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Foreword

This book is the second volume of a continuing series. The first volume published
by Springer in 2010, “Microbial Endocrinology: Interkingdom Signaling in Infec-
tious Disease and Health”, contained little in regard to brain and behavior, but
instead focused almost exclusively on aspects of infectious disease. Health conse-
quences as such were mainly concerned with the role that stress could play in
altering the interface between host and microbiota. The present volume is therefore
a testament to the great strides during the intervening years which have illuminated
the myriad ways in which microbiota interfaces with the host. It is anticipated that
future volumes in this series will reflect the ever increasing acceleration of research
into the microbiota—gut—brain axis.

Abilene, TX, USA Mark Lyte
January 2014 Series Editor
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Preface

If one was to ask whether a book dealing with the ability of the microbiota to
influence the brain, and ultimately cognition and behavior, would have been
possible just a few short years ago, the answer would most likely be no. A simple
search of PubMed using the index words “microbiota AND gut AND brain” reveals
only 134 publications as of 16th January 2014. However, this would not be an
accurate reflection of the work that has been ongoing for many decades, but yet
remained on the outer fringes of the disciplines that constitute the study of the
mechanisms by which the microbiota and the brain communicate with each other. A
comprehensive series of articles by Bested and colleagues [1] catalog the numerous
studies going back over a century which amply demonstrate that the investigation of
the role of the microbiota in brain function, and by extension mental health, has a
long and varied (some may say checkered) scientific history. During this time it
remained, for large measure, outside mainstream scientific inquiry following an
initial burst of enthusiasm both in the scientific and public arenas at the turn of the
twentieth century. That such scientific skepticism remained, and in many cases
became entrenched, in the very scientific disciplines that form the basis of the
microbiota—gut-brain axis is owed to a number of factors. One of these is surely the
increasing specialization that occurred within each discipline over the years and the
inherent lack of interdisciplinary thought that accompanied such specialization.
With the advent of the concerted research into the microbiota and the microbiome,
as best evidenced by the tremendous strides that the Human Microbiome Project
has made over the last decade in cataloging the incredible diversity in the
microbiota in health and disease, the realization that the microbiota has a role to
play in the development and function of the nervous system and hence behavior and
cognition, has once again entered into mainstream scientific and medical thought.
However, old beliefs die hard. The recent experience of one of us (ML) as described
in the prologue to Chap. 1 is but one example of the resistance that is still being
encountered today for a role of the microbiota in the functioning of the brain. In
many conservative Learned Societies the concept that the gut and indeed the gut
microbiota can have such an influence on brain & behavior is still looked upon with
incredulity. However, this is changing.
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X Preface

This book represents the realization that any attempt to understand the ability of
the microbiota to interface with the brain (and by association any part of the host’s
neurophysiology) must attempt to address multiple disciplines, such as microbiol-
ogy, anatomic neuropathology, and endocrinology to name but a few, that while on
the first examination appear to be rather disparate from each other but on further
examination are in fact highly interconnected as evidenced, for example, by the
development of the field of microbial endocrinology itself. As described in Chap. 1,
as well as detailed in a chapter in the first book of this series [2], the field of
microbial endocrinology developed out of need to understand the paradox in which
stress resulted in increased death from a bacterial challenge at the same time greatly
increasing the phagocytic activity of the immune system. In considering the
microbiota as an interactive player in the host that can both respond to signals
from the host and influence the host through the provision of the very same host
signaling molecules (i.e., neurochemicals) that are more commonly associated only
with vertebrates, but in fact have a long evolutionary history involving the pro-
karyotes, the potential role of the microbiota in brain functioning and its potential
for treatment of mental disorders becomes apparent.

As such, the book is organized along three thematic lines which will provide the
reader not only a fuller understanding of the capabilities of the microbiota to
interface with the brain and form the microbiota—gut-brain axis, but will also
provide detailed examination of the consequences of the microbiota-driven gut-
to-brain communication for both health and disease. The first four chapters cover
the “Basic Concepts Underlying the Microbiota—Gut—Brain Axis”; the next eight
chapters examine the “Mechanistic Factors Influencing the Microbiota—Gut—Brain
Axis” and the concluding seven chapters address the “Microbiota—Gut-Brain Axis
in Health and Disease”.

We have assembled a group of contributors who are recognized to be at the front
of their respective fields to review the state of the art of this growing field. As the
chapters in this book amply demonstrate, the field of microbiota—gut—brain axis is
still in its infancy although its origins are now over a century old. With the advent of
modern techniques ranging from deep pyrosequencing of the microbiota to brain
imaging, the tools are in place to address those questions which were raised many
decades ago. Given our evolving understanding of the complexity of the microbiota
which when one couples that to the complexity of the brain and nervous system, this
book represents only one more chapter in what promises to be a long and challeng-

ing story.

Abilene, TX, USA Mark Lyte
Cork, Ireland John F. Cryan
January 2014
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Part I
Basic Concepts Underlying the
Microbiota-Gut-Brain Axis



Chapter 1
Microbial Endocrinology
and the Microbiota-Gut-Brain Axis

Mark Lyte

Abstract Microbial endocrinology is defined as the study of the ability of micro-
organisms to both produce and recognize neurochemicals that originate either
within the microorganisms themselves or within the host they inhabit. As such,
microbial endocrinology represents the intersection of the fields of microbiology
and neurobiology. The acquisition of neurochemical-based cell-to-cell signaling
mechanisms in eukaryotic organisms is believed to have been acquired due to late
horizontal gene transfer from prokaryotic microorganisms. When considered in the
context of the microbiota’s ability to influence host behavior, microbial endocrino-
logy with its theoretical basis rooted in shared neuroendocrine signaling mecha-
nisms provides for testable experiments with which to understand the role of the
microbiota in host behavior and as importantly the ability of the host to influence
the microbiota through neuroendocrine-based mechanisms.

Abbreviations
CNS Central nervous system
ENS Enteric nervous system

GABA Gamma aminobutyric acid

Prologue

“If you are right that the bacteria in the gut can communicate with the brain and induce
cognitive behavioral changes such as anxiety, then why aren’t all the patients we give

M. Lyte (<)

Department of Immunotherapeutics and Biotechnology, Texas Tech University Health
Sciences Center, 1718 Pine Street, Abilene, TX 79601, USA

e-mail: mark.lyte@ttuhsc.edu

M. Lyte and J.F. Cryan (eds.), Microbial Endocrinology: The Microbiota-Gut-Brain 3
Axis in Health and Disease, Advances in Experimental Medicine and Biology 817,
DOI 10.1007/978-1-4939-0897-4_1, © Springer New York 2014
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4 M. Lyte

antibiotics to in the hospital running around the floors crazy?” NIH Director’s Pioneer
Award Study Section Member—July, 2008

In July 2008 I found myself as a finalist for the coveted NIH Director’s Pioneer
Award being asked that very question following my PowerPoint presentation by a
study section member in front of not only the other assembled study section
members but also the representatives of all the NIH Institutes and the Director’s
office. Earlier that year I had submitted an application for the Pioneer Award
entitled “The Microbial Organ in the Gut” where I proposed that bacteria in the
gut were not only able to communicate with the brain and influence behavior, but
also that the brain could likewise communicate with the gut bacteria to achieve
regulation of microbial populations that would benefit the host. The mechanism by
which this bi-directional communication was governed was proposed to be that of
microbial endocrinology—the ability of bacteria to respond to as well as produce
the same neurohormones found in the host. The study section member’s question of
why people weren’t “running around crazy” was the first one asked following a
short presentation to all present. I had anticipated that questions during the 15 min
following my presentation would be probing given that from hundreds of applicants
for the first round, only 25, including myself, had been selected for a live presen-
tation to a completely new panel of experts at the Lawton Chiles International
House on the NIH campus. I also knew that the presentation would meet with some
skepticism but hadn’t been prepared for the very same study section member
spitting water in a veritable geyser after taking a drink and hearing me say, not
2 min into my talk, that bacteria can communicate with the brain and change
behavior (the incident was witnessed by all in the room for which I did receive a
telephone apology for the member’s behavior weeks later from the Director’s
office). So, the sarcastic, condescending nature of the question came as no surprise.
And it was no surprise that my answer (which in many ways forms the basis of this
chapter) satisfied neither the member nor the rest of the panel and I did not receive
one of the Pioneer Awards that year. But, as they say, times change and science
marches on.

Microbial Endocrinology: Conceptual Framework

Microbial endocrinology represents the intersection of two seemingly disparate
fields, microbiology and neurobiology. The field of microbial endocrinology was
founded in 1993 when the term was first coined by Lyte [1, 2] based on experi-
mental data obtained the prior year [3, 4]. As will be seen in this chapter, although
the concept of microbial endocrinology was founded just two decades ago [1, 3-5],
there has been published evidence by numerous investigators over the preceding six
decades going back to 1930 [6] that demonstrate the validity of uniting the fields of
microbiology and neurobiology as a conceptual framework with which to under-
stand interactions between the microbiota and the host in homeostasis and disease.
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That these two fields should intersect and play a role in not only infectious disease,
but also microbiota-gut-brain communication can be best understood when one
considers how the two fields are similar to one another. The presence of neuroen-
docrine hormones that are exactly the same in structure, as well as share the same
biosynthetic pathways, to that found in mammalian systems has been recognized
for decades (for review see [7]). Prominent examples include members of the
catecholamine family that have been found not only in bacteria [8], but in fish
[9], plants [10] and insects [11]. The complete biosynthetic pathway including
co-factors for catecholamines, from tyrosine through epinephrine, is found in
Escherichia coli as well as other bacterial species [12]. Acetylcholine [13], hista-
mine [14], serotonin [15, 16], and even more newly described neurotransmitters
such as agmatine [17-19] have all been shown to be produced by microorganisms.
The spectrum of neuroactive compounds produced by bacteria that can potentially
interact with the host also includes a number of neuropeptides [20]. That many of
the described neurohormones produced by bacteria also function in mammals as
part of the neurophysiological system suggests, as will be discussed in the
succeeding sections, that their production within the mammalian host can impact
the neurophysiological aspects of the host including cognition.

The ubiquitous presence of neuroendocrine hormones in non-mammalian sys-
tems means that the presence of the very same neuroendocrine hormones in
mammalian systems has a long evolutionary shared history. Iyer et al. [12] pro-
posed that acquisition of cell-to-cell signaling systems, such as those that charac-
terize neuroendocrine pathways in mammalian systems, are due to late horizontal
gene transfer from bacteria. The theory that neurochemical signaling in mammalian
cell systems is due to bacterial gene transfer has been bolstered by recent results
from the human microbiome project. Riley et al. [21] have shown that such
bacterial-mammalian cell lateral gene transfer of bacterial DNA into the human
somatic genome occurs via integration of a RNA intermediate and is more common
than previously recognized.

In non-mammalian systems the presence of neuroendocrine hormones often
serves in a similar capacity to that seen in mammals. For example, tomato plants
exposed to various stressors such as cold temperatures can produce large amounts
of stress-related catecholamines. As in mammals [22], stress and the production of
stress-related hormones such as norepinephrine and epinephrine in tomato plants
are also associated with increased susceptibility to infectious agents such as the
plant fungal and bacterial pathogens [23, 24]. Interestingly, in response to an
infectious insult during periods of stress and increased production of catechol-
amines tomato plants produce antimicrobial compounds that use as their backbone
the complete structure of catecholamines such as norepinephrine and dopamine [23,
24]. Whether evolution has afforded other non-plant-based systems a similar way to
deal with stress-induced susceptibility to infectious challenge by constructing
antimicrobial compounds based on neurochemical structures has not yet been
fully examined.

What is still incompletely understood for the majority of bacteria from which
neuroendocrine hormones have been isolated is the simple question of “why”’. Why
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do bacteria produce neuroendocrine hormones? In large part, most reports of
neurochemical production by bacteria are mainly descriptive and the “why” aspect
is too often left unanswered. However, for some bacterial species which are known
to produce certain neurochemicals via the same mechanism found in animals, such
as gamma aminobutyric acid (GABA) which utilizes o-decarboxylation of

L-glutamic acid catalyzed by glutamate decarboxylase, a reason for its production
has been reported. For example, production of GABA can confer resistance to
acidic pH for a number of Lactobacilli species such as Lactobacillus reuteri [25] as
well as have a role in the germination of bacterial spores [26]. As an acid-protective
mechanism, the GAD system employed by Lactobacilli may offer a sound expla-
nation concerning survival of the bacterium following ingestion and subsequent
transfer through the acidic conditions within the stomach and into the intestine, but
falls short to explain from an evolutionary perspective why Lactobacilli that
normally reside in the gut should possess the biosynthetic pathway to produce
GABA. Nor for the reports that other commensal microbiota such as those belong-
ing to the Clostridia also possess the ability to decarboxylate glutamic acid and
produce GABA [27]. Can it instead be proposed that the production of GABA by
bacteria can also serve as a mechanism by which such bacteria can not only
influence the host through interaction with host cell receptors for GABA that can
be found in the intestinal tract both in neuronal cells that belong to the enteric
nervous system (ENS) [28] as well as immune cells [29], but additionally as a way
by which one bacterial species can communicate with another within the microbiota
that also possesses receptors for GABA? In fact, the presence of a high affinity
receptor for GABA in Pseudomonas spp. had formed the basis for the use of a
bacterial-based system to quantify nanomolar concentrations of GABA in clinical
fluids such as cerebrospinal fluid [30]. The isolation and characterization of the high
affinity receptor for GABA in Pseudomonas was reported a few years later [31].

The concept that the production of neuroactive chemicals by members of the
microbiota can not only serve in the capacity of interacting with the host, but also as
a means of signaling among other members of the microbiota, has been proposed
[32]. Such neurochemical-signaling mechanisms between members of the
microbiota would constitute a type of primitive nervous system and satisfy the
requirements contained with any definition of an organ—namely, that the cellular
elements which comprise the organ can be influenced, and in turn influence, the
host. From a microbial endocrinology-based standpoint the microbiota contained
within the gut can therefore be termed as a microbial organ [32].

Origins of Microbial Endocrinology: Evidence from the 1930s
to Present

Over the last decade the number of reports which have demonstrated the ability of
bacteria to respond to neuroendocrine hormones produced by the host, especially
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during times of stress, have steadily increased. The first report that a stress-related
neurochemical could influence bacterial growth appeared in the early 1930s due to
an unfortunate set of occurrences. Epinephrine (adrenaline) as the first hormone
purified to homogeneity was beginning to find increasing use in the clinical arena.
One of those uses was for the treatment of urticaria. Reports began to appear almost
immediately following its use in the clinic of patients dying from fulminating sepsis
within hours after administration of epinephrine [6]. The cause was traced to the
glass syringes and metal needles that pre-dated the modern use of disposable
syringes and needles [33]. Although glass syringes and needles were cleaned with
various agents between patients, it was quickly discovered that such cleaning of a
needle and syringe set used to drain infected abscesses of patients with infections
such as the spore-forming Clostridium perfringens was inadequate. The combina-
tion of epinephrine and the very small number of spores or injured bacteria left in
the syringe and needle proved to be a dangerous combination. Since all patients
who died from epinephrine injections were traced back to syringes and needles that
had been used to drain bacterial abscesses it became standard medical practice for
decades that a syringe and needle set could not be used for epinephrine injections if
it had been recently used to drain a bacterial abscess. Although this association has
been largely lost to history, it should be noted that on occasion such associations
have proved beneficial for the evaluation of drugs to treat infectious bacteria such as
C. perfringens. Traub et al. [34] demonstrated that in order to get C. perfringens to
infect a mouse it was necessary to co-inject fresh, non-oxidized, adrenaline and that
by utilizing such a neuroendocrine hormone-based model system one could eval-
uate the efficacy of antimicrobial candidate drugs to treat gas gangrene infections.

The majority of reports that have dealt with various aspects of neuroendocrine
hormone production by bacteria or their recognition of host-produced hormones
have done so in the context of infectious disease. This is not surprising given the
fact that the first reports of hormones having a role in host health started in the
1930s with the reports of gas gangrene following injection of epinephrine. The first
report that described a direct interaction of bacteria and neuroendocrine hormones
and ascribed a role in infectious disease was the demonstration 60 years later in
1992 that the stress-related neurohormones norepinephrine and dopamine could
increase the growth of human intestinal bacterial pathogens by over six orders of
magnitude within hours [3, 4]. Importantly, intestinal pathogens which are not
commonly associated with extra-intestinal infection, such as Yersinia entero-
colitica, do not respond to the stress hormone epinephrine. This is a critical
observation as it indicates that bacteria may have developed the ability to recognize
host hormones based on evolutionary association with specific anatomical regions
of the host. Reports, such as Sperandio et al. [35], which have subsequently
appeared and suggest that epinephrine plays a key role in the pathogenesis of
bacteria within the gut critically have not recognized (or even ignored) the fact
that epinephrine does not exist in appreciable amounts within the gastrointestinal
tract. This is due to the fact that neurons contained with the enteric nervous
system (ENS) that innervates the entire length of the gut do not possess the enzyme
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phenylethanolamine-N-methyltransferase which is needed for conversion of nor-
epinephrine to epinephrine in the catecholamine biosynthetic pathway [36].

As can be expected, the more one digs into the literature to find instances of
where neurochemicals and bacteria have been examined the more one finds papers
which provided tantalizing clues that these two systems, one the neurophysiological
and the other microbial, could interact in totally unexpected ways. For example,
Campylobacter jejuni is a highly prevalent food-borne pathogen that requires a
microaerophilic environment in the laboratory for its propagation. However, the
addition of norepinephrine to the microbiological growth medium was shown by
Bowdre et al. [37] to result in tolerance to and growth of C. jejuni in an aerobic
environment. The mechanisms to account for this have not been elucidated but
further highlight the ability of neuroendocrine hormones to affect bacterial physi-
ology. Along these lines, in the succeeding years since the demonstration of
catecholamine-induced growth of bacteria and increased production of virulence-
associated factors [38, 39], numerous reports have appeared that further document
the ability of neuroendocrine hormones, chiefly the catecholamines, to influence
bacteria. For example, stress-related hormones have been shown to increase
conjugative transfer of antibiotic resistant genes between enteric bacteria thereby
contributing to the increased prevalence of antibiotic-resistant food borne bacterial
pathogens in the food supply [40]. Additionally, the ability of monoamines such as
norepinephrine and dopamine to alter gene expression has now been shown for a
number of pathogenic microorganisms including Mycoplasma hyopneumoniae
[41], Salmonella enterica serovar Typhimurium [42] and Vibrio
parahaemolyticus [43].

