced colitis. L. reuteri has the capacity to
limit pathogen growth and replication, particularly in vitro [74]. However, in all of
the studies conducted in our laboratory utilizing C. rodentium [46], as well as other
laboratories using a closely related pathogen (EHEC) [50], L. reuteri did not affect
pathogen levels in vivo. Mice exposed to either the prolonged restraint stressor or
the social stressor during oral challenge with C. rodentium had similar pathogen
levels with or without being fed L. reuteri. These data demonstrate that L. reuteri
does not attenuate pathogen-induced colitis by reducing pathogen load, and sug-
gests that L. reuteri directly suppresses host inflammatory responses.

There are now multiple studies demonstrating that L. reuteri produces an
immunomodulatory factor(s) when grown to stationary phase in vitro that reduces
monocyte inflammatory cytokine production upon stimulation. Some of the effects
of L. reuteri on stimulated monocytes are thought to be dependent upon bacterial
production of histamine that when bound to H2 receptors reduces monocyte activity
[73]. However, some strains of L. reuteri, such strain as ATCC23272 used in our
studies, do not strongly reduce monocyte/macrophage activity, but rather have
strong effects on colonic epithelial cells. Administering supernatants from over-
night cultures of strain ATCC23272 reduced CCL2, TNF-«, and iNOS production
by CMT-93 colonic epithelial cells, but not RAW264.7 macrophages or CD11b
+ splenic monocytes/macrophages stimulated with C. rodentium (Mackos and
Bailey, Unpublished Observations). Thus, it is possible that some strains of
L. reuteri reduce colonic inflammation through effects directly on inflammatory
monocytes, whereas other strains might reduce colonic inflammation by reducing
the ability of colonic epithelial cells to recruit and activate inflammatory cells, such
as inflammatory monocytes and neutrophils.

It is also possible that L. reuteri has a more indirect effect on colonic inflam-
mation in stressor-exposed mice. Studies demonstrate that intestinal microbes can
impact the activation of the HPA axis and increase glucorticoid levels [75]. This
could be of particular importance, because glucocorticoids produced by activation
of the HPA axis potently suppress inflammatory responses [76], and reduced
glucocorticoid production during stressor exposure as a result of adrenal insuffi-
ciency leads to intestinal inflammation during stressor exposure [77]. It is also
possible that the production of immunomodulatory neuroendocrine mediators by
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L. reuteri, or by commensal microbes affected by L. reuteri, are responsible for
effects on colonic inflammation in stressor-exposed mice. It has been shown that
probiotic microbes can produce immunomodulatory neuroendocrine hormones,
such as y-amino butyric acid (GABA), norepinephrine, dopamine, and serotonin
(reviewed in [78]), and it has been hypothesized that this hormone production can
be responsible for influencing mucosal immune responses [78]. Thus, it is conceiv-
able that L. reuteri does not directly impact host colonic inflammation, but rather
stimulates host physiological responses that are known to have suppressive effects
on the inflammatory response. Potential pathways by which stress, the microbiota,
and probiotics impact colonic inflammation are illustrated in Fig. 12.1.

Microbiota and Stressor-Induced Immunomodulation
in Systemic Compartments

Stressor exposure often results in increases in nonspecific inflammatory responses.
For example, humans under the chronic stress of caring for a spouse with
Alzheimer’s disease were found to have increases in circulating IL-6 [79], whereas
exposure to acute laboratory stressors, such as different mental tasks, causes
increases in IL-1 [80]. The mechanisms by which these stressor-induced increases
in inflammatory cytokines occur in otherwise healthy individuals are not
completely understood. But data from our laboratory, as well as others, suggest
that the intestinal microbiota are involved [35, 81-83]. Mice exposed to the SDR
stressor also show evidence of circulating cytokines, and cytokine levels directly
correlate with microbiota levels [35]. For example, the relative abundance of three
members of the microbiota (i.e., Coprococcus spp., Pseudobutyrivibrio spp., and
Dorea spp.) were inversely correlated with the stressor-induced increases in circu-
lating IL-6 [35]. This suggested that the microbiota were somehow involved in
stressor-induced increases in circulating cytokines, but it was not until mice were
given an oral cocktail of nonabsorbable antibiotics to reduce the microbiota that the
link between the microbiota and circulating cytokines began to be clarified. Expos-
ing antibiotic-treated mice to the stressor failed to increase circulating cytokines
demonstrating a direct link between the microbiota and circulating cytokines
[35]. This initial discovery led to additional studies to determine whether the
microbiota are involved in stressor-induced modulation of macrophage microbici-
dal activity.