Evolution of Current Microbial Endocrinology-Based
Perspective of Microbiota-Gut-Brain Axis

Of specific relevance to the current study of the subject of microbiota-gut-brain axis
was the dominating scientific view of the time that sought to explain the mecha-
nisms by which stress neurohormones could influence the pathogenesis of infec-
tious disease. Miles and colleagues undertook a series of experiments starting in the
late 1940s and continuing into the 1950s in which they co-injected stress hormones
with a wide range of bacterial species into animals [33, 44, 45]. Their findings
corroborated earlier studies that showed that epinephrine had the ability to increase
the growth rate of bacteria, such as C. perfringens (referred to in this series of
papers by the former name C. welchii) and E. coli, while decreasing the dose needed
to cause infection by up to one-million fold [6, 46]. However, all attempts to
identify the involved mechanism(s) had been centered on the host side as it was
not conceived that the bacterium itself could be as active a player in the infectious
disease process as the host and most critically could utilize the host’s own neuro-
endocrine hormone production during stress to identify where it was and initiate
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processes to ensure its own survival. The most prevalent reason given by the
researchers during this time to account for the ability of epinephrine to increase
bacterial numbers was that it was due to an inhibition of phagocyte migration into
the area where the bacteria were actively growing thereby allowing them to grow in
an unrestricted manner [33, 44]. However, these researchers had also observed that
epinephrine was principally effective during the early stages of infection when
bacteria were low in number and that the injection of epinephrine later in the
infective process did not appreciably inhibit the response of phagocytic cells.
This seeming contradiction was resolved decades later when it was shown that
the response of bacteria to catecholamines is highest when bacteria are in low
concentration [47, 48] and that as the bacteria increase in density their need for
catecholamines decreases at the same time a catecholamine-induced autoinducer of
growth is produced [48, 49]. The critical distinction between these two research
periods separated by nearly 40 years is the examination of the site of action of
neuroendocrine hormones in a biological system containing both prokaryotic and
eukaryotic cells, wherein during the former period researchers considered that since
neuroendocrine hormones were of mammalian origin they would naturally influ-
ence mammalian, and not prokaryotic, cells as part of the infective process. That
bacteria were known even at that time to produce neurochemicals such as acetyl-
choline [13] did not seem to enter into the infectious disease equation. That there
still is today a similar view that two systems, host and microbial, are separate and
distinct as far as behavior can be regarded is best exemplified by the skepticism
discussed in this chapter’s prologue.

As already partly discussed, there have been numerous reports since the 1930s
regarding the ability of specific bacterial species to produce and/or recognize
through specific receptors neuroendocrine hormones many of which are involved
in key aspects of neurotransmission. One of the most prominent, GABA, has been
extensively described for members of the Lactobacilli family as already discussed
in a previous section as well as for Bifidobacteria [50] and characterization of a high
affinity receptor in Pseudomonas spp. [31]. In the presence of the same substrates
and coenzymes that are found in mammalian cells involved in the production of
GABA, bacterial strains isolated from the human gastrointestinal tract have been
shown to produce over 20,000 pg ml~! of GABA [50]. Acetylcholine [13], dopa-
mine [8, 51], norepinephrine [8, 51], histamine [14] and even precursors of benzo-
diazepine ligands [52, 53] are just a few of the examples that can be found in the
literature. Roshchina [7] has authored the most extensive review to date regarding
the capacity of bacteria to produce a wide panoply of neuroactive compounds.
Further, while the interaction of neuroendocrine hormones such as the catechol-
amines has most often been examined in bacteria, there have been reports which
demonstrate the utilization of catecholamines by other microorganisms such as the
pathogenic yeast Cryptococcus neoformans [54, 55].
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As noted above, the demonstration that the microbiota itself is capable of producing
neuroendocrine hormones is the crucial first step in evaluating the feasibility of
microbial endocrinology-based mechanisms in gut-to-brain interactions. Although
there have been reports which have concluded that increased neurochemicals found
in the circulation of the host, for example serotonin [56], are due to the presence of
neurochemical secreting bacteria, it has only been very recently that a comprehen-
sive study has conclusively demonstrated the production of physiological levels of
neuroendocrine hormones by bacteria within the intestinal lumen. In this study by
Asano et al. [51], levels of the catecholamines norepinephrine and dopamine were
quantitated in the gastrointestinal lumen in three microbiota-distinct types of mice:
specific pathogen-free, germ-free and gnotobiotic mice reconstituted with a mixture
of various bacterial species. Appreciable physiological amounts of both catechol-
amines were only found in specific pathogen-free mice while substantially lower
amounts were detected in luminal contents of germ-free animals. Critically,
whereas the majority of catecholamines in pathogen-free animals were structurally
determined to be free and biologically active, those found in germ-free animals
were present in a biologically inactive, conjugated form. Inoculation of germ-free
animals with the microbiota from specific pathogen-free mice resulted in the
production of free, biologically active, catecholamines within the gut lumen. As
such, this report [51] clearly established that in vivo the microbiota is capable of
producing neuroendocrine hormones that are commonly only associated with host
production. That these substances also are intimately involved in host neurophys-
iology provides solid evidence that the fields of microbiology and neurophysiology
do intersect with attendant consequences for both host and microbiota as further
discussed below.

Microbiota and Behavior: Does Microbial Endocrinology
Have a Role to Play?

The ability of microbes to influence behavior has been shown in a large number of
studies, many of which are discussed in length in other chapters in this book. What
is at question, however, is whether the ability of microorganisms to produce
neuroactive compounds provide for a mechanism(s) by which such microbial-
induced changes in behavior can be accounted for.

In many of the studies which have addressed mechanisms by which microbes
can influence behavior they have often concluded that such mechanisms involve to
some degree immune system involvement. This is not surprising given that such
studies often involve the administration of a microorganism in a manner that nearly
guarantees an immune system response. Further, microorganisms are often given in
such large doses that do not reflect actual “real-life” scenarios where infective doses
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tend to be very low. Following such administration, the development of immune-
related sequelae involving the production and release of cytokines and inflamma-
tory mediators result in the interaction with well-characterized neuronal targets
both within the central nervous system (CNS) and the ENS [57]. These CNS and
ENS targets then communicate to the brain, via vagal afferents for example, and
result in altered behavioral responses.

While the sequence of pathogen infection resulting in immune activation that
then ultimately results in an alteration of behavior is well recognized, it is perhaps
somewhat surprising to learn that increasingly studies are reporting the direct, non-
immune, non-infectious, related ability of microbes to influence behavior. The first
study which demonstrated the ability of a bacterium within the gut to influence
behavior in the absence of any detectable immune response was shown in a series of
studies utilizing C. jejuni in mice [58]. Although an important human food-borne
pathogen, C. jejuni in mice, unlike in humans, does not cause diarrhea. In this series
of studies, a low per oral dose of C. jejuni was employed to introduce a novel,
replicating organism into the microbiota and examine whether this new member
could be “seen” by the brain. As reported in this series of studies, C. jejuni was able
to induce anxiety-like behavior in mice through a vagal-mediated pathway in the
absence of any immune activation [59]. Further, it was shown that within hours
following the introduction of C. jejuni into the microbiota that neuronal activation
in specific brain regions occurred as detected by expression of the neuronal
activation marker c-Fos. It is therefore evident that a mechanism exists whereby
changes in the microbiota can be “seen” by the brain and these changes can result in
modification of behavior. To date, the mechanism(s) by which this non-immune
mediated neuronal activation within the brain occurs has not been identified and
awaits to be explored.

Given that bacteria are prolific producers of neuroendocrine hormones, as well
as other neuroactive compounds [20], it would seem reasonable to conclude that
such bacterial production of neuroactive compounds within the gut lumen could
influence either host-specific neural receptors within the gut or extra-intestinal
neuronal sites following luminal uptake into the portal circulation. There are a
number of reports that provide support that neurochemical production by bacteria
within the gut can influence behavior in both humans and animal model systems
[60—62]. Most often, these reports employ probiotic bacteria, such as Lactobacillus
or Bifidobacterium, many of which species belonging to these two genera are
prolific producers of neurochemicals for which well-defined neural mechanisms
are known by which behavior may be modulated. Of particular interest, Bravo
et al. [61] observed reduced anxiety-like and depressive-like behavior in mice fed
the probiotic strain L. rhamnosus (JB-1). Following probiotic administration they
were able to demonstrate changes in the levels of GABA 5o, mRNA in those brain
regions associated with the specific behavior [61]. Although they did not quantify
the amount of GABA produced by the administered L. rhamnosus (JB-1) strain, the
demonstration of a mechanism, such as that mediated via central GABA receptor
expression, provides evidence that the ability of bacteria to influence behavior can
occur through a neurochemical-mediated route.
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And as to whether bacteria are capable of producing enough quantities of
neurochemicals to affect behavior, a recent study which employed the GABA-
producing Lactobacillus brevis FPA 3709 amply demonstrates that ability. In this
functional food study, L. brevis was used to enrich black soybean milk with GABA
which was then fed to rats subjected to a forced swim behavioral test [63]. The
forced swim test, in which animals are placed in a water-containing glass cylinder
and the duration of immobility before the animals begin to swim is measured, is a
well-recognized test of depressive-like behavior. In this study, it was shown that
GABA-enriched soybean milk significantly reduced the immobility time before rats
began to swim and was as effective as the selective serotonin reuptake inhibitor
fluoxetine as an antidepressant [63].

Experimental Challenges

While the studies described above do provide tantalizing evidence that microbial
endocrinology does indeed play a role in microbiota-gut-brain interactions that
ultimately culminate in changes in behavior, a number of experimental challenges
have yet to be addressed. To date, substantial direct cause and effect evidence to
support such a microbial endocrinology-based mechanism is still lacking. The
reasons for this are many-fold and include the only recent development of the
necessary analytical tools both on the microbiome as well as neuroimaging sides to
examine such interactions. However, the larger reason may be due to the experi-
mental rigor that must be employed to unequivocally demonstrate that it is the
actual production of a neurochemical in vivo by a specific microorganism, and not a
non-neurochemical aspect of the microorganism such as a cell wall component
interacting with immune cells in the gut, that is responsible for a specific change in
behavior. Further, receptor specific binding within the gut or extra-intestinal site
must be demonstrated for the specific neurochemical produced by the microorgan-
ism. These are only two, of a number of requirements that must be fulfilled for one
to conclude that a microbial endocrinology-based mechanism can be responsible
for a specific change in host behavior. Recently, a step-by-step experimental
approach was introduced to guide the experimental design for probiotics which
seek to examine such microbial endocrinology-based mechanisms [64]. As shown
in Table 1.1, a sequential research plan is proposed which combines in vitro and
in vivo methodologies to specifically demonstrate that a specific neurochemical
produced in vivo by the microorganism binds to a specific host receptor which
ultimately results in an alteration of behavior/cognition in the host. The use of
microorganisms that only produce one type of neurochemical is preferred as a
number of bacterial strains have been shown to produce more than one neurochem-
ical. For example, production of acetylcholine and GABA by certain Lactobacillus
has been reported [7]. Other considerations, which are more extensively covered in
hypothetical papers addressing the role of the microbiota in nutrition and appetite
[65, 66], cover aspects such as ensuring that the diet contains the neurochemical
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Table 1.1 Sequential design to evaluate ability of neurochemical-producing probiotics to influ-

ence disease pathobiology

Step

Comments

Identify neurochemical of interest to be pro-
duced by probiotic based on desired physi-
ological and/or behavioral effect in host.

Screen candidate probiotic in vitro for neuro-
chemical production using robust assay to
determine if neurochemical of interest as
well as other neurochemicals are produced.

Define kinetics (i.e. time dependent achievable
intra- and extra-cellular concentrations) of
neurochemical production.

Obtain non-producer mutant (either through
in vitro screening or site-directed mutagen-
esis procedure).

Conduct time and dose-dependent per oral
administration of neurochemical-producing
probiotic to normal animals to determine
ability of probiotic to produce neurochemi-
cal in vivo. Employ vehicle—only animals
as control.

Perform per oral administration of probiotic in
an animal model which involves a
neurochemical-responsive element.

Perform control experiments utilizing per oral
administration of mutant (non-neuro-
chemical-secreting) probiotic.

Physiological and/or behavioral measures
should be readily quantifiable. Measures that
are receptor-based with known antagonists
readily available are preferred as can subse-
quently be employed at in vivo steps
involving animal models.

An example of a metabolomics-based screen is
given in [64]. More than one microbiologi-
cal growth medium should be used. Prefer-
ably a medium that reflects the gut
environment should also be employed.

Identify in vitro growth conditions which result
in sustained levels of neurochemical pro-
duction throughout growth period.

A mutant that does not produce the neuro-
chemical will provide critical control for
in vivo experiments.

Measure levels of neurochemical of interest in
intestinal luminal fluid and plasma. Deter-
mine time-dependent colonization of gut
tissue using quantitative PCR. Perform gross
pathology and immunohistopathology of
relevant tissue and compare to control
(vehicle only) animals.

Animal models of specific disease pathology or
behavior are suitable candidates. Select
dosage of neurochemical-secreting probiotic
from prior step that is found to result in high
and sustainable levels of neurochemical
within the gut. If known receptor antagonists
are available, give antagonist to block
neurochemical-responsive element of dis-
ease or behavioral process.

Quantifiable changes in animal model that are
obtained by administration of
neurochemical-secreting probiotic in above
step should not be present (or at lower
levels) with mutant strain.

From Lyte M. Probiotics function mechanistically as delivery vehicles for neuroactive com-
pounds: Microbial endocrinology in the design and use of probiotics. Bioessays. 2011;33
(8):574-581. Reprinted with permission from John Wiley & Sons.

precursors that are needed as substrates in the synthesis of the specific
neurochemical.

The steps outlined in Table 1.1 present a sizable research hurdle to overcome to
unequivocally demonstrate the validity of microbial endocrinology-based mecha-
nisms in the microbiota-gut-brain axis. While the research task of identifying
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microbial endocrinology-based mechanisms as regards a known neurochemical-
producing microorganism is rather straightforward, unequivocally demonstrating
such changes within the microbiota itself (i.e. identifying members that may be
responsible for such production and the neurochemicals themselves) presents
another level of difficulty. Such an approach would undoubtedly involve the use
of metabolomics to demonstrate that the microbiota is capable of producing
neuroactive compounds during various physiological conditions whether it be stress
or changes in diet that may or may not possess the necessary substrates for members
of the microbiota to synthesize the candidate neurochemicals.

Differentiation of host versus microbiota produced neurochemicals will, of
course, be an essential first step. Recently, Matsumoto et al. [67] have published
an elegant study of the mouse intestinal metabolome in which they analyzed the
metabolome from the intestine, food and host compartments thereby providing a
roadmap by which to differentiate the contribution of each compartment to the
overall metabolome within the gut. The finding of neurochemical production
exclusively within the microbiota raises the question of which member(s) are
responsible. It will be necessary, then, to employ a functional genomics approach
to sift through the genomic data obtained from the microbiota community analyzed
from the same sample that the metabolome was obtained from to identify those
members that possess the genes necessary for the biosynthetic pathways required
for the production of the neurochemical of interest. Such a functional
metagenomics-based approach has found increasing utility in applications such as
human nutrition where elucidating the roles that the human and microbial genomes
play in nutrition, starting with microbial biotransformation of food specific to the
microbiome of a particular individual and the end products that are produced that
impact human physiology for that particular individual, have been examined [68—
70]. Once a metagenomics-based approach can identify the bacterial populations
that do account for production of a particular neurochemical, it will then be
necessary to isolate that population and attempt to culture in vitro to determine if
the neurochemical in culture is in fact produced and the relative capacity for
production under varying substrate conditions. The design and use of
physiologically-relevant intestinal medium complete with the same substrates that
are present in the diet of the individual from which the bacterial population was
isolated will be crucial to the evaluation. Utilization of standard microbiological
medium without requisite concern regarding physiological relevance nor the con-
tribution of food components for substrates and co-enzymes needed for production
of a particular neurochemical will most likely lead to non-relevant results. As
shown in Fig. 1.1, food itself can contain both the substrates for neurochemicals
as well as neurochemicals themselves (such as histamine) and thus plays a critical
role in the ability of the microbiota to function in a microbial endocrinology-based
manner. Once the identification of the neurochemical-producing population has
been achieved, the remaining steps to demonstrate microbial endocrinology-based
mechanisms(s) mediating gut-to-brain changes in behavior in the normal host
microbiota would then closely follow the steps outlined in Table 1.1.
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Fig. 1.1 The microbial endocrinology-based pathways by which neuroactive compounds pro-
duced by both the host and the microbiota can serve as a mechanism by which the brain and
behavior can be modulated within the microbiota-gut-brain axis. Food ingested by the host
contains both the substrates needed for neurochemical production by the host and the microbiota
as well as fully functional neuroactive components . The microbiota in the gut is capable of
either forming neurochemicals from the substrates present in the ingested food; or responding to
the neuroactive food components themselves; or responding to neurochemicals secreted into the
gut by components of the host enteric nervous system @). Neurochemicals produced by the
microbiota in the gut have two pathways by which to influence the host; they can either be
taken up from the gut into the portal circulation (3) or they can directly interact with receptors
found on components of the enteric nervous system which innervates the complete length of the
gastrointestinal tract @. Once in the portal circulation, microbiota-derived neurochemicals can
influence components of the nervous system and ultimately the brain (4). Microbiota-derived
neurochemicals can also influence components of the nervous system such as the brain through
enteric nervous system-central nervous system communication (5). The result of either pathway ()
or (5 on the brain may result in an alteration of behavior or cognition () as well as food
preferences and appetite (7). As described in the text, this should not be viewed as a one-way
direction of only gut-to-brain since the brain may influence the composition of the microbiota
through the specific release of neurochemicals into the gut lumen @). From Lyte M. Microbial
endocrinology: Host-microbiota neuroendocrine interactions influencing brain and behavior. Gut
Microbes. 2014. Reprinted with permission [87]

Methodological Approach to Examining Putative
Neurochemical-Microbiota Interactions

Experimental design employed in both past and present studies involving the
examination of neurochemicals and bacteria, whether to investigate the possible
production of neuroactive compounds or test the effects of neurochemicals on
various aspects of bacterial physiology, have done so in medium that is not
reflective of the in vivo environment from which the bacteria were originally
isolated. For example, a study by Parr et al. [71] which evaluated the ability of
epinephrine to influence the growth of a number of bacterial pathogens responsible
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for nosocomial wound infections utilized the standard rich microbiological medium
such as Mueller-Hinton and not surprisingly concluded that there was no effect on
growth. When one starts from the point that the bacterium can already achieve
maximal growth in the test medium, then addition of other substances such as
neurochemicals can only affect growth in one direction, negatively. The use of a
medium more relative to the tissue environment present in wound infections with its
array of inhibiting substances such as transferrin and other specific and non-specific
immune components would have been more appropriate. Other studies which have
used more relevant medium have in fact shown that Staphylococci can dramatically
increase their rate of growth in the presence of catecholamines and catecholamine
inotropes used clinically in the maintenance of cardiac and kidney function such as
dopamine and dobutamine [72, 73]. As such, these findings are more in agreement
with the historical clinical-based literature discussed previously on the association
of catecholamines and infection.