Phagocytes from mice lacking microbiota are deficient in their ability to kill
target pathogens, including Streptococcus pneumoniae and Staphylococcus aureus
[84]. Colonizing germ free mice by transplanting fecal bacteria from conventional
mice in to the germ free mice led to effective bacterial killing by the phagocytes.
Because reconstituted germfree mice had detectable levels of bacterial peptidogly-
can in circulation, and because mice lacking the peptidoglycan receptor Nod1 were
deficient in killing target microbes [84], it is likely that peptidoglycan from the
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microbiota is necessary to prime phagocytes for efficient microbicidal activity. This
led us to question whether the microbiota are also necessary for the ability of the
stress response to prime splenic macrophages for enhanced microbicidal activity.

Exposing conventional mice to the SDR stressor increases the ability of splenic
macrophages to kill target microbes, such as E. coli, through an increased produc-
tion of macrophage peroxynitrite [67, 85, 86]. This effect is dependent upon
signaling through TLR4 [67] and the IL-1 receptor type 1 [86], and fails to occur
in germfree mice that lack any microbiota [85]. Exposing germfree mice to the SDR
stressor did not increase macrophage microbicidal activity or peroxynitrite produc-
tion. However, reconstituting the germfree mice with microbiota allowed the
effects of the stressor on splenic macrophage activity to again be manifest
[85]. This demonstrates that the microbiota are necessary for stressor-induced
increases in microbicidal activity to occur. Ongoing studies are determining the
mechanisms by which the microbiota can impact splenic macrophage activity, but
as shown in Fig. 12.2, data suggests that the microbiota exert their effects through
IL-1R1 and TLR4 signaling.

Conclusions

The dense populations of microbes that naturally colonize the body are well
recognized to have beneficial effects on the host, and as microbiota research
flourishes, we are becoming increasingly aware of the function of the microbiota
in maintaining the health of the host. These functions are in part dependent upon the
structure of the microbial communities, and it is thought that structure-function
relationships have developed through the co-evolution of the host and its
microbiota, such that alterations in one are associated with alterations in the
other. This is well-illustrated in animals exposed to different types of stressors.
During periods of quiescence, homeostatic interactions occur between the host and
its microbiota to maintain beneficial microbial populations in the intestines and
limit the induction of host inflammatory responses. As outlined in this chapter,
exposing animals to experimental stressors significantly disrupts these homeostatic
interactions; stressor-induced alterations in microbiota community structure are
associated with increased host inflammatory responses.

There is now accumulating evidence that stressor-induced alterations in
microbiota community structure are not just correlated with alterations in host
inflammatory responses, but might actually be causally involved in stressor-
induced immunomodulation. Exposure to psychological and physical stressors
results in the reduction in commensal lactobacilli, with data in mice suggesting
that the abundance of colonic tissue-associated Lactobacillus spp. are strongly
reduced upon stressor exposure. The lactobacilli are known to have several bene-
ficial effects on the health of the host, thus it is somewhat counterintuitive that the
stress response, which has evolved to benefit the host in the face of environmental
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Fig. 12.2 Exposing conventional mice to a social stressor leads to the translocation of gut
microbes and their products from the lumen of the intestines to the interior of the body, through
a mast cell-dependent mechanism. It is hypothesized that this translocation is responsible for the
stressor-induced increase in circulating cytokines, and subsequent enhancement of splenic mac-
rophage microbicidal activity. The gut microbiota are hypothesized to be involved, because
germfree mice exposed to the stressor have lower levels of circulating cytokines and macrophage
microbicidal activity is not enhanced by stressor exposure