In designing an experiment to test the ability of a bacterium to produce a putative
neuroactive substance in vivo that may then have a role in modulation of host
behavior or even immune function within the gut, the use of a medium which
incorporates in elements of the diet that the host consumes is essential. It is well
recognized (as already discussed) that the exact same biochemical pathway utilized
by eukaryotic cells to synthesis neuroactive compounds are also used by a number
of microorganisms. For the microbiota then, as well as for the host cells, the
substrates that are required are often dietary components. With that said, it is easily
recognized that the diets of most individuals can vary greatly thereby confounding
efforts to understand what neuroactive compounds may be produced in the
microbiota at any given time. Use of laboratory animals with standard diets only
offers a modicum of more control since such diets are not routinely analyzed for
substrates that may be used in the production of neurochemicals.

Impact of Diet on Determining a Role for Microbial
Endocrinology in Gut-to-Brain Communication

As discussed above, the role of diet in the ability of members of the microbiota to
produce and respond to neurochemicals is one that is often overlooked in experi-
mental design. Further complicating experimental design in animals such as rodents
is the fact that most diets are composed of plant-based materials. Since plants
themselves can produce a wide spectrum of neurochemicals as part of their own
intercellular communication and known to have neuronal function in animals [74],
it should be expected that both substrates for any putative bacterial produced
neurochemical within the microbiota may also be contained within the diet itself
being of plant origin. According to standard laboratory practice in the use of
neurochemicals, this should not be a problem since exposure to air and heating
during the preparation of diets and their formation into pellets would result in the
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oxidation of most neurochemicals present in the diet. However, that would be an
incorrect assumption since neurochemicals found in high concentrations in some
plants, such as L-dopa, that are easily rendered inactive by oxidation and heating,
are hardly altered following treatment in harsh conditions such as autoclaving as
long as they are associated within a food matrix [75]. As discussed above,
Matsumoto et al. [67] have provided a technical roadmap by which the chemical
composition of the diet or diet metabolome and the metabolome of the lumen can be
simultaneously analyzed and those neurochemicals which are specific to the diet
versus from the host or microbial origin can be separated out.

As noted above, nutrition plays a significant role in shaping the microbiota [68—
70]. One of the first studies which examined the ability of diet-induced changes to
influence the microbiota and in turn influence cognition involved the feeding of a
meat-based diet to rodents [76]. In this study, mice were fed either standard rodent
chow or chow containing 50 % lean ground beef for up to 3 months. Diet-induced
changes in the microbiota revealed higher bacterial diversity in the animals which
consumed a beef-supplemented diet. Interestingly, assessment of animals for mem-
ory and learning using a hole-board open field apparatus demonstrated that
increased bacterial diversity in beef-fed animals correlated in a positive manner
with improved working and reference memory [76]. While this study provided the
first, albeit correlational, data to suggest that the composition of the microbiota may
have a role to play in memory and learning, a potential confounder for this study
[76], as well as for any other diet-based study, is the presence of nutritive or
non-nutritive elements within any diet that may also influence cognition
irrespective of any effects on the microbiota. While the two diets in the Li
et al. [76] study were balanced for a large number of these factors besides simple
calories, it still remains a potential confounder that needs to be recognized and
addressed.

Location, Location, Location

In proposing that a microbial endocrinology-based mechanism is involved in the
ability of the microbiota to influence behavior the issue of the spatial juxtaposition
of the microbiota with the host neuroanatomy presents itself. The innervation by the
CNS and the ENS is extensive along the gastrointestinal tract [36, 77]. What is often
not fully appreciated it that the ENS does not uniformly innervate the intestinal
tract. Anatomical sections of the gut are differentially innervated by CNS and ENS
components with direct gut-to-brain neural-based communication dependent on the
specific anatomical region of the gut. In a similar fashion the microbiota is also not
uniform throughout the length of the gastrointestinal tract and as such it cannot be
assumed that one anatomical region of the gut possesses the same capacity to
produce neuroactive compounds as another region that even may be immediately
adjacent to one another. As such, understanding the location of the neuroactive-
producing members of the microbiota in relation to the neuronal elements that can
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communicate to the brain will be critically important if the microbiota can be
shown to have a role in determining behavior through gut-to-brain communication.
For example, could microbiota-induced neuronal activation within the brain
resulting in a quantifiable behavior be traced to a specific bacterial species that
inhabits a mucus layer immediately adjacent to a specific part of the gut from which
sensory information obtained by ENS elements travels to the CNS via extrinsic
primary afferent neurons that track along either vagal or spinal afferent routes? Can
we distinguish that from bacteria that specifically inhabit the proximal gut instead
of the distal gut where communication to the brain in that region occurs instead via
the vagus nerve? Use of multiple techniques, such as MALDI-MS image analysis of
tissue sections to demonstrate specific production of the neuroactive compounds by
the microbiota in specific anatomical regions [78], will be needed to definitively
demonstrate that microbial endocrinology-based mechanisms account for the abil-
ity of the microbiota to influence behavior.

And, it should be noted that question of location doesn’t necessarily diminish in
any way the ability of the microbiota to directly interact with extra-intestinal
neuronal elements of the CNS (effectively bypassing the ENS) and influence
behavior through the direct uptake by the host of microbially-produced neurochem-
icals within the microbiota into the systemic circulation.

Two-Way Street

The phrase ‘“microbiota-gut-brain axis” is often mistakenly interpreted as a
one-way street—that is, communication principally in the direction of gut to
brain. While numerous reviews have emphasized the bi-directional nature of gut-
to-brain communication [79-83], the consideration of microorganisms as neuro-
chemical producers that also possess cognate high-affinity receptors, means that the
microbiota is responsive to signals from the brain to the gut and as such can alter its
function and composition in response to host-originated neurochemical signals.
One of the first demonstrations that host derived neuroendocrine hormones could
radically alter the composition of the microbiota was the observation that the
systemic wide release of catecholamines following the administration of the adren-
ergic neurotoxin 6-hydroxydopamine resulted in the shifting of the gut bacterial
populations from predominantly Gram-positive to Gram-negative with a nearly
7 log-fold increase in numbers of E. coli within 24 h following neurotoxin admin-
istration [84]. That signaling from the host to the microbiota is a determining
factor in the composition of the microbiota was further observed as the adrenergic
nerves within the gut re-healed over the ensuing 14 day post-neurotoxin adminis-
tration, the distribution of Gram-positive and Gram-negative bacteria within the gut
returned to the normal pre-neurotoxin distribution [84]. More recent work by Bailey
et al. [85] have shown that the application of social stressor altered the bacterial
population in the intestine with decreased amounts of bacteria in the genus
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Bacteroides while at the same time numbers of bacteria in the genus Clostridia
increased.

The concept of a two-way street whereby elaboration of neuroendocrine hor-
mones by the host affects the community structure of the microbiota can be applied
to the clinical arena. For example, antibiotic associated diarrhea is a well-
recognized complication following the administration of wide-spectrum antimicro-
bials [86]. An unanswered question in gastroenterology is the identity of the
mechanism(s) by which the microbiota is able to reconstitute itself following the
cessation of antimicrobial treatment to the same community structure that existed
prior to the administration of antimicrobials [86]. Can release of neuroactive
compounds (hormones, peptides, etc.) by host elements within the gastrointestinal
tract, such as enterochromaffin cells which secrete serotonin or release of other
substances from neural elements that innervate the villi and crypts along the
intestinal wall, specifically stimulate those populations of microbes to grow that
are the same populations that are most beneficial to the host? And can this brain-
gut-microbiota direction essentially re-populate the gut with the pre-antimicrobial
microbial community structure? The long evolutionary symbiosis between host and
the microbial inhabitants in the gastrointestinal tract necessitate that the host’s
nervous system must have developed the means by which to not only monitor,
but also influence the composition of the microorganisms within [32]. This recog-
nition of such active monitoring by the host also implies that certain
gastrointestinal-related clinical conditions, in which the microbiota is intimately
involved such as antibiotic-associated diarrhea, can be viewed anew and hopefully
lead to new therapeutic approaches.

Concluding Thoughts: Speculation into the Unknown
of the Gut-Microbiota-Brain Axis

The unequivocal demonstration that microbial endocrinology-based mechanisms
are prime mediators of microbiota-gut-brain interactions has not yet been achieved.
While there are a number of studies which provide indirect evidence that such
mechanisms are indeed operative in the ability of the microbiota to influence
behavior, mechanisms based on the production of neuroactive compounds by the
microbiota will still need to fulfill all the steps outlined in Table 1.1. The highly
interactive (and complex) network of interactions with which the microbiota can
interface with the host as shown in Fig. 1.1 provides for a number of varied research
approaches. With that said the microbiota contains the capacity to both produce and
recognize neuroactive compounds that are recognized by most researchers to be
solely associated with a mammalian nervous system. Evolution has insured that the
microbiota possesses such neuroactive capacity and if the increasing demonstration
of the role of such microbial endocrinology-based mechanisms in the pathogenesis
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of infectious disease is any indication, a role in microbiota-gut-brain communi-
cation will also be demonstrated.
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Chapter 2
Utilizing “Omics” Tools to Study
the Complex Gut Ecosystem

Anthony Fodor

Abstract In a healthy gut, the immune system tolerates a diverse microbial
commensal community avoiding inappropriate inflammation responses and mini-
mizing the presence of pathogens. When the balance between host and microbes is
disrupted, risk for disease increases. There is mounting evidence that microbial
dysbiosis is a substantial risk factor for common gut diseases including IBS, IBD
and colorectal cancer. Understanding this dysbiosis is challenging because of the
extraordinary complexity of the gut ecosystem and the tremendous variability
between healthy individuals in the taxa that make up the human microbiome.
Advances in technology, especially sequencing technology, are beginning to
allow for a full description of this complexity. In this review, we consider how
new “omics” technology can be applied to the study of the gut ecosystem in human
and animal models with special consideration given to factors that should be
considered in the design of experiments and clinical trials.
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Introduction

In the healthy gut, host immune processes tolerate a diverse commensal population
avoiding excessive inflammation responses and minimizing the presence of path-
ogens. However, there is compelling evidence that microbial dysbiosis—an imbal-
ance in the microbial community—plays a formative role in many diseases of the
gut including IBD [1], IBS [2, 3] and colorectal cancer [4, 5]. All gut microbes are
acquired from the external environment and for the first 3 years of life the diversity
and complexity of the gut microbial community steadily increases [6]. By the 3rd
year of life, the microbial community is more stable but numerous studies have
repeatedly shown that there is a high degree of individual variation in the microbial
community between different people [7-13]. The factors that determine why
different people end up with such different microbial communities are poorly
understood, although twin studies suggest that host genetics does not exert sub-
stantial control over the composition of the microbial community [14].

If we are to understand how host and microbes together produce the full
spectrum of health and disease phenotypes, we will need to determine which alleles
are represented and expressed in the host, which microbes are present and where in
the gut microenvironment the microbes are found and, for both host and microbes,
how genes are expressed to produce metabolites within activated pathways. To
understand the state of the human and microbial ecosystem in the gut, therefore,
requires an accounting of an ecosystem of phenomenal complexity. There are on
the order of three billion base pairs in the human genome [15], but there are ~10
times more bacterial cells within the human body than bacterial cells [16] and
encoded within the genomes of those microbial cells is likely more than 100 times
more distinct genes than are encoded within the human genome [17]. And, of
course, only knowing the genome sequence of either host or microbes by itself
does not tell us which genes are expressed or where or when or how epigenetic
changes to genomes influence pathway structure and function. Within the last
decade, there has been explosive growth in “omics” technologies that are allowing
us to begin to approach an initial accounting of this tremendous complexity.
Development of these technologies have primarily, but not exclusively, been driven
by the stunning drop in the cost of DNA sequencing. Only 10 years ago, the cost of
sequencing a megabase of DNA was well over $1,000. Today, it is less than $0.10
and there is every reason to think that this greater than exponential drop in cost of
sequencing will continue into the future (http://www.genome.gov/sequencingcosts/).
Newly armed with ever more affordable sequencing technology, biologists have
begun to characterize in detail the complex microbial gut environment. In this
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review, we will discuss the technologies that are making this exploration possible
together with the experimental and bioinformatics challenges inherent to performing
studies that try to link the state of the microbial community to host disease
phenotypes.

16S Sequencing Is an Economical Way to Ask “Who
Is There” for Both Common and Rare Taxa

For nearly 30 years [18], microbial ecologists have been using sequencing of the
16S rRNA gene to ask which microbes are present in complex microbial environ-
ments. The 16S rRNA gene is among the most conserved genes in bacterial
genomes. It is especially useful for phylogenetic characterization because it con-
sists of a number of “variable regions”, which tend to be different in different
bacteria, separated by “conserved regions”, which tend to be the same across a wide
phylogenetic space. The conserved regions can be used to place PCR primers that
sequence across the variable regions, yielding a surprisingly informative degree of
phylogenetic information from minimal sequencing effort. Before the advent of
next-generation sequencing, capillary-based Sanger sequencing was often
performed on clone-libraries created from the 16S gene. With a read length on
the order of 1,000 basepairs, a paired-end Sanger sequencing strategy could
sequence the entire 16S rRNA gene. This approach has been widely utilized and
successfully generated descriptions of microbial communities both associated with
the human microbiome [19, 20] and external environmental microbial communities
such as soil and ocean.

Despite these successes, the cloning approach suffers from several limitations.
Because sequences generated from clone libraries are relatively difficult and
expensive to generate, studies that characterized microbial communities via
sequencing of clone libraries generally could only achieve on the order of
100 16S sequences per sample, and only then with a great deal of expense and
effort. Next generation sequencing eliminated the need for the laborious cloning
step even as it offered nucleotide base costs that were orders of magnitude cheaper
than Sanger sequencing. Next generation sequencing platforms exploit massively
parallel chemistry in which numerous sequencing reactions are run at the same time
and the results captured with a computer camera. Because many sequencing
reactions are run in parallel, next generation sequencing platforms such as [llumina
and 454 generate sequences much more quickly than older dye-termination based
technologies. In 2005, the year in which the 454 sequencing platform was described
in a Nature paper [21], there were ~136,000 16S sequences cataloged in the
Ribosomal = Database  Project  (http://rdp.cme.msu.edu/download/posters/
ASM2005.pdf). Today, using the Illumina HiSeq platform, we can routinely gen-
erate 100 million 16S sequences for a cost of only a few thousand dollars [4, 22, 23].

This ability to generate with next generation sequencing in a single experiment
more sequences than had been accumulated world-wide in decades of dye
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termination sequencing provides an enormous opportunity to interrogate complex
ecosystems, such as the human gut, while maintaining a sensitivity to detect even
rare taxa. But it brings with it significant bioinformatics challenges. Some of these
challenges involve finding the hard-disk space and network capacity to handle these
large volumes of sequence data. Without proper planning for these mundane
considerations, it is not uncommon for the initial analysis of metagenomics projects
to be severely impacted. There has been considerable recent interest in developing
cloud computing capacity to handle these challenges [24] and investigators consid-
ering generation of large sequence datasets may wish to explore storing and
analyzing their data in the cloud [25].

Bioinformatics challenges can also arise from the short read length inherent to
the currently popular next-generation platforms. The early 454 platforms had a read
length of only ~100 basepairs [26] and the initial 454 pyrosequencing character-
izations of ocean microbial communities therefore utilized this read-length [27,
28]. Recent Illumina platforms, while many orders of magnitude cheaper than
454 sequencing, also have a read length of only 100 basepairs, but 16S sequences
of this length can clearly distinguish the microbial community in inflamed and
non-inflamed mammalian guts [4] showing the utility of even such short reads.
Bioinformatics simulation studies have shown that the information that is available
in short reads can be reasonably close to the information available in full length
sequences [29], with the V1-V3 and V3-VS5 regions of the 16S rRNA considered to
be especially appropriate targets given read-lengths of a few hundred base pairs [30,
31] such as are now achievable on 454 and Illumina platforms [26].

The ability to use 16S rRNA sequencing to characterize in-depth the microbial
community from cohorts of interest allows for the intersection of phylogeny and
traditional hypothesis testing in ways that can yield interesting insights into how the
microbial community might impact disease. As an example, a recent study used
454 sequencing of 16S rRNA amplicons to compare the microbial community in
punch biopsies taken from 33 subjects with colorectal adenomas and 38 control
subjects [12]. In total, slightly more than half a million 16S rRNA sequences with
an average length of just over 300 basepairs were generated from these 71 subjects.
In order to place the information in these sequences into a phylogenetic context, we
can build a tree that shows the relationship of the sequences to one another
(Fig. 2.1). Each node of the tree represents a cluster of sequences that have on
average 97 % identity to one another. Nodes of the tree that are close to one another
have sequences that are more similar while nodes that are further from each other.
As we would expect, most of the bacteria that we see in the human gut can be
assigned to the phyla Bacteroidetes or Firmicutes, although other phyla, notably
Proteobacteria which harbors many known pathogens, are also present. For each
taxa in the tree, we can form a null hypothesis that the relative abundance of that
taxa is not different in the case and control subjects. P-values can be generated for
each null hypothesis using a non-parametric Wilcoxon test. In setting thresholds for
significance, we must be careful to correct for testing multiple hypotheses. Rather
than using a simple-threshold of p < 0.05, we instead set a threshold based on a
10 % false discovery rate (FDR), where we expect 10 % of the taxa that we call
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Fig. 2.1 Phylogenetic tree
generated from Operational
Taxonomic Units (OTUs)
representing clusters of
sequences with an average
97 % identity from a study
of colorectal adenomas in
humans [12]. Branches that
are colored red represent
taxa that are significantly
different between cases and
controls at a 10 % False
Discovery Rate (see [12] for
methodological details)

significantly different to be false positives. Each taxa that was found to be signif-
icantly different between case (adenomas) and control at this threshold is colored
red in Fig. 2.1. We see that many of the taxa that are different between case and
control are in the phyla Proteobacteria. By creating a visualization that merges
phylogeny with canonical hypothesis testing, we are therefore able to begin to
implicate specific groups of taxa in disease (see [12] for more information).

Given that early 16S sequencing experiments based on clone libraries could be
performed generating less than a hundred reads per sample, it may seem foolish to
plan 16S experiments with read depths of over a million sequences per sample. But
a simple thought experiment shows that such sequence depths are not inappropriate.
Consider E. coli, which is a possible driver of colorectal cancer in mouse and
human studies [4] but in fecal samples can represent less than 1 % of all sequences
collected. On average 100 sequences must be obtained to observe 1 sequence that
represents such a rare taxon. If one wishes to study a population with a 1,000-fold
range in such a taxon, one must utilize an additional 1,000-fold sequencing depth in
order to maintain the full dynamic, quantitative range of sensitivity across people
with different relative abundances of the taxon. Finally, in utilizing 454 and
Ilumina sequences, a barcode method is used in which many samples are put
together on the same sequencing run [32, 33]. This procedure can easily introduce
a tenfold variation in how many sequences are collected per sample. Putting this
together—two orders of magnitude to detect a taxa at average 1 % abundance times
three orders of magnitude variation in that taxa between people of different
phenotypes times one order of magnitude technical variation in the number of
sequences collected per sample—we see that it is not unreasonable to produce
and analyze one million 16S sequences per sample.
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As technology continues to develop, both read length and read depth will
improve allowing for more information to be generated from each sample but
also increasing the challenges associated with managing and interpreting so much
data. Besides taxonomical considerations, there are many other challenges to the
analysis of 16S sequence data including quality assurance steps [34], choosing
appropriate clustering algorithms [35] and chimera detection [36]. The setting up of
analysis pipelines for 16S sequences has been reviewed elsewhere [37].

Individual Variation Is a Primary Challenge for Studies
in the Gut Micobiome

While there are millions of SNP variations between any two non-twin individuals,
human genomes have many essential common features that all healthy individuals
must share. Every person has to have a working copy of an actin gene, for example,
or survival will be impossible. By contrast, the structure of the microbiome does not
appear to be essential in the same way. As we will discuss below, mice can be raised
in a sterile environment with no gut microbes whatsoever, and while these mice
have a great range of phenotypic differences from control mice, they are able to
survive [38]. The mammalian gut, therefore, appears to have a certain amount of
flexibility with regards to the microbiome. This may explain why, at least at the taxa
level as measured by 16S rRNA, a high degree of variability is tolerated in the
human microbiome. Perhaps the most dramatic example of microbiome variation
was demonstrated by the Human Microbiome Project, which recruited 242 healthy
patients and characterized the microbiome by 16S sequencing at 18 distinct body
sites [8]. At all the measured body sites, there were tremendous individual differ-
ences in this healthy cohort [7, 10]. Moreover, within this cohort, associations
between individual taxa and host phenotypes were generally modest. While there
were taxa with reasonably strong associations with ethnicity and, as previously
observed [39] vaginal pH, associations with phenotypes such as BMI, gender,
temperature and blood pressure were moderate at best [10]. It is currently not
well understood to what extent the differences in the microbiome associated with
ethnicity are driven by genetic or cultural differences, but the possibility of micro-
bial variability produced by ethnicity should be explicitly considered in recruiting
cohorts for and powering clinical studies. In general, the modest correlations
between healthy human phenotypic variation and microbiome variation suggest
that many non-pathological phenotypes are not directly controlled by which taxa
are present in the microbiome.

The complexity, individual variation and weak association with phenotypes of
the healthy human microbiome represent a substantial challenge for studies that
hope to link the state of the microbiome to human phenotypes. If we each have our
own unique relationship to the microbiome that defines our own individualized
healthy or dysbiotic state, then cross-sectional studies that look across people will
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have substantial difficulty in coming to any consistent conclusion. One intriguing
idea that has been proposed as a framework to deal with this complexity is
enterotypes [40, 41]; it has been argued that much of the complexity of the gut
microbiome could be summarized by two or three types of categories dominated by
distinct taxa. This hypothesis is enormously appealing as clinical studies could
dramatically reduce complexity (and hence improve power) by assigning each
participant to one of these pre-defined types before attempting to associate the
state of the microbial community to disease phenotypes. Unfortunately, subsequent
studies have demonstrated that the presence of enterotypes appears to rely on
particular methods of analyzing 16S rRNA data and does not therefore appear to
be robust and reproducible in new cohorts [10, 13, 42, 43]. The idea of distinct
microbial types likely makes sense for the low-diversity vaginal microbiome [10,
39], but for the more complex gut microenvironment, there appears to be more
evidence for a continuum of microbes rather that distinct types.

The variety of gut microbes that will be encountered, and the possibility of only
weak associations of taxa with phenotype, must be explicitly considered when
powering clinical studies of the human gut microbiome. One approach that may
help ease power concerns is to design studies around longitudinal sampling. In a
longitudinal sample, each patient in some sense can serve as their own control,
which has the potential to reduce variance and hence increase power. Ideally, a
longitudinal sampling scheme would recruit a cohort before disease developed and
then follow the cohort as some individuals developed disease and others remained
healthy. The analysis can then ask both whether the initial state of the microbial
community predicted disease and whether changes to the microbial community
differ between those who remain healthy and those who develop disease. While this
approach is often optimal from the perspective of experimental design, it can be
difficult to achieve in practice, especially if the time required to follow a cohort is
longer that the length of grant support from funding agencies interested in gut
disease.

The Fecal and Mucosal Microbiomes Are Distinct

One great challenge of surveying the gut microbiome, as opposed to more external
microbiota such as skin, is that often the microbes that we are most interested in are
not the easiest to sample. Fecal samples, obviously, are relatively easy to obtain, but
their handling and storage can provide challenging from an operations point of
view. Fortunately, it has been demonstrated that issues with how fecal samples are
handled, for example how quickly they are frozen, does not appear to have a large
effect on the measured 16S community [44]. As an alternative to fecal samples,
there has been some interest in utilizing fecal swabs [45], which are easier to collect
and store and in the future may be a standard implementation for large clinical
studies. No matter how they are collected, however, fecal samples may be inap-
propriate for studies that evaluate hypotheses regarding the mucosal microbiota.
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For example, a recent paper has suggested that microbial DNA may be more present
in cancer samples than in non-cancer [46]. Presumably, the microbial invasion that
would explain this observation is more likely to occur in the tight contact of host
and microbial cells in mucosal material than in the luminal gut. In both human and
mouse microbiomes, mucosal and fecal microbiomes generally cluster separately
[20] suggesting that there are very distinct luminal and mucosal microbial commu-
nities. Obviously, with humans, directly sampling the mucosal microbiota requires
an invasive sampling scheme and produces additional IRB requirements, although
this collection of internal gut samples can be incorporated into normal colonosco-
pies. In designing studies, thought should be given to the specific questions being
asked and sampling schemes designed accordingly in order to maximize observa-
tion of the microbial community most likely to be involved in the phenotype under
study.

Mouse Models Have Great Utility but Results Must
Be Interpreted with Great Caution

While human association studies are crucial, ultimate evaluation of mechanistic
hypotheses about how host-microbe interactions impact disease must be tested in
animal models. Because mice can be raised sterile, and then inoculated with a
pre-defined microbiome consisting of either cultured [4] or mixed microbial sam-
ples [47, 48], gnotobiotic mice allow for testing of hypotheses about how microbes
directly cause phenotypes such as cancer [4] or obesity [48]. Despite their power, a
number of caveats must be observed when designing and performing mouse
microbiome experiments. In particular, once the gavage has been performed, a
number of factors not related to the contents of the initial gavage can substantially
alter the microbial community. These factors include the cage the mice are housed
in [49], the facilities the animals are housed in [50], the amount of time that has
elapsed since exposure to microbes [51] and (in animals not raised sterile) the line
of maternal transmission [52]. If these factors are not accounted for, they may
induce variations in the microbial community that may confound interpretation of
experimental design. In a recent study comparing animals gavaged to animals
allowed to acquire their microbial community from the environment of the animal
facility, it was found that while the initial gavage had an effect on the microbial
community, most of the composition of the microbial community was driven by the
amount of time that had elapsed since animals were removed from germ-free
conditions and the cage in which the animals were kept [53]. Clearly, experimental
designs that do not explicitly consider these factors are likely to lead to flawed
conclusions and in powering mouse studies, the number of cages, in addition to the
number of animals, must be explicitly considered.
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Whole-Genome Metagenome Sequencing and RNA-Seq Can
Be Used to Interrogate Genome Function

As outlined above, small regions of the 16S tRNA sequence can be surprisingly
informative, but there are limits to how much information can be generated by
measuring a single gene. The drop in the cost of sequencing has made much more
feasible experiments which measure all the genes present in microbial genomes
(whole genome metagenome-shotgun sequencing) and experiments which measure
microbial transcripts from mixed microbial communities (metagenomic RNA-seq
experiments). As is the case for 16S sequencing, initial sequencing effort using
Sanger sequencing for whole-genome metagenome experiments required substan-
tial investments of time and expense. An early whole-genome metagenome shotgun
sequencing experiment [54] using clone libraries and Sanger sequencing produced
~78 million bases of unique sequence from fecal samples of two human subjects,
producing our first look at the genome content of the gut microbiome. Today,
through the use of Illumina HiSeq, it is not uncommon to produce ~2 gigabases of
sequences per sample, with per sample costs in the hundreds of dollars. As is the
case for 16S sequences, therefore, we can now produce in a single experiment more
sequences than were produced by multiple labs over years of experiments using
Sanger sequencing.

To be of any utility, whole-genome metagenome sequencing generally requires
many more sequences per sample than 16S sequencing. This translates both into
more expense and a more difficult analysis path. Not only does hard-disk and
network capacity need to be found for the large numbers of sequences that will
be generated by these methods, but the mapping of individual reads to reference
gene databases can require substantial computational times. Investigators wishing
to perform whole-genome or RNA-seq on microbial communities must therefore
ensure they have adequate computational resources or risk project paralysis in
attempting to sift the data once the sequences have been obtained.

Despite the increased overhead and expense of whole-genome sequencing
approaches, these experiments can yield great insights into the gut microbial
community. An intriguing result from the Human Microbiome Project found that
while across body sites and individuals there was great variability in taxonomy
(as defined by 16S sequences), if one looks at the fraction of reads assigned to gene
functions, they was much more consistency [7]. This result suggests the intriguing
hypothesis that while taxa vary substantially in the human microbiome, the gene
functions encoded in those taxa are much more constant. Of course, this interpre-
tation of these results is very dependent on the accuracy of functions that are in gene
function databases and there has been some question as to how biased these
databases may be [55]. Moreover, it is perhaps not surprising that across samples
and subjects, the fraction of genes assigned to broad categories such as “ATP
synthesis” and “central carbohydrate metabolism” is reasonably constant. It
remains an open question how much this high-level consistency is reflected in
consistency in specific metabolic pathways. It will be fascinating to watch
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resolution of the question as to the best way to biologically interpret gene function
annotations as the technologies and approaches that power the study of the human
microbiome continue to mature.

If instead of whole-genome sequencing of DNA, RNA is isolated, largely the
same informatics pipelines can be used to assign gene functions at the transcript
level. Because RNA is much less stable than DNA, these experiments are often
more difficult to perform than whole-genome shotgun sequencing, but since mes-
sage is being measured, rather than just genomic potential for message, the biolog-
ical insights generated from these experiments can be considerable. In addition to
the usual difficulties associated with any RNA preparation, RNA-seq on microbial
and metagenomic populations has its own set of challenges. These arise from the
fact that unlike eukaryotic mRNA, prokaryotic mRNA does not have a poly-A tail.
Message and ribosomal RNA therefore cannot be easily separated by the use of
poly-T primers during transcription of cDNA. Strategies that utilize beads that
preferentially bind to, or enzymes that preferentially cleave, rRNA have been
developed to separate mRNA from rRNA, although these strategies have been
found to vary substantially in effectiveness [56]. One strategy that becomes more
attractive as sequencing costs drop is to not attempt to separate rRNA from message
RNA and simply rely on sequencing depth to characterize the mRNA that may be
present in a sample. This strategy has the appeal of simplicity and will also generate
a complete rRNA profile, that can itself be useful in taxonomic assignment. Its
successful application, however, depends on sequencing being inexpensive enough
that sufficient sampling depth can be generated to characterize the small fraction of
reads that are message.

For both whole-genome metagenome sequencing and RNA-seq from mixed
microbial communities within the human microbiome, there is also the problem
of host contamination. The bulk of nucleotides in fecal samples is microbial, but in
other tissues the fraction of microbial vs. host DNA and RNA can vary substan-
tially. Again, as sequencing becomes ever cheaper, the strategy of simply applying
more sequences and computationally removing human contaminant becomes more
attractive, assuming that sufficient computational resources are available to achieve
an initial parse of sequence data.

Future Studies Will Integrate Multiple “Omics” Techniques
to Generate a Complete Picture of Host and Microbial
Pathways

In parallel to the decrease in the cost of nucleotide sequencing, metabolomic and
proteomic platforms are continuing to increase in power, robustness and accessi-
bility. In proteomics, a major challenge is identifying spectra and this challenge is
only increased in the case of mixed metagenomic communities where the genome
sequences that give rise to proteins are not necessarily known [57]. Despite this,
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recent efforts have demonstrated not only that proteomics on metagenomics sam-
ples is feasible [58] but that the combination of metagenomics and metaproteomics
approaches can pinpoint particular host and microbial pathways that are associated
with disease [59]. Further integration of these techniques with metabolomics will
undoubtedly yield additional insights [60]. The principle challenge of performing
these types of studies is the integration of diverse genomics datasets, but this is an
area of active research in bioinformatics [61]. We will unquestionably see more and
more studies in the future that will combine nucleotide sequencing with proteimic
and metabolomic techniques.

While the new world of “omics” and its associated bioinformatics tools are often
thought of as the “microscope” through which we can understand the gut ecosystem
in all its complexity, the tools of traditional microbiology, having been continu-
ously refined over the last century, are powerful and should not be overlooked. It is
often stated that most gut microbes are not cultivable, but a recent study that
attempted to systematically cultivate gut microbes from fecal metagenomic sam-
ples found that a substantial proportion of microbes that were detectable with 16S
sequencing could be cultivated with high-throughput anaerobic techniques
[62]. Because these organisms can be introduced into sterile mice, creation of
these biobanks of cultivated organisms will allow for explicit testing of hypotheses
about which taxa and groups of taxa are associated with disease phenotypes.
Moreover, with newly affordable high-throughput sequencing, whole-genome
sequences can be easily obtained for these cultivated organisms, which will allow
for delineation of which genes and genome regions drive health and disease
associations in humans and produce measurable phenotypes in mice. This marriage
of classical microbiology with gnotobiotic and sequencing technology will likely
prove a powerful tool in the next decade’s attempt to understand how specific
pathways are implicated in disease phenotypes.

Conclusion

The gut ecosystem is very complex, but there has been substantial and exciting
recent progress in development of genomic and bioinformatics tools that can allow
for delineation of that complexity. The initial phase of the Human Microbiome
Project focused on utilizing sequencing to characterize variation in healthy adults.
As we move into the next phase of the study of the human microbiome, a central
focus will be on determining which microbial taxa, genes and pathways are
implicated in disease. Careful design of clinical trials and experiments in animal
models will be required to overcome the substantial background variation in the gut
microbiome and separate confounding variables that are often closely related to the
disease categories of interest. A central challenge will be the integration of different
types of “omics” data to produce mechanistic descriptions of how host and microbe
together produce phenotype.
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Chapter 3

The Enteric Nervous System

and Gastrointestinal Innervation:
Integrated Local and Central Control

John B. Furness, Brid P. Callaghan, Leni R. Rivera, and Hyun-Jung Cho

Abstract The digestive system is innervated through its connections with the
central nervous system (CNS) and by the enteric nervous system (ENS) within
the wall of the gastrointestinal tract. The ENS works in concert with CNS reflex and
command centers and with neural pathways that pass through sympathetic ganglia
to control digestive function. There is bidirectional information flow between the
ENS and CNS and between the ENS and sympathetic prevertebral ganglia.

The ENS in human contains 200600 million neurons, distributed in many
thousands of small ganglia, the great majority of which are found in two plexuses,
the myenteric and submucosal plexuses. The myenteric plexus forms a continuous
network that extends from the upper esophagus to the internal anal sphincter.
Submucosal ganglia and connecting fiber bundles form plexuses in the small and
large intestines, but not in the stomach and esophagus. The connections between the
ENS and CNS are carried by the vagus and pelvic nerves and sympathetic path-
ways. Neurons also project from the ENS to prevertebral ganglia, the gallbladder,
pancreas and trachea.

The relative roles of the ENS and CNS differ considerably along the digestive
tract. Movements of the striated muscle esophagus are determined by neural pattern
generators in the CNS. Likewise the CNS has a major role in monitoring the state of
the stomach and, in turn, controlling its contractile activity and acid secretion,
through vago-vagal reflexes. In contrast, the ENS in the small intestine and colon
contains full reflex circuits, including sensory neurons, interneurons and several
classes of motor neuron, through which muscle activity, transmucosal fluid fluxes,
local blood flow and other functions are controlled. The CNS has control of
defecation, via the defecation centers in the lumbosacral spinal cord. The impor-
tance of the ENS is emphasized by the life-threatening effects of some ENS
neuropathies. By contrast, removal of vagal or sympathetic connections with the
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gastrointestinal tract has minor effects on GI function. Voluntary control of defe-
cation is exerted through pelvic connections, but cutting these connections is not
life-threatening and other functions are little affected.