demands, would negatively impact commensal microbes. However, stressor-
induced reductions in the lactobacilli might actually be reflective of gastrointestinal
physiological responses that are meant to be protective against enteric pathogens.
Stressor exposure increases colonic secretions, including the secretion of mucous,
and colonic motility. Colonic mucous is a protective buffer that separates potential
pathogens from adhering to colonic tissue. Thus, increased colonic mucous secre-
tion, coupled with enhanced colonic motility, would help to flush potential patho-
gens from the colon. If, however, mucoadherent commensal microbes, such as
members of the genus Lactobacillus, that naturally suppress colonic inflammation
are also flushed from the intestines, it would result in a colonic environment that is
conducive to overproduction of inflammatory mediators (Fig. 12.1).

Support for this notion comes from studies demonstrating that exposure to either
prolonged restraint or the SDR stressor reduces the abundance of Lactobacillus
spp., particularly of L. reuteri, and leads to increased colonic cytokine and chemo-
kine production upon pathogen challenge. L. reuteri reduces colonic cytokine and
chemokine production, and feeding stressor exposed mice L. reuteri to prevent
stressor-induced reductions in L. reuteri prevents the exacerbating effects of the
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stressor on colonic cytokine and chemokine production. These findings support a
causal role for stressor-induced alterations in lactobacilli in the stressor-induced
exacerbation of infectious colitis (Fig. 12.1).

In addition to attenuating colonic inflammation, L. reuteri helped to reinforce the
epithelial barrier. Mice exposed to either prolonged restraint or the SDR stressor
during oral challenge with C. rodentium are more likely to have C. rodentium in the
spleen than non-stressed control mice challenged with C. rodentium. This is
important, because unlike invasive enteric pathogens, such as Salmonella spp.,
C. rodentium does not have mechanisms to invade its host [44]. C. rodentium and
closely related EPEC stay within the digestive tract, attached to the apical surface of
the colonic epithelium during infection of immunocompetent hosts [44]. However,
C. rodentium can disrupt tight junctions found between colonic epithelial cells via
the injection of effector proteins through a type III secretion system. L. reuteri are
known to prevent inflammation-induced increases in colonic epithelial permeability
[87], and can prevent the translocation of C. rodentium from the colon to the spleen
in stressor-exposed mice, an effect that is associated with altered expression of
genes encoding tight junction proteins [46]. These data indicate that an important
function of the commensal microbiota is the regulation of tight junctional proteins,
and stressor-induced alterations in the microbiota can allow for the loosening of
tight junctions and the exacerbation of systemic manifestations of infectious colitis
(Fig. 12.1).

Increased epithelial barrier permeability is also evident in uninfected stressor-
exposed mice [48, 49, 85]. Several different types of stressors have been shown to
increase the permeability of the intestinal barrier through mast cell-dependent
mechanisms [47—49]. A defining characteristic of commensal microbes is their
inability to invade through an epithelial barrier. Thus, commensal microbes can
be maintained within their niche in the body by just a single layer of epithelial cells.
However, it is known that stressor exposure can increase the ability of commensal
microbes, and their products like lipopolysaccharide and peptidoglycan, to trans-
locate from the lumen of the intestines to the interior of the body [85, 88,
89]. Because stressor-exposed germfree mice do not have increases in circulating
cytokines, it is hypothesized that microbes that have translocated into circulation
during stressor exposure cause an increase in circulating cytokines, such as IL-1. It
is further hypothesized that this microbiota-dependent increase in IL-1 primes
phagocytes for enhanced microbicidal activity through TLR4 signaling, because
stressor-induced increases in microbicidal activity does not occur in TLR4-/- mice,
IL-1R1-/- mice or in germfree mice (Fig. 12.2).

These studies demonstrate that the microbiota are interactively involved in
stressor-induced immunomodulation at mucosal surfaces, as well as at systemic
sites. Intestinal epithelial cells are important in mediating interactions between the
microbiota and host immune responses. As interest in the microbiota continues to
grow, it will be of importance to understand the molecular underpinnings through
which microbiota, intestinal epithelial cells, and immune system activity are
affected by stressor exposure.
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