Abbreviations

SHT 5-Hydroxytryptamine

ATP Adenosine triphosphate

CA Cervical afferents

CGRP Calcitonin gene related peptide
CM Circular muscle

CNS Central nervous system

DRG Dorsal root ganglia

EEC cell Enteroendocrine cell

ENS Enteric nervous system

EPSP Excitatory Postsynaptic Potential
GALT Gut associated lymphoid tissue
GEP Gastroenteropancreatic

GLP-2 Glucagon-like peptide 2

ICCs Interstitial cells of Cajal

IF Intestinofugal neurons

IGLEs Intraganglionic laminar endings
IMAs Intramuscular arrays

IPANs Intrinsic Sensory Neurons (or intrinsic primary afferent neurons)
LES Lower esophageal sphincter

LM Longitudinal muscle

MMC Migrating myoelectric complexes
MP Myenteric plexus

Muc Mucosa

NHMRC National Health and Medical Research Council of Australia
NO Nitric oxide

NPY Neuropeptide Y

PVG Prevertebral ganglia

SCG Sympathetic chain ganglia

SGLT Sodium/glucose linked transporter

SMP Submucosal plexus

TRH Thyrotropin-releasing hormone

TRPV1 Transient receptor potential cation channel subfamily V member 1
VIP Vasoactive Intestinal Peptide

VMR Visceromotor Reflex
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Introduction

The innervation of the digestive tract is involved in determining the patterns of its
movements, in the control of gastric acid secretion, in regulating movement of fluid
between the gut lumen and body fluid compartments, in changing local blood flow,
in release of gut hormones, in modifying nutrient handling and interacting with the
gut immune system.

The gastrointestinal tract differs from all other peripheral organs in that it has an
extensive intrinsic nervous system, the enteric nervous system (ENS), that can
control functions of the small and large intestines even when they are completely
separated from the central nervous system (CNS). But in reality the ENS is not
autonomous. The neuronal control of gastrointestinal function is an integrated
system in which local enteric reflexes, reflexes that pass through sympathetic
ganglia, reflexes that pass from the gut and back through the CNS and central
control systems interact (Fig. 3.1).

This review is confined to discussion of monogastric mammals, in which most
investigations have been done and which are arguably most relevant to human.

The Extrinsic Innervation of the Gastrointestinal Tract

Connections between the gut and the central nervous system can be conveniently
classified as vagal, spinal thoracolumbar and spinal lumbosacral. Each of these
includes afferent (sensory) innervation and efferent (motor innervation). The effer-
ent pathways contain pre-enteric neurons that end within enteric ganglia and control
or modify the activities of enteric neurons. Pathways from the CNS also contain
neurons that directly innervate a restricted number of gastrointestinal effectors,
such as striated muscle of the esophagus (vagal innervation), sphincters (sympa-
thetic innervation) and intrinsic blood vessels (also sympathetic innervation).

Vagal Innervation

The human abdominal vagus contains about 40,000-50,000 axons [1]. These fibers
provide a sensory innervation and efferent (motor) control pathways for the upper
gastrointestinal tract and digestive organs (Fig. 3.1). The afferents include mucosal
mechanoreceptors, chemoreceptors and tension receptors in the esophagus, stom-
ach and proximal small intestine, and sensory endings in the liver and pancreas.
There is a less prominent vagal afferent innervation of the distal small intestine and
proximal colon. Sensory information concerning luminal contents is detected by
EEC cells which release hormones that act on vagal afferent nerve endings [2]. This
indirect chemoreceptor activation is important for the detection of nutrients and
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Fig. 3.1 The innervation of the gastrointestinal tract. The neural connections between the enteric
nervous system (ENS), the central nervous system (CNS) and sympathetic ganglia, and neural
connections between gastrointestinal organs are illustrated. Connections from the ENS to other
organs and the CNS are at the /eft, and connections from the CNS are at the right. The small and
large intestines (middle of figure) contain full ENS reflex circuits (motor neurons and interneurons
in blue, sensory neurons in purple). Pathways from the gastrointestinal tract (leff) project out-
wards, via intestinofugal neurons (red), to the CNS, sympathetic ganglia, gallbladder, pancreas
and trachea. Some neurons in sympathetic prevertebral ganglia (PVG, green neurons) receive both
CNS and ENS inputs. Sensory information goes both to the ENS, via intrinsic primary afferent
(sensory) neurons (purple) and to the CNS via extrinsic primary afferent neurons (/eft of figure)
that follow spinal and vagal nerve connections. Cervical afferents (CA) connect the esophagus to
the cervical spinal cord. Pathways from the CNS reach the ENS and gastrointestinal effector
tissues through vagal, sympathetic and pelvic pathways (right of figure). Vagal medullary and
pelvic spinal outflows include pre-enteric neurons (ending in enteric ganglia) and most
gut-projecting sympathetic neurons with cell bodies in PVG are also pre-enteric neurons. SCG
sympathetic chain ganglia

also potentially noxious agents in the gut contents [3]. The functions that are
regulated by the vagal sensory innervation include appetite and satiety, esophageal
propulsion, gastric volume, contractile activity and acid secretion, contraction of
the gallbladder and secretion of pancreatic enzymes.
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Structural and Functional Characteristics of Vagal Afferent Pathways

Three distinct types of vagal afferent ending occur in the gastrointestinal tract,
intraganglionic laminar endings (IGLEs), intramuscular arrays (IMAs) and mucosal
varicose nerve endings (Fig. 3.2) [4]. IGLEs are complex branching nerve endings
that give rise to flat (laminar) expansions within myenteric ganglia. They were
originally described in the esophagus and shown to be of vagal origin [5], and were
subsequently demonstrated throughout the gastrointestinal tract [6]. IGLEs in the
rectum, and some of those in the distal colon, arise from pelvic nerves [7]. IGLEs
that were identified by anterograde filling responded promptly to probing with a von
Frey hair [8]. Firing rates diminished within the first 2-3 s, but were maintained
above the background level for the duration of the stimulus, thus these are partially
adapting mechanoreceptors. IGLESs that responded to direct probing also responded
to stretching the stomach wall, which provides a direct proof that IGLEs are stretch
receptors [7, 8]. They almost certainly correspond to the low threshold tension
receptors that have been known for a long time, and, in the case of the stomach,
probably signal filling [9, 10].

IMAs are formed by single afferent axons that branch within the circular muscle
layer to form arrays of varicose fibers that run parallel to muscle bundles [11]. They
form synapse-like complexes with interstitial cells of Cajal (ICCs) and it has been
suggested that IMAs, ICCs and smooth muscle work cooperatively or synergisti-
cally to transduce specific stretch or muscle length information [12]. Close
approaches of IMAs to ICC include lamella structures, which have some similar-
ities to the lamellae of IGLEs [12].

Three types of vagal mucosal afferent have been identified: gastric mucosal
afferent endings, afferents supplying villi in the small intestine (villus afferents) and
afferents supplying intestinal crypts (crypt afferents) [13]. The axons of gastric
mucosal afferents branch extensively in the mucosa to provide an innervation that
lies close beneath the epithelium; there are commonly flattened structures (lamel-
lae) near the endings of these branches [13]. These are reminiscent of the
mechanosensitive lamellaec of IGLEs and IMAs. Gastric mucosal receptors are
responsive to low intensity stroking of the mucosa, but not to muscle stretch or
contraction, and are also sensitive to chemical stimuli, such as acid in the lumen
[14-16]. Solid food is titurated in the stomach into smaller particles that are able to
pass through the pylorus [17]. Experiments in which the antral mucosa was
separated from the underlying muscle, a procedure that abolishes vago-vagal
reflexes, suggest that mucosal mechanoreceptors may discriminate particles by
size and regulate their passage into the duodenum [18]. Mucosal afferents may
also be involved in the control of satiety, as their mechanosensitivity is enhanced by
the satiety hormone, leptin, and reduced by the feeding hormone, ghrelin, both of
which are released from gastric enteroendocrine cells that are in close proximity to
the gastric mucosal afferent endings [19, 20]. In humans, ghrelin signalling to
hypothalamic feeding centers is via the vagus [21].
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Fig. 3.2 Sensory nerve endings in the gastrointestinal tract. Different types of sensory endings in
the intestine: (a) intraganglionic laminar endings (IGLEs); (b) mucosal varicose nerve endings that
supply the villi; (¢) intramuscular arrays (IMAs); (d) sensory endings around crypts in the small
intestine. IGLEs branch extensively and provide laminar endings on the surfaces of myenteric
ganglia (green). Perivascular sensory endings are not illustrated. (a) From Castelucci P, Robbins
HL, Furness JB. P2X, purine receptor immunoreactivity of intraganglionic laminar endings in the
mouse gastrointestinal tract. Cell Tissue Res. 2003;312:167-174 [169]. Reprinted with permission
from Springer Science + Business Media. (b) From Powley TL, Spaulding RA, Haglof SA. Vagal
afferent innervation of the proximal gastrointestinal tract mucosa: Chemoreceptor and mechano-
receptor architecture. J] Comp Neurol. 2011;519:644—-660. Reprinted with permission from John
Wiley and Sons. (¢) From Berthoud HR, Kressel M, Raybould HE, Neuhuber WL. Vagal sensors
in the rat duodenal mucosa: distribution and structure as revealed by in vivo Dil tracing. Anat
Embryol. 1995;191:203-212 [170]. Reprinted with permission from Springer-Verlag. (d) From
Berthoud HR, Powley TL. Vagal afferent innervation of the rat Fundic stomach: morphological
characterization of the gastric tension receptor. ] Comp Neurol. 1992;319:261-276. Reprinted
with permission from John Wiley and Sons

Separate villus and crypt afferents innervate the mucosa of the small intestine
[13]. Villus afferents have axons that project toward the villus tip, where they
branch extensively. The branches have irregular flat expansions that tend to be close
to the internal surface of the villus epithelium. Each villus afferent fiber typically
innervates a cluster of two or more neighboring villi. The villus afferents are ideally
positioned to detect substances released from the epithelium, including local
hormones such as CCK and 5HT that are known to activate vagal nerve endings
[2, 3]. The crypt afferents form subepithelial rings of varicose processes below the
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crypt-villus junction (Fig. 3.2). Assessment of single fibers filled by anterograde
transport indicates that the villus and crypt afferents are independent endings of
different vagal sensory neurons [13].

Vagal Efferent Pathways

The vagal efferent pathways arise from the dorsal motor nucleus of the vagus and
the nucleus ambiguus. Most of these neurons are pre-enteric, that is, they form
synapses with neurons in enteric ganglia, but some run directly to the striated
muscle cells of the esophagus. The major roles of the vagal innervation are to
control esophageal propulsion, to relax the lower esophageal sphincter for
swallowed food to pass, to increase gastric capacity, to facilitate antral contractions,
to relax the pylorus, to increase gastric acid secretion, to contract the gallbladder
and to promote pancreatic exocrine secretion (Fig. 3.1). Intracellular micro-
electrode recordings from individual gastric enteric neurons indicate that the
majority, at least 2/3, of gastric myenteric neurons receive direct cholinergic
excitatory synaptic inputs from pre-enteric vagal neurons [22]. These experiments
were done by stimulating a vagal branch connected to an isolated region of gastric
corpus. It is possible that not all inputs to each neuron were retained or effectively
stimulated, so the data might underestimate the numbers of neurons receiving direct
excitatory inputs from the vagus. Structural studies also indicate that the majority of
gastric neurons receive vagal input, and even suggest that the vagal inputs out-
number those that arise from intrinsic gastric neurons [23-26]. Surprisingly, only
about 10 % of myenteric ganglia in the striated muscle part of the esophagus receive
vagal efferent inputs [26].

Comparable analyses of projections of vagal pre-enteric neurons to the small
intestine do not appear to have been made. However, tracing studies indicate that
there is a sparse vagal innervation of myenteric and submucosal ganglia in the small
intestine [25]. Consistent with a minor vagal influence, structural and functional
investigations of nerve circuits in the small intestine indicate that there is a
predominance of local connections made with enteric neurons [27]. In contrast,
vagal pre-enteric neurons innervate all intrinsic neurons in the bladder [28]. The
exocrine pancreas has a strong reliance on vagal control [29], suggesting that here
also there are pre-enteric inputs to a high proportion of pancreatic neurons.

Throacolumbar Innervation

The thoracolumbar spinal cord connects with the gastrointestinal tract through
spinal afferent neurons with cell bodies in dorsal root ganglia (DRG) and through
sympathetic efferent pathways (Fig. 3.1). Thoracolumbar afferent axons are almost
all unmyelinated C-fibers. Fiber numbers have been counted in the cat. The greater
splanchnic nerve that supplies the upper abdomen contains about 3,000—4,000
afferent fibers and the lumbar splanchnic nerves contain about 4,000-5,000 afferent
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axons [1]. A high proportion is immunoreactive for CGRP and tachykinins, and
they are commonly immunoreactive for the TRPV1 channel, which is associated
with pain afferents [30, 31]. Deletion of TRPV1 results in diminished afferent
responses to distension and to acid in the lumen [32]. A high proportion of the
afferent neuron endings is around arterioles in the gut wall [7]. The axons of spinal
afferent neurons also provide a sparse network of varicose axons in the myenteric
ganglia [30, 33]. Thoracolumbar afferent endings also branch within the lamina
propria of the mucosa throughout the gastrointestinal tract, although their branching
patterns have not been defined [7]. Rare thoracolumbar afferent fibers are found in
the muscle layers. As they pass through sympathetic prevertebral ganglia, the axons
of spinal afferent neurons provide collaterals that form synapses with cell bodies of
postganglionic neurons [34].

There is little evidence that pain comes from the healthy gastrointestinal tract.
In fact, it seems remarkably insensitive to stimuli, such as cutting, that would cause
pain elsewhere. Gastrointestinal pain is associated with inflammation, and post-
inflammatory disorders [35, 36]. Experimental studies indicate that inflammation
causes long term changes in the properties of spinal afferents, that causes
unresponsive neurons to become sensitive and responsive neurons to become
hypersensitive [37, 38].

The sympathetic efferent pathways have four primary targets: myenteric
ganglia, submucosal ganglia, blood vessels and sphincter muscle (Fig. 3.3). The
preganglionic sympathetic neurons have their cell bodies in the intermediolateral
columns of the spinal cord. Postganglionic neurons of vasoconstrictor pathways are
in sympathetic chain and prevertebral ganglia. Postganglionic (pre-enteric) neurons
with cell bodies in prevertebral ganglia provide a dense innervation of myenteric
and submucosal ganglia. In both cases these are inhibitory; the sympathetic inner-
vation of myenteric ganglia inhibits excitatory effects of enteric neurons on the
muscle of the stomach and intestine, thus slowing passage of the contents of the
gastrointestinal tract [39]. The innervation of submucosal ganglia inhibits
secretomotor neuron activity (see later section “Neural Control of Fluid Movement:
Secretomotor and Vasomotor Reflexes”). Sympathetic post-ganglionic neurons
contract the sphincters of the gastrointestinal tract, which, like the innervation of
myenteric ganglia, inhibits transit of contents.

Pelyvic Innervation

The distal colon and rectum are provided with afferent and efferent innervation via
the pelvic nerves and sacral plexuses. The pelvic nerves are commonly regarded as
providing an innervation to the distal gut similar to that provided by the vagus to the
proximal gut. However, unlike the vagal afferent nerves, the pelvic afferents
include pain fibers [40]. Colorectal distension causes a visceromotor reflex
(VMR) contraction of abdominal muscles in rats, a response that is deduced to be
a consequence of stimulating pain pathways [41, 42]. The VMR was not affected by
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Fig. 3.3 Sympathetic innervation of the gastrointestinal tract. This diagram illustrates the inner-
vation pathways for the non-sphincter regions of the stomach, small and large intestines. The
densest innervation is of the myenteric ganglia throughout these regions, the submucosal ganglia
of the small and large intestines, and intramural arteries. Few sympathetic fibers innervate the
muscle of non-sphincter regions, whereas the sphincter muscle is densely innervated. The post-
ganglionic neurons that innervate gut effectors have noradrenaline as their primary transmitter.
Intestinofugal neurons (IF) synapse with sympathetic neurons in prevertebral ganglia. Modified
from Lomax AE, Sharkey KA, Furness JB. The participation of the sympathetic innervation of the
gastrointestinal tract in disease states. Neurogastroenterol Motil. 2010;22:7-18 [171]

cutting the lumbar colonic or hypogastric nerves, but was abolished when the pelvic
(rectal) nerves were cut [40]. It is established that the pelvic nerves carry afferent
information from low threshold mechanoreceptors. These have been identified as
IGLEs, similar to those in the esophagus and stomach [43]. Action potential firing
in the preterminal axons of IGLEs was evoked by direct probing, or by stretching
the wall of the rectum. Rectal IGLEs detect stretch over a wide range, including into
the level for pain [44]. Mucosal mechanoreceptors in the large intestine are similar
to those in the stomach and proximal small intestine, in that they respond to mild
stroking of the mucosa, but not to distension or contraction of the colon [45]. There
are about 3,500 afferent axons in the pelvic nerves of the cat [1].



48 J.B. Furness et al.

The efferent pathways in pelvic nerves provide innervation to enteric ganglia of
the distal colon and rectum [46]. Retrograde tracing indicates that nerve cells in the
sacral spinal cord project directly to the colon, and that there are also nerve cells
that project from the pelvic ganglia to the colon [47], suggesting that pre-enteric
neurons are in both the spinal cord and in pelvic ganglia (Fig. 3.1). For motility
control, the innervation of enteric ganglia comes from the defecation centers that
are in the lumbosacral spinal cord, between L5 and S3 (the levels being slightly
different between species) [48]. In the rat the center is located primarily at L6-S1
[49-51] and in the guinea-pig at S1-S2 [47]. Reflexes through this center can be
initiated by irritation or distension of the rectum; they persist after transection of the
more rostral spinal cord, but are eliminated by section of the sacral outflows or
the pelvic nerves [48, 52, 53]. In healthy individuals, the propulsive reflexes of the
distal colon and rectum are kept in check to maintain fecal continence by central
control centers that relay in the spinal defection center, and when defecation is
appropriate it is triggered by central commands that impinge on the defecation
center. Direct stimulation of the defecation center causes co-ordinated emptying of
the colon, via the ENS [54]. Voluntary control of defecation (both inhibition and
facilitation) is lost if cortico-spinal connections to the defecation centers are
severed by spinal injury [55]. Nevertheless, if the defecation center remains intact
after spinal injury it can be stimulated to command the ENS pathways for bowel
emptying [56]. The pelvic pathways also carry pathways that cause vasodilation in
the colorectum [57].

Cervical Spinal Afferents

Although the gut does not receive efferent inputs from the cervical spinal cord,
afferent neurons that supply the upper, striated muscle, part of the esophagus do
make connections at this level [58]. It is probable that these pathways carry
esophageal pain signals.

Essential Nature of the ENS, in Contrast to Innervation from
the CNS

In Hirschsprung’s disease, the ganglia of the ENS fail to develop in the distal bowel,
but all other tissue components are intact and functional [59]. Under these circum-
stances, no propulsive activity occurs in the aganglionic bowel, and the newborn
child will die if this region is not removed. Similar absence of enteric neurons in the
distal bowel is also lethal in other species, including horse (lethal white syndrome),
rats and mice [60]. Degeneration of colonic enteric neurons in Chagas’ disease,
precipitated by infection with the protozoan Trypanosoma cruzi, causes colorectal
propulsion to fail and megacolon to develop in the adult, similar to the problems
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associated with Hirschsprung’s disease in the child [61]. Other enteric neuropathies
that have significant effects on the motor functions of the digestive tract include
esophageal achalasia, gastroparesis and hypertrophic pyloric stenosis [62]. These
diseases illustrate essential roles of the ENS.

The control of fluid movement between the intestinal lumen and body fluid
compartments (discussed below) is also subject to pathological, life threatening,
influences. The fluid movement is controlled by enteric secretomotor neurons that
are abnormally activated by certain infective agents or their products. These
pathogens, including cholera toxin and rotavirus, act directly on the secretomotor
neurons and on the mucosal epithelial cells to cause life-threatening fluid loss [63].

In contrast to the severe, even life-threatening, effects of enteric neuron loss or
dysfunction, severing connections with the CNS has relatively minor effects.
Pavlov achieved a complete vagal denervation of the abdominal organs in dogs:
these animals showed no evidence of ill-health, although responses to sham feed-
ing, which are vagally mediated, were lost [64]. In humans, total abdominal or
selective vagotomy has been used as a treatment for tens of thousands of peptic
ulcer patients, without any indication of significant morbidity due to the vagotomy
itself [65]. Minimal effects are also observed after sympathectomy. Complete
removal of the sympathetic chains in cats left the animals in good health for
many months after the surgery, although they became very sensitive to a cold
environment [66]. Likewise, in humans in which sympathetic innervation of the
gastrointestinal tract is removed for vascular disease or pain, there is no significant
morbidity [67, 68]. Denervation of the gut by destructive lesions of the pelvic
nerves or sacral plexus does not significantly disturb colorectal function, but it does
compromise voluntary control of defecation and it can cause fecal incontinence [55,
69].

Structure of the ENS and Its Constituent Neurons

The enteric nervous system is composed of thousands of small ganglia that lie
within the walls of the esophagus, stomach, small and large intestines, pancreas,
gallbladder and biliary tree, the nerve fibers that connect these ganglia, and nerve
fibers that supply the muscle of the gut wall, the mucosal epithelium, intramural
arteries and other effector tissues (Fig. 3.4). Large numbers of neurons are
contained in the enteric nervous system, about 200-600 million in human
[27]. This is more than the total numbers of neurons of all sympathetic and
parasympathetic ganglia combined and about the same number of neurons that
are in the spinal cord. The enteric nervous system originates from neural crest cells
that colonise the gut during intra-uterine life. It becomes functional in the last third
of gestation in human, and continues to develop following birth.

Figure 3.4 is representative of the ENS of the mammalian small intestine.
Enteric ganglia contain neurons and glial cells, but not connective tissue elements,
and in many respects they are similar in structure to the CNS, except that there is no
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Fig. 3.4 The organisation of the ENS. This diagram illustrates the ENS of the small intestine of
human and medium sized to large mammals. It has two ganglionated plexuses, the myenteric
plexus between the longitudinal and circular layers of the external musculature and the submuco-
sal plexus (SMP), that has outer and inner components. Nerve fiber bundles connect the ganglia
and form plexuses innervating the longitudinal muscle, circular muscle, muscularis mucosae,
intrinsic arteries and the mucosa. Axons of extrinsic origin also run in these nerve fiber bundles.
There are also innervations of gastroenteropancreatic (GEP) endocrine cells and gut associated
lymphoid tissue (GALT) that are not illustrated here. From Furness JB. The enteric nervous system
and neurogastroenterology. Nat Rev Gastroenterol Hepatol. 2012;9:286-294. Reprinted with
permission from Nature Publishing Group

significant blood-enteric nervous system barrier. Two major sets of ganglia are
found, the myenteric ganglia between the external muscle layers, and the sub-
mucosal ganglia (Fig. 3.4). The myenteric plexus forms a continuous network,
around the circumference of the gut and extending from the upper esophagus to the
internal anal sphincter. A ganglionated submucosal plexus is present in the small
and large intestines. It is absent from the esophagus and almost no submucosal
ganglia occur in the stomach. These organs also lack the large fluid fluxes across the
mucosal epithelium that occur in the small and large intestines. Nerve fiber bundles
within the enteric nervous system consist of the axons of enteric neurons, axons of
extrinsic neurons that project to the gut wall, and glial cells.

There are some differences in structure and organisation between regions and
species that are reviewed elsewhere [27, 70, 71]. There is a single layer of ganglia in
the intestinal submucosa of small mammals. This is in contrast to large mammals
that have two layers of submucosal ganglia, and sometimes have an intermediate
layer, and in which there are structural and functional differences between the inner
and outer submucosal plexuses [27, 72].

The gastrointestinal tract also harbors an extensive endocrine signaling system,
and many gastrointestinal functions are under dual neuronal and endocrine control.
Enteric neurons also interact with the extensive intrinsic immune system of the
gastrointestinal tract.
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Types of Enteric Neurons

Approximately 20 types of enteric neurons can be defined, the numbers differing
slightly between regions [27, 73]. Combinations of features (morphology, neuro-
chemical properties, cell physiology, projections to targets and functional roles)
help to define each type. Amongst the 20 types, three classes can be identified,
intrinsic primary afferent neurons (IPANs, also referred to as intrinsic sensory
neurons), interneurons and motor neurons (Fig. 3.5). IPANs detect the physical
state of the organs (for example, tension in the gut wall) and chemical features of
the luminal contents [74]. They react to these signals to initiate appropriate reflex
control of functions including motility, secretion and blood flow. IPANSs connect
with each other, with interneurons and directly with motor neurons. Interneurons
connect with other interneurons and with motor neurons. Amongst the motor
neurons are muscle motor neurons, secretomotor neurons, secretomotor/vasodilator
neurons, motor neurons to enteroendocrine cells, and an innervation of lymphoid
follicles (Fig. 3.5).

Intrinsic Sensory Neurons (IPANs)

The intrinsic sensory neurons (or intrinsic primary afferent neurons, IPANs) were
first identified as large multi-axonal neurons (type II morphology) that respond to
changes in luminal chemistry, mechanical distortion of the mucosa, and direct
mechanical distortion of their processes in the external musculature [75-78]. It
has been more recently discovered that distortion also excites other neurons, for
example interneurons, in the enteric nerve circuits [79-81], indicating that reflexes
are not uniquely initiated or modulated through type II neurons. Cell bodies of
multi-axonal IPANs are 10-30 % of neurons in the submucosal and myenteric
ganglia of the small and large intestines. Consistent with the motor functions of the
esophagus being controlled from or via the brain stem, type II neurons are not found
in the esophagus [27]. They are rare in the stomach, where motility is primarily
controlled by vagal efferent pathways that originate in the medulla oblongata.

Motor Neurons

Muscle Motor Neurons

Excitatory and inhibitory neurons innervate the longitudinal and circular smooth
muscle and the muscularis mucosae throughout the digestive tract. These are
uni-axonal neurons that receive prominent fast excitatory synaptic potentials. The
primary transmitters of the excitatory neurons are acetylcholine and tachykinins.
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Fig. 3.5 Neuron types in the ENS. The types of neurons in the small intestine, that have been
defined by their functions, cell body morphologies, chemistries, key transmitters and projections to
targets. LM longitudinal muscle, MP myenteric plexus, CM circular muscle, SM submucosal
plexus, Muc mucosa. Neuron Types: Ascending interneurons (/); Myenteric intrinsic primary
afferent neurons (IPANs) (2); Intestinofugal neurons (3); Excitatory longitudinal muscle motor
neurons (4); Inhibitory longitudinal muscle motor neurons (5); Excitatory circular muscle motor
neurons (6); Inhibitory circular muscle motor neurons (7); Descending interneurons (local reflex)
(8); Descending interneurons (secretomotor and motility reflex) (9); Descending interneurons
(migrating myoelectric complex) (/0); Submucosal IPANs (11); Non-cholinergic secretomotor/
vasodilator neurons (/2); Cholinergic secretomotor/vasodilator neuron (/3); Cholinergic
secretomotor (non-vasodilator) neurons (/4); Uni-axonal neurons projecting to the myenteric
plexus (/5); motor neuron to the muscularis mucosa (/6); innervation of Peyer’s patches (/7).
Not illustrated, motor neurons to enteroendocrine cells. Modified from Furness JB. The Enteric
Nervous System. Oxford: Blackwell 2006
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The inhibitory neurons have multiple transmitters, including nitric oxide (NO), VIP
and ATP-like transmitters [27, 82]. The primary transmitter of the neurons appears
to be NO, and deficits in transmission are observed if NO synthase is knocked
out [83].

The majority of neurons that innervate the circular muscle have their cell bodies
in the myenteric ganglia. In fact, they are almost all in myenteric ganglia in small
mammals, such as mice, rats and guinea-pigs. In larger mammals, including dog
[84, 85], pig [86], and probably human, a component of circular muscle innervation
comes from submucosal ganglia. The cell bodies of motor neurons that supply the
longitudinal muscle are in the myenteric plexus of small animals. In the pig, and
probably in other large mammals, the majority of the cell bodies are in the
myenteric plexus, but some longitudinal muscle motor neurons have cell bodies
in the outer submucosal plexus [72].
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Similar to other smooth muscle of the wall of the gastrointestinal tract, the
muscularis mucosae is innervated by excitatory and inhibitory motor neurons. In
the small intestine and colon of the dog, removal of myenteric ganglia, allowing
time for axon degeneration, did not change the innervation of the muscularis
mucosae, which indicates that the innervation derives from nerve cells in submu-
cosal ganglia [85]. In the esophagus, where there are no submucosal nerve cells, and
the stomach, where there are few, the innervation must arise from nerve cells in
myenteric ganglia.

The endings of vagal motor neurons, with their cell bodies in the nucleus
ambiguus of the brain-stem, form conventional motor end-plates on the striated
muscle cells [87, 88]. However, about a third of the endplates have an additional
innervation from myenteric neurons, through which vagal excitation is modulated
(see below section “Neural Control of Gastrointestinal Muscle Activity”, “Eso-
phagus”). The distal, smooth muscle part of the esophagus and the lower eso-
phageal sphincter are innervated by enteric neurons.

Secretomotor and Secretomotor/Vasodilator Neurons Controlling Fluid
Exchange

Exocrine fluid secretion, such as that from the salivary glands, sweat glands and
pancreas, relies on supply of water and electrolytes from the blood. Because of this,
exocrine secretion is coupled to vasodilation. Coupling also occurs in the intestine,
where secretion and vasodilation are controlled together [89]. Analysis of transport
of water and electrolytes across the intestinal mucosa shows that neurally evoked
fluid transport is mediated by the active secretion of chloride ion, which is accom-
panied by sodium and water secretion [90, 91]. Pharmacological analysis of
responses to nerve stimulation indicates that there are two components of trans-
mission to the mucosa, a cholinergic component and a non-cholinergic component
[92, 93]. Consistent with this, immunohistochemical analysis of neurons projecting
to the mucosa identifies VIP-containing neurons that lack synthesizing enzymes for
acetylcholine, and other neurons that contain choline acetytransferase [94, 95].

VIP is found in neurons innervating the mucosa throughout the small and large
intestines and in the gallbladder of all mammalian species, including human. VIP
both causes fluid secretion and increases blood flow [96, 97], and there is evidence
that collaterals from the VIP containing secretomotor neurons innervate arterioles
in the submucosa [98]. In human, overproduction of VIP causes the watery diarrhea
syndrome [99]. The chemical markers of the cholinergic neurons differ between
species. In the guinea-pig there are two groups, one containing NPY and the other
immunoreactive for calretinin [94, 95]. Acetylcholine is both a stimulant of muco-
sal secretion and a vasodilator.
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Motor Neuron Influence on the Glucose Transporter

There is emerging, but incomplete, evidence that enteric neurons influence the
transport of glucose across the mucosa of the small intestine. Glucose is detected by
receptors on enteroendocrine cells that release several gut hormones when stimu-
lated, including glucagon-like peptide 2 (GLP-2) [100-102]. In turn, there is an
induction and functional activation of the glucose transporter SGLTI
[100]. Although the induction of SGLT1 is mediated through GLP-2, the GLP-2
receptor is on submucosal neurons, not on the epithelium, which implies that the
increased glucose transport is a nerve-mediated effect [103]. GLP-2 excites sub-
mucosal neurons [104]. There is also evidence that vago-vagal reflexes contribute
to induction of SGLT1 in the small intestine [105]. The afferent component of the
vago-vagal reflex was blocked by capsaicin application to the abdominal vagus
[105]. The efferent pathway probably involves vagal pre-enteric neurons and
enteric final motor neurons.

Gastric Secretomotor Neurons That Stimulate Acid Output

Some secretomotor neurons govern gastric acid secretion [106]. These neurons are
cholinergic and act on the parietal cells through muscarinic receptors. Projection
studies indicate that the secretomotor neurons have cell bodies in the myenteric
plexus close to the regions of mucosa that they innervate [107].

Gastric Vasodilator Neurons

Gastric acid secretion and blood flow are enhanced when the vagus nerve is
stimulated and these effects are reduced by muscarinic antagonists. In most exper-
iments, it is not possible to determine whether vasodilation is due to a direct
vascular action of cholinergic neurons in addition to a functional hyperemia
consequent on the increased secretion [108]. However, centrally administered
thyrotropin-releasing hormone (TRH) stimulates a vagal pathway in the rat that
causes gastric vasodilation after acid secretion is blocked by omeprazole,
suggesting a direct vasodilator pathway [109]. The blood flow increase in the
absence of secretory change was antagonized by atropine. There is also evidence
for non-cholinergic gastric vasodilator neurons that use VIP as a transmitter [110],
but whether these are vasodilator alone or secretomotor/vasodilator neurons (as in
the intestine) has not been determined.
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Motor Neurons to Enteric Endocrine Cells

Twelve or more classes of endocrine cells reside in the mucosa of the gastrointes-
tinal tract [3], and because the mucosa is densely innervated, these cells have nerve
fibers in close proximity, but it is not clear in all cases whether the endocrine cells
are functionally innervated. The best documented motor neurons innervating
enteric endocrine cells are those controlling release of gastrin, which is under the
influence of vagal and of intrinsic gastric pathways [27]. Transmission from the
final secretomotor neurons is mediated at least in part by gastrin-releasing peptide
[111]. Hormone release from other entero-endocrine cells is also likely to be under
neural control. Peptide YY is released from the distal small intestine by vagal
stimulation, and there is evidence of vagal reflex control of its release [112]. The
release is attenuated by the muscarinic antagonist, atropine. The basal release of
motilin is reduced by atropine and by tetrodotoxin, and stimulated by muscarinic
agonists, suggesting that motilin cells receive an excitatory cholinergic input [113].

Innervation of Lymphoid Tissue (Peyer’s Patches),
Lymphocytes and Mast Cells

Lymphoid aggregations of the gastrointestinal tract, the most prominent being
Peyer’s patches, have surrounding nerve fibers, but it is difficult to trace the fibers
into the follicles [114, 115]. However, careful examination does reveal an inner-
vation of the suprafollicular dome region, but not an innervation of the germinal
centers, in porcine jejunal lymphoid aggregations [116, 117], human ileal Peyer’s
patches [117] and follicles in the lamb small intestine [118]. Retrograde tracing
from follicles reveals that they are innervated from submucosal ganglia [118].

In addition, receptors for transmitters of enteric neurons occur on lymphocytes
that are scattered in the connective tissue (lamina propria) of the mucosa, and there
are close approaches that suggest functional innervation of isolated lymphocytes
within the connective tissue of the mucosa [119]. There are also close appositions
between axons and mast cells in the mucosa [120].

Enteric Interneurons

Studies of the projections of neurons within the gut wall have identified several
types of interneurons. However, these are more difficult to investigate physiolog-
ically than other neurons, because they can only be definitively studied by direct
recording techniques, even though elegant divided organ bath methods have pro-
vided insights into the properties of enteric interneurons [121]. Because of the
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inherent difficulties in studying the neurons, knowledge of their properties, con-
nections and roles have been obtained from limited numbers of species and regions.

Within the myenteric plexus, the interneurons form chains of like neurons that
run both orally and anally [122—124]. In the guinea-pig small intestine, three classes
of descending interneurons and one class of ascending interneuron have been
identified. Detailed studies of synaptic connections indicate that the chains formed
by two of the types of descending interneuron interconnect [125]. The ascending
interneurons appear to be involved in local motility reflexes, as are two types of
descending cholinergic neurons, those which contain NOS and those containing
SHT [121]. Another type of descending interneuron, the ACh/SOM interneurons,
might be involved in the passage of the migrating myoelectric complexes (MMC)
along the intestine. The somatostatin containing neurons have numerous branching,
tapering, filamentous dendrites [123]. Recent evidence suggests that some classes
of interneurons in the colon are mechanoceptive and that reflexes can be initiated
when they are activated by stretch [126].

Neural Control of Gastrointestinal Muscle Activity

The muscle layers of the gastrointestinal tract direct propulsion, mixing of contents,
reservoir capacity (notably in the stomach) and expulsion of pathogens and noxious
chemicals. The degree to which the ENS is essential for coordinated muscle
function, and the extent to which nerve pathways that originate outside the alimen-
tary tract are necessary for adequate control vary with the region of the gastro-
intestinal tract and also with the physiological circumstance. In broad terms, the
body of the esophagus is controlled through brain stem circuits located in the
medulla oblongata and the stomach is controlled through the brain stem and
vago-vagal reflexes. Small intestine motility is primarily controlled through the
ENS, as is large bowel motility, except for the essential role of the CNS in
defecation [27].

The Esophagus

The nerve circuits for motor programs of propulsive activity in the upper, striated
muscle, part of the esophagus are in the medulla oblongata of the CNS. These
circuits relay through the nucleus ambiguous, which contains the cell bodies of the
motor neurons that innervate the striated muscle [127, 128]. Although there are
numerous ganglia that form an ENS of conventional appearance in the striated
muscle esophagus, the ENS has little influence on the pattern of propulsive activity,
and esophageal propulsion fails and never recovers its function if the vagal inner-
vation is severed [129]. Nevertheless, myenteric neurons do supply an innervation
to about a third of the end-plates and thus, unlike motor endplates elsewhere,
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individual endplates in the esophagus receive dual innervation, one axon being
from a vagal motor neuron and the other originating from a cell body in the
myenteric plexus [130—133]. The endings of myenteric origin have NOS immuno-
reactivity, implying that transmission from enteric neurons is nitrergic. The
myenteric neurons exert a presynaptic inhibition of vagal excitatory transmission,
that has been demonstrated by experiments in which enteric NOS neurons were
stimulated indirectly [134]. Thus the enteric nervous system seems to have a role in
modulating peristalsis in the upper esophagus. The enteric innervation may have a
greater role in young animals, because all motor endplates receive an enteric
innervation at days 4-10 postnatal, after which there is partial withdrawal of
innervation [135].

The nerve fibers that innervate the smooth muscle of the lower esophagus have
their cell bodies in enteric ganglia. Nevertheless, peristalsis in this region is also
coordinated from the CNS. The enteric ganglia of the smooth muscle esophagus are
directly innervated by pre-enteric neurons of the dorsal motor nucleus of the vagus,
and lesion of this nucleus impairs the motility patterns of the smooth muscle
esophagus [128]. The vagus is involved in relaxing the lower esophageal sphincter
(LES), to allow passage of food, through a descending inhibitory reflex that relaxes
the sphincter when a bolus of food enters the last part of the esophageal body and its
intraluminal pressure is raised. The reflex relaxation is inhibited by cooling the
vagus nerve [136]. However, sphincter relaxation still occurs in response to disten-
sion following vagal block, indicating that a local reflex can be elicited [136].

Peak pressures during gastric mixing contractions exceed resting pressures in the
body of the esophagus and the LES has an important role in limiting reflux of the
corrosive contents of the stomach into the esophageal body. This role is apparent
when pressure in the stomach is increased and a reflex constriction of the LES is
initiated [137, 138]. This sphincter contraction is mediated by a vago-vagal reflex
pathway that passes through the brain stem. Failure of this guarding results in reflux
esophagitis and esophageal mucosal damage.

Stomach

A well-developed ganglionated myenteric plexus is found in the stomach, whose
activity is significantly controlled through the vagus (see also above section “Vagal
Efferent Pathways”).

The stomach has a reservoir function; it increases volume as it fills, and relaxes
prior to food arriving. It also has a function to mix the food with gastric juices and to
push the liquefied products of gastric digestion into the duodenum. The fundus
(proximal stomach) is primarily associated with the gastric reservoir function and
the corpus-antrum (distal stomach) is associated with gastric mixing and antral
propulsion [139]. Each antral contraction propels a small amount of liquid into the
duodenum, while solid material is retained in the stomach [17].
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Gastric Reservoir Function

The pressure in the stomach does not increase as it is filled [140], implying that the
muscle of the proximal stomach relaxes to accommodate the meal. In fact, relax-
ation occurs before the food arrives, a phenomenon called receptive relaxation
[141]. The relaxation that occurs when the pharynx or esophagus is distended
occurs even when the esophagus is severed and no food reaches the stomach
[142]. The reflex is prevented if the vagus nerves are cut. Relaxation of the proximal
stomach also occurs if the gastric volume is increased, for example by distension
with an intragastric balloon. This accommodation reflex is substantially reduced
after vagotomy [143, 144]. A vagally mediated gastro-gastric reflex relaxation is
also be elicited when distension is confined to the antrum [145]. In addition, there
appears to be a small residual component of accommodation that is due to an
intrinsic reflex [146]. As the volume in the stomach reduces, the fundus contracts.
This also appears to be a vagally mediated effect [144]. Thus the stomach adjusts its
volume both by relaxation and contraction, via vago-vagal reflexes.

Gastric Peristalsis and Mixing (the Distal Stomach:
Corpus and Antrum)

Gastric peristalsis, which occurs in the body and antrum, is not prevented when the
myenteric plexus is cut through or nicotine is given in a dose that blocks peristalsis
in the intestine [147, 148]. Moreover, the frequency of peristalsis corresponds to the
frequency of gastric slow waves in the muscle, indicating that gastric peristalsis is
generated by the slow waves and, unlike peristalsis in the small intestine and colon,
it does not require activity of excitatory neurons to be observed.

The augmentation of the gastric contractions when the stomach is artificially
distended with fluid is almost entirely through vago-vagal reflexes [149]. When the
antrum, or the whole stomach, is extrinsically denervated, antral peristaltic con-
tractions are smaller and emptying times are prolonged [149—151]. Moreover, the
strengths of the antral contractions are sequentially reduced when the vagal
branches entering the antrum are successively cut, from proximal to distal [152].

Nevertheless, a number of studies indicate that there is intrinsic activity of
excitatory cholinergic neurons, even in the completely isolated stomach. Intracel-
lular microelectrodes have demonstrated the spontaneous occurrence of fast EPSPs
in some enteric neurons in the isolated stomach [153], and other investigations have
demonstrated an excitatory tone that is reduced by tetrodotoxin, or by antagonists of
muscarinic or nicotinic receptors [154—156]. The amplitudes, but not the frequen-
cies of occurrence of contractile waves are reduced when transmission from
excitatory neurons to the muscle is prevented by tetrodotoxin [156]. The effective-
ness of the excitatory neurons is enhanced when the stomach is distended [156],
presumably because their rates of firing are increased.
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There is little evidence for a gastric intrinsic reflex that is organised like that in
the small intestine and which is necessary for intestinal peristalsis. After vagotomy,
gastric distension causes very much weaker phasic contractions than are seen in the
vagally innervated stomach [149]. The residual responses to distension are reduced
by hexamethonium, indicating that there is a component of the enhancement of
gastric peristaltic waves that is due to intrinsic reflexes. Furthermore, if the mus-
carinic receptor agonist, carbachol, is applied to the isolated stomach in which all
nerve-mediated events have been prevented by tetrodotoxin, gastric peristaltic
waves are restored [156]. This suggests that neuronal circuits are not required to
co-ordinate peristaltic movement, direct excitation of the muscle being sufficient.
IPAN:Ss, the types of neurons through which reflexes in the intestine are initiated are
absent or very rare in the stomach [27].

It is concluded that gastric peristalsis is a consequence of contractions that are
induced in the muscle by slow waves that are themselves generated by the pace-
maker activity of ICC [157].

The Small Intestine and Colon

These regions rely on the ENS to direct various patterns of movement. In the small
intestine, these patterns are rapid orthograde propulsion of contents (peristalsis),
mixing movements (segmentation), slow orthograde propulsion (the migrating
myoelectric complex, MMC) and retropulsion (expulsion of noxious substances
associated with vomiting). In the large intestine there are mixing and propulsive
movements, including the colonic MMC [46]. To orchestrate these movement
patterns, the state of the intestine is sensed and appropriate motor patterns are
generated through ENS circuits. The structural organisation of the circuits that
detect the state of the small intestine, integrate the information and direct the
activities of motor neurons is known (Fig. 3.6) and the colonic circuits appear to
be similar [126, 158], but the mechanisms, within the integrative circuitry, through
which one pattern of activity is converted to another are not known. Signals that
trigger changes in patterns of movement in the small intestine have been identified.
For example, fatty acids added to the luminal surface convert propulsive contractile
activity to mixing movements, through a neural mechanism [159]. Conversion from
one pattern to another can also be achieved with some drugs that target enteric
neurons [160].
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Fig. 3.6 Nerve circuits for control of motility in the small intestine. This diagram is based on
studies in the guinea-pig small intestine. Similar component neurons have been identified in the
small intestine of other species, including human, and in the large intestine. This is a simplified
circuit diagram showing the major circuit features that have been identified. Networks of
interconnected intrinsic sensory neurons (IPANS, red) detect mechanical distortion and luminal
chemistry. These synapse with descending (yellow) and ascending (green) interneurons, and
connect with excitatory muscle motor neurons (b/ue) and inhibitory muscle motor neurons
(purple) directly and via interneurons. Based on Furness JB. The Enteric Nervous System. Oxford:
Blackwell 2006

Neural Control of Fluid Movement: Secretomotor
and Vasomotor Reflexes

It is essential that the movement of fluid between the lumen of the intestine and the
body fluid compartments is regulated. More than two blood volumes cross the
mucosal epithelial surface each day, and disruption of fluid transport regulation,
such as occurs in cholera intoxication, is life-threatening.

One reason for the large flux is that the absorption of sugars (monosaccharides)
and amino acids is through cation-coupled transporters. Thus the absorption of a
glucose molecule through the sodium/glucose linked transporter (SGLT) brings
with it a sodium ion together with counter ions, mainly chloride. It is calculated that
100 g of absorbed glucose takes with it 1.8 L of water [27, 161]. Enteric reflexes,
through activation of secretomotor neurons, return water and electrolyte to the
lumen (Fig. 3.7). This fluid is drawn from the circulation and from the absorbed
fluid. Enteric secretomotor reflexes cannot act in isolation, they must be modulated
to take into account whole body fluid balance. This control is exerted through blood
volume and blood pressure detectors that change the activity of two sympathetic
pathways, vasoconstrictor pathways and secretomotor inhibitory pathways
(Fig. 3.7) [27, 162].

The fine control of fluid balance through local (ENS) and systemic (sympathetic)
reflexes is thrown into chaos when there is an excessive luminal content of certain
pathogens or their toxins. These agents, including cholera toxin, rotavirus and
pathogenic E. coli, activate enteric secretomotor neurons. In mild cases, this
stimulates diarrhea that helps expel the pathogens and their toxic products.
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Fig. 3.7 Neural control of transmucosal water and electrolyte movement in the small intestine.

The final secretomotor neuron of reflexes that play an essential role in balancing local fluid fluxes

and in whole body water and electrolyte balance is illustrated. Large volumes of fluid are absorbed
from the lumen with nutrients, such as glucose. These fluids are returned through secretomotor
reflexes. The absorption of nutrients with fluid activates enteric secretomotor reflex pathways that
impinge on the secretomotor neurons. It is important that the balance of this fluid exchange is
modulated by sympathetic vasoconstrictor and secretomotor inhibitory pathways. Activity in these
sympathetic pathways, which inhibit secretion and reduce local blood flow, is determined by
whole body fluid status, which includes sensory detection through blood volume detectors,
baroreceptors and osmoreceptors. Modified from Furness JB. The Enteric Nervous System.

Oxford: Blackwell 2006

However, when there are high levels of pathogens or toxins, the intestine is
overwhelmed and a pathological, life-threatening hypersecretion can ensue. The
hypersecretion results in copious diarrhea. Infectious diarrhea causes about 1.5
million deaths a year, primarily in underdeveloped tropical countries [163].
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Entero-Enteric Reflexes

Figure 3.1 shows the intestinofugal neurons that have cell bodies in the digestive
tract and project to sympathetic ganglia, other organs and to the CNS. Only the roles
of those projecting to the sympathetic ganglia are known. These intestinofugal
neurons are in the afferent limbs of entero-enteric reflexes, that pass from distal to
proximal regions through sympathetic ganglia, where intestinofugal neurons form
synapses [27, 164, 165]. The reflex pathways bypass the CNS. Distension of
segments of intestine activates the reflex pathways, causing sympathetic inhibition
of motility in more proximal regions. In the case of the stomach, acid or hypertonic
solution in the lumen of the upper small intestine causes inhibition of gastric
motility and emptying into the duodenum through entero-enteric reflexes [166,
167]. The entero-enteric reflex that is initiated by fat in the distal intestine and
slows transit in the proximal small intestine is referred to as the ileal brake
[168]. Thus the reflexes arise in distal regions and regulate more proximal regions,
so that luminal contents that arrive at more distal regions are adequately processed
proximally.

Summary and Conclusions

Neural control of the gastrointestinal tract is exerted by integration of signals that
originate in the CNS and ENS. Gastrointestinal function is maintained in the
absence of influence from the CNS, but if ENS control of the intestine is lost,
propulsion of content in the affected region is ineffective, which is life-threatening.
Three major regions of the CNS connect with the gastrointestinal tract, the brain
stem through the vagus nerve, the thoracolumbar spinal cord through spinal afferent
and sympathetic efferent pathways, and the lumbosacral spinal cord through pelvic
nerve afferent and efferent pathways. Vagal afferents carry mechanoreceptive and
chemoceptive information from the esophagus, stomach and intestine to the CNS,
but do not signal pain. Thoracolumbar and lumbosacral afferents both signal pain of
gut origin. In addition, there is cervical afferent innervation of the upper esophagus.
The primary control centers for the smooth muscle esophagus, lower esophageal
sphincter, stomach, gallbladder and pancreas are in the CNS; they exert control
through vagal efferent pathways. The vagal neurons that control gastric motility,
acid secretion and hormone release form synapses in the ENS. The major efferent
connections of sympathetic pathways are to myenteric ganglia, through which
gastrointestinal movements are inhibited, to submucosal ganglia, through which
fluid movement into the lumen is inhibited, and to intramural arteries that are
constricted by sympathetic nerve activity. The efferent pelvic nerves convey the
outputs of the lumbosacral defecation centers.

The enteric nervous system consists of many thousands of interconnected
ganglia that extend from the upper esophagus to the internal anal sphincter. These
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ganglia in human contain in total about 200—600 million neurons. Motor neurons in
the enteric ganglia supply all major effectors in the gastrointestinal tract. In the
small and large intestines, the ENS contains full reflex pathways that are essential to
direct the movements of these parts of the digestive tract. Another critical role of the
ENS, in concert with signals from the CNS, is whole body fluid balance. This is
necessary because of the very large fluid load that is contributed to by water and
electrolyte movement that is associated with nutrient digestion and absorption. The
ENS contains a type of neuron not found anywhere else in the periphery. These are
intestinofugal neurons, with cell bodies in enteric ganglia, that send their axons to
sympathetic ganglia, to other organs (the pancreas, gallbladder and trachea), and to
the CNS via the vagus and pelvic nerves. Thus the digestive tract is controlled
through integrating centers in the brainstem, spinal cord, sympathetic ganglia and
gut wall that are extensively interconnected through conventional afferent and
efferent pathways and via the intestinofugal neurons.
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Chapter 4
Intestinal Barrier Function
and the Brain-Gut Axis

Carmen Alonso, Maria Vicario, Marc Pigrau, Beatriz Lobo,
and Javier Santos

Abstract The luminal-mucosal interface of the intestinal tract is the first relevant
location where microorganism-derived antigens and all other potentially immuno-
genic particles face the scrutiny of the powerful mammalian immune system. Upon
regular functioning conditions, the intestinal barrier is able to effectively prevent
most environmental and external antigens to interact openly with the numerous and
versatile elements that compose the mucosal-associated immune system. This
evolutionary super system is capable of processing an astonishing amount of
antigens and non-immunogenic particles, approximately 100 tons in one individual
lifetime, only considering food-derived components. Most important, to develop
oral tolerance and proper active immune responses needed to prevent disease and
inflammation, this giant immunogenic load has to be managed in a way that
physiological inflammatory balance is constantly preserved. Adequate functioning
of the intestinal barrier involves local and distant regulatory networks integrating
the so-called brain-gut axis. Along this complex axis both brain and gut structures
participate in the processing and execution of response signals to external and
internal changes coming from the digestive tract, using multidirectional pathways
to communicate. Dysfunction of brain-gut axis facilitates malfunctioning of the
intestinal barrier, and vice versa, increasing the risk of uncontrolled immunological
reactions that may trigger mucosal and brain low-grade inflammation, a putative
first step to the initiation of more permanent gut disorders. In this chapter, we
describe the structure, function and interactions of intestinal barrier, microbiota and
brain-gut axis in both healthy and pathological conditions.
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Abbreviations

ACTH Corticotropin

CNS Central nervous system

CRF Corticotropin-releasing-factor

DSS Dextran sulphate sodium

ENS Enteric nervous system

GALT Gut-associated lymphoid tissue

GCs Goblet cells

HNPs Human neutrophil peptides

HPA Hypothalamic pituitary-adrenal axis
IBD Inflammatory bowel disease

IBS Irritable bowel syndrome

JAMs Junctional adhesion molecules

MAPKSs Mitogen-activated protein kinases
MARVEL MAL and related proteins for vesicle trafficking and membrane link
MLC Myosin light chain

MLCK Myosin light chain kinase

MUC Mucins

NGF Nerve growth factor

NLRs Nod-like receptors

NOD Nucleotide-binding oligomerization domain
PAMP Pathogen-associated molecular patterns
POFUT1 Protein O-fucosyltransferase 1

PRR Pattern recognition receptors

RELM Resistin-like molecule

TJs Tight junctions

TNBS Trinitrobenzene sulphonic acid

70 Zonula occludens

Introduction

The survival of living organisms greatly depends on the ability of species and
individuals to constantly provide a series of complex and dynamic repository
responses to counteract internal and environmental threats. This functional equi-
librium, named homeostasis, relies upon the adequate integration of every gener-
ated response to a threat. At the gastrointestinal level, the mucosal surfaces are the
first location where immunogenic particles, environmental toxins and
microorganism-derived antigens gain access to the immune system [1]. The luminal
side of the mucosa of the ileum and jejunum is coated with hundreds of tiny finger-
like structures called villi, which in turn are composed by myriads of microvilli,
rendering a final physical contact area of about 400 m?. This enormous epithelial
surface area favours nutrient absorption and water and electrolyte transport across.
However, it also designed to select which luminal antigens should face the
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components of the mucosal-associated immune system. This selection process is
aimed at preventing the generation of inadequate pro-inflammatory signals
[2]. Mucosal processing of antigens and non-immunogenic molecules will at the
end, determine whether tolerogenic or non-tolerogenic immune responses are
raised to keep homeostasis [3].

The intestinal mucosal barrier consists of different consecutive layers, including
the intestinal flora and external mucus, the columnar epithelium and extracellular
matrix below, and the innermost lamina propria. Within the lamina propria we can
find blood and lymph vessels, a plethora of resident immune cells (plasma cells,
lymphocytes, macrophages, eosinophils, mast cells, dendritic cells, etc.), and a
significant number of intrinsic and extrinsic nerve terminals (Fig. 4.1). All of
these components may display effector and modulatory functions relevant to the
control of inflammation, absorption and secretion, transport of macromolecules and
metabolic processes [4]. Considerable evidence now supports the existence of
multidirectional communication between the components of this local regulatory
network [5, 6]. Communication is driven by the release of chemical mediators, such
as neuropeptides, neurohormones, neurotransmitters, cytokines, chemokines,
growth factors, and other regulatory molecules.

The regulation of gut physiology is also achieved through the activity of both the
enteric nervous system (ENS) and the central nervous system (CNS). ENS is an
extensive neural network, also known as the second brain, containing approxi-
mately 100 million neurons embedded in the gastrointestinal lining, similar number
to the spinal cord [7]. The ENS contains sensory neurons, inter-neurons, and motor
neurons, which primarily control motility, absorption and secretion, but also vis-
ceral sensitivity. In addition, the ENS is wired with multiple terminals from
ascending and descending CNS pathways that help to control gut function. To
understand gut physiology and pathology, it is of particular importance to consider
the role of the autonomic nervous system, and the hypothalamic pituitary-adrenal
axis (HPA) because both systems also establish a vast and complex array of
integrative and bidirectional interactions between the brain and the gut, the brain-
gut axis.

The Intestinal Barrier

The intestinal barrier has evolved to guarantee homeostasis through the execution
of basic weeping off functions, such as water secretion, to wash off harmful sub-
stances that may be present in the intestinal lumen, and by the development of a
programme, that includes active immunological surveillance. One of the first steps
to fight unwanted or harmful stimuli involves the release of mucus, defensins,
secretory-immunoglobulin A, and other chemical mediators to the lumen [8]. In
addition, the importance of maintaining epithelial permeability tight to prevent the
passage of noxious substances, was emphasized in the early 1990s [9], and reiter-
ated by many authors thereafter.
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Fig. 4.1 Intestinal barrier function. The intestinal barrier has evolved to guarantee homeostasis
through the execution of basic weeping off functions, such as water secretion and intestinal
peristaltism, and by the development of immunological surveillance. This barrier is composed by
several levels of protection aimed at preventing and selecting toxin and antigen penetration across.
The most external laters harbours mucus, enzymes, antimicrobial peptides and the intestinal
microbiota. Just below, a single-cell layer of epithelial cells, sealed by intercellular junctions,
regulates the transcellular and paracellular passage of substances. Intermingled goblet cells secrete
mucins that dissolve in water to form mucus, a major contributor to the retention of secretions
containing antibacterial peptides and digestive enzymes, and to keep epithelial hydration. The
epithelium also displays microbial recognition receptors and is able to release immune mediators.
Lamina propria leukocytes produce proteases and cytokines to modify epithelial secretory activity
and permeability range of the epithelium. M cells are found in the follicle-associated epithelium of
the Peyer’s patches and transport antigens from the luminal side to immune cells across the
epithelial barrier. IgA is produced by plasma cells, and transported through, and secreted by, the
epithelium to the luminal side. Both, the central and the enteric nervous system, interact with
the immune system, the smooth muscle and the epithelium to regulate immune responses, absorp-
tion and secretion, motility, and also visceral sensitivity. Note: [EL intraepithelial lymphocyte

Structure and Function of Intestinal Barrier

Mucus

The entire intestinal mucosal surface is covered by a layer of mucus gel, thicker
than 100 pm secreted by goblet cells (GCs). Mucus protects the epithelial lining
from luminal sheer forces, adhesion and invasion by microorganisms, dietary,
chemical and radiation toxins, and other antigens present in the intestinal lumen
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[10]. The mucus layer also contributes to the retention of mucosal secretions
containing antibacterial peptides and digestive enzymes [11, 12] and keeps epithe-
lial hydration. Mucus seems to participate in epithelial renewal, differentiation and
integrity, and relates to other biological processes [13]. More recently, mucus has
also been shown to enhance oral tolerance by imprinting dendritic cells with anti-
inflammatory properties through the assembly of a galectin-3-dectin-1-FcyRIIB
receptor complex that activated B-catenin, interfering with the expression of inflam-
matory, but not tolerogenic cytokines by dendritic cells [14].

Components of mucus include water, phospholipids, the negatively charged
mucins (MUC), which provide a chemical barrier to protect the underlying epithe-
lium, and a variety of trefoil factors and other antimicrobials such as secretory IgA
[15], cathelicidins and defensins that provide the physical and immune protection
against luminal agents [16]. Mucus secreted at the apical brush border binds the
glycocalyx to form a viscoelastic gel with hydrophobic and surfactant properties,
dependent on the presence of phospholipids at the most apical part. Hydrophobicity
helps to fight enteric bacteria and to regulate gut permeability [17].

MUC represent the most abundant component of the mucus gel. MUC are huge
glycoproteins composed of a central protein backbone rich in serine, threonine and
proline. These glycoproteins are highly glycosylated by attached oligosaccharides,
which contain blood group structures and are initiated by N-acetyl-galactosamine
that is O-linked onto serine or threonine at the protein core [18—20]. These O-linked
oligosaccharides are responsible for MUC properties. Up to 20 different MUC
genes have been identified to date (MUCI1 to MUC20) [21], with site and cell-
specific expression. Several secreted mucins (MUC2, MUC5AC, MUCS5B, and
MUCS6) function as extracellular viscous secretions whereas others appear as
membrane-associated mucins (MUC1, MUC3 and MUC4) in the glycocalyx
[22]. MUC1-4 represent the most abundant secreted mucins in the human intestine.
The first identified human secretory mucin was MUC?2 that is also the principal
secreted MUC [23], and is normally restricted to GCs [24]. In mice, it has been
shown that colonic mucus consists of two layers with similar protein composition,
being MUC?2 the major structural component. The inner layer is firmly attached to
the epithelium and functions as a barrier to prevent bacterial invasion while the
outer layer is a loose matrix usually colonized by bacteria [25]. Thickness of the
inner mucus layer varies down along the intestine according to luminal concentra-
tion of bacteria, being thicker at the highly colonized colonic segment, and thinner
at the less colonized small intestine [26]. Baseline secretion of MUC is a constitu-
tive pathway where small vesicles transport MUC directly to the cell surface where
immediate and full exocytosis of their contents takes place. The release and
secretion of packaged MUC is a different pathway regulated by specific stimuli
including microbes and their products, and neuroendocrine and inflammatory/
immune mediators. Mucus production is tightly regulated by different protein
families, such as MUC and protein O-fucosyltransferase 1 (POFUT1) family
members. Dysfunction of mucus secretion can lead to the development of intestinal
inflammation as shown by the susceptibility of MUC2 KO mice to develop spon-
taneous colitis, and by a more severe intestinal response to the administration of
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dextran sulphate sodium (DSS) [27]. These mice also display impaired host resis-
tance to parasitic infection [28], and over-enhanced susceptibility to Salmonella
enterica serovar typhimurium [29]. Decreased production and alteration of the
O-glycosylation profile of MUC?2 has been associated with increased inflammation
in ulcerative colitis [30, 31]. Moreover, increased susceptibility to ulcerative colitis
[32] and Crohn’s disease [33] has been linked to a rare variable number of tandem
repeat alleles of the MUC3 gene. Mice defective in intestinal POFUT1 exhibit
chronic intestinal inflammation in association with an alteration of mucus-
associated flora, goblet cell hyperplasia and hypertrophy and elevated production
of mucus [34].

Resistin-like molecule (RELM)- is a cysteine-rich protein also present in the
mucus layer and specifically produced by intestinal GCs. RELM- upregulates
MUC2 and M1/MUCSAC gene expression in the human colonic HT29 cell line.
Pretreatment of murine colon with RELM-f significantly attenuates trinitrobenzene
sulphonic acid (TNBS)-induced colitis [35] while RELM-f deficient mice show
increased susceptibility to T-cell-dependent TNBS-induced colitis. Therefore,
available evidence suggests that RELM-f plays an important role in colonic
inflammation [36].

Trefoil factors, a group of small cysteine-rich peptides, are also essential pro-
tective components of the mucus layer and contribute to mucosal repair, particu-
larly, the trefoil factor 3 synthesized and secreted by intestinal GCs [37, 38]. Trefoil
factor 3 deficient mice are highly susceptible to DSS, chemotherapy and radiation-
induced colitis [39, 40], and display prominent hypoxia-elicited increases in intes-
tinal permeability [41].

Epithelial Lining

The intestinal epithelium is a single polarized continuous layer of columnar cells of
only 20 pm thick that covers the intestinal surface and separates the intestinal lumen
from the internal milieu. Although it functions primarily as a physical barrier, it also
regulates the absorption of dietary nutrients, water and electrolytes. The passage of
molecules from the intestinal lumen to the lamina propria takes place mainly
through two different routes: (1) The paracellular pathway, which allows small
molecules (<600 Da) diffuse through tight junctions (TJs) located between adja-
cent intestinal epithelial cells; and, (2) The transcellular pathway, which allows the
passage of larger particles through the epithelial cells via endocytosis or exocytosis
processes [42].

The intestinal epithelium contains several stem cell-derived cellular types, such
as absorptive enterocytes, GCs, Paneth cells, enteroendocrine cells, and M cells, as
shown in panel 1 of Fig. 4.2. This epithelial population renews every 3-5 days from
pluripotential stem cells located in the intestinal crypts to ensure cellular integrity
all along the intestinal epithelium. Pluripotential stem cells migrate to the tip of the
villus where final differentiation takes place [43]. Signalling cascades such as the
wnt and the Notch pathway are involved in epithelial proliferation and differenti-
ation, essential processes to regulate homeostasis in the intestinal epithelium [44].
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Fig. 4.2 Ultrastructure of the intestinal mucosa. Transmission electron micrographs of the
intestinal epithelium and the lamina propria of the human jejunum. The intestinal mucosa is
responsible for nutrient absorption and water secretion, which require a selectively permeable
barrier. Panel 1—Intestinal epithelium. The epithelium functions primarily as a physical barrier
between the external environment and the internal milieu. It is composed by enterocytes, secretory
cells and immune cells, all supported on the basal side by a basement membrane underneath which
the lamina propria harbors blood and lymph vessels, resident immune cells and nerve terminals.
GC goblet cell, IEL intraepithelial lymphocyte, EC enterochromaffin cell, Ep epithelial cell. Panel
2—Intercellular junctions. The epithelial cells are polarized cells bound together through
specific junctions. The apical junctional complex delineates the apical and the basal regions of
the epithelial cells. It limits the uptake of microbial and food-derived antigens and prevents the
passage of cellular elements across. TJs are located at the most apical site of the epithelium
followed by the subjacent adherens junction and the desmosomes. T/ tight junction, AJ adherens
junction, D Desmosome. Panel 3—Lamina propria. Most of the immune elements of the
intestinal barrier are located in the lamina propria, where they develop innate and adaptive
responses in coordination with the nervous system and the epithelium. Eo eosinophil, NE nerve
endings, PC plasma cell, MC mast cell, L lymphocyte, Ep epithelial cell

Enterocytes

Enterocytes are key elements of the epithelial lining. Although, the most important
endeavour of these cells is to maintain the integrity of the intestinal physical barrier,
enterocytes reinforce barrier strength by also developing immunologic activity.
Enterocytes express innate immune receptors [45], act as non-professional antigen
presenting cells, and release several chemokines and cytokines such as fractalkine
[46] or thymic stromal lymphopoietin [47] involved in leukocyte recruitment and in
dendritic cell regulation.

Enterocytes are tightly bonded to each other through the apical junctional
complex that separates the apical membrane from the basolateral membrane. This
apical junctional complex is composed TJs, adherens junctions, and desmosomes,
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as shown in panel 2 of Fig. 4.2. The junctional complex limits the uptake of
microbial and food derived antigens and prevents the passage of cellular elements
across. TJs are located at the most apical site of the epithelium and composed of
intracellular and surface-membrane proteins. Intracellular proteins are zonula
occludens (ZO)-1, ZO-2 and ZO-3, as well as cingulin. Surface-membrane or
transmembrane proteins include occludin, claudins, and junctional adhesion mole-
cules (JAMs). TJs seal the intercellular space and regulate intestinal permeability.
Adherens junctions are located below TJs and mainly composed by e-cadherin,
catenin, and actin filaments. These protein complexes provide the necessary
strength to hold the cells together.

Occludin was the first TJ transmembrane protein identified. It belongs to the
TJ-associated MAL and related proteins for vesicle trafficking and membrane link
(MARVEL) proteins, and contains a MARVEL domain. The function of occludin
remains to be elucidated. On one hand, occludin deficient mice do not show
alterations in TJ assembly and permeability [48], but, on the other hand, occludin
seems to play a role in the regulation of integrity rather than in the de novo
assembly of the TJs [21]. Furthermore, in vitro observations suggest that occludin
localization to the TJ complex is regulated by phosphorylation [49]. Regulation of
occludin phosphorylation implicates several kinases including protein kinases C,
mitogen-activated protein kinases (MAPKs), Rho kinases, and the Src-Family
kinases [50]. When occludin is highly phosphorylated on serine and threonine
residues, it is selectively located at the TJ. In contrast, occludin dephosphorylation
at those residues by protein phosphatases, results in redistribution of the protein to
the cytoplasm [24].

The claudin family of transmembrane proteins consists of 24 members with a
molecular weight ranging from 20 to 27 kDa. Each member shows a specific organ
and tissue distribution. This protein family plays a central role in the regulation of
barrier function. Some claudins make up pores that allow preferential passage of
specific ions, while others reduce the transit of specific ions. The strength, size, and
ion selectivity of TJs is determined by claudins, as reflected by massive trans-
epidermal water loss and death of mice within one day of birth affecting claudin-1
deficient mice [51]. Moreover, segmental barrier properties along the crypt-villus
axis and throughout the length of the intestine do correlate with the disposition of
claudins [52, 53]. In the human intestine, both ileal and colonic mucosa express
tightening claudins-1, -3, -4, -5 and -7 [54, 55]. However, the expression of the
permeability mediator claudin-2 is restricted to the crypt, in the colon [30, 56], yet
detected in the crypt and the villus, in the small bowel [31]. Differences in the
expression and distribution of claudins may reflect adaptation to specific physio-
logical functions carried out by the different segments down the intestinal tract.

A third group of transmembrane receptors found at TJs is the family of JAMs.
JAMs have been implicated in the construction and assembly of TJs [57], and in the
regulation of intestinal permeability and inflammation [58]. JAM-A deficient mice
display increased intestinal permeability and inflammatory cytokine production,
and marked epithelial apoptosis to DSS-induced colitis [59]. More recently,
reduced intestinal JAM-A expression has been described in irritable bowel
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syndrome (IBS) patients, possibly contributing to intestinal barrier dysfunction in
these patients [60]. JAMs are also present on blood cells, such as leukocytes,
thereby contributing to the process of trans-endothelial migration [61].

The TJ transmembrane proteins, claudins, occludin, and JAMs are linked to the
actomyosin fibers of the cytoskeleton by members of the ZO family [62]. This
association to the peri-junctional actomyosin ring seems crucial for the dynamic
regulation of permeability at paracellular spaces. Interestingly, only ZO-1 and ZO-2
are relevant for claudin recruitment, TJ formation and for epithelial barrier
function [63].

Far from being static, TJs are quite mobile structures that readily adapt to
changing conditions and challenging stimuli. Regulation of intestinal permeability
involves different functional pathways. Fast changes in permeability occur usually
via myosin light chain kinase (MLCK)-mediated cytoskeleton contraction, and by
endocytosis of TJ proteins [64, 65]. In contrast, lasting permeability disturbances
involve the transcriptional modulation of TJ proteins, epithelial cell apoptosis and
ultrastructural alterations in the epithelium [66].

Phosphorylation of myosin II regulatory light chain (MLC) induces actomyosin
cytoskeleton contraction and increased TJ junction permeability. Rho GTPases
have been shown to regulate TJs through redistribution of ZO-1, and reorganization
of JAM-1 away from the TJ membrane [67]. Up-regulation of zonulin expression
increased intestinal permeability to bacterial and gliadin exposure. In fact, this
zonulin-mediated intestinal barrier defect has been advocated to play a central role
in the origin of celiac disease [68] and type 1 diabetes [69].

Secretory Cells

The intestinal epithelium also houses different types of specialized epithelial called
secretory cells that contribute to the reinforcement of the intestinal epithelial
barrier, mainly goblet cells, Paneth cells and enteroendocrine cells.

GCs are scattered through the epithelial lining. GCs that mainly secrete mucins,
but also trefoil peptides, RELM-p and Fc-y binding protein. GC distribution varies
throughout the gastrointestinal tract, the number increasing from the duodenum to
the distal colon. The number of GCs is probably regulated by the intestinal
microbiota because germ-free mice have less and smaller GCs than regular
mice [70].

Paneth cells are located at the base of the crypts of Lieberkiihn. Similar to the
other intestinal epithelial cell types, they evolve from stem cells at the bottom of the
crypt. Contrary to other cell types, Paneth cells migrate downwards, to the bottom
of the crypt, where they synthesize and secrete antimicrobial peptides and other
proteins to the intestinal lumen. Among them, lysozyme, a-defensins, TNF-a, and
secretory phospholipase A2 type IIA, contribute to maintain host-microbe homeo-
stasis and to protect stem cells from pathogens [71, 72]. Certain defects in Paneth
may be linked to the pathogenesis of Crohn’s disease [73, 74] and necrotizing
enterocolitis [75, 76].
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Gut enteroendocrine cells spread all along the intestinal epithelium where they
function as highly specialized chemoreceptors sensing changes in luminal osmo-
larity, pH and nutrient composition. Although they represent less than 1 % of the
entire gut epithelial population, enteroendocrine cells constitute the largest endo-
crine organ of the human body. Products released by enteroendocrine cells include
hormones, such as ghrelin, somatostatin, cholecystokinin, gastric inhibitory poly-
peptide, glucagon-like peptides and peptide YY, and neurotransmitters such as
serotonin [77]. Enteroendocrine cells inform the brain-gut axis mostly through
the activation of neural pathways [78].

The Intestinal Imnmune System

Mucosa-associated lymphoid tissue is a diverse and diffuse defence system found at
most mucosal surfaces of the body, such as the respiratory system and the eye
conjunctiva. The immune response generated by this system provides generalized
immunization at all mucosal surfaces [79]. About 70 % of whole body’s immune
cells reside within the gastrointestinal tract shaping the gut-associated lymphoid
tissue (GALT), which is conformed in two different compartments: the organized
immune inductive sites, and the diffuse effector sites.

Diffuse GALT is composed of two lymphocyte populations distributed at both
sides of the basal lamina. Intraepithelial lymphocytes are found between epithelial
cells, above the basal lamina. Lamina propria lymphocytes reside in lamina propria
along with many other types of immune cell, such as eosinophils, dendritic cells,
mast cells, macrophages or plasma cells (panel 3 of Figs. 4.2 and 4.3). The majority
of intraepithelial lymphocytes are CD8+ T cells that function as surface gatekeepers
of the intestinal barrier because the constantly monitor and respond against luminal
bacteria and other antigens. Lamina propria lymphocytes constitute a much more
heterogeneous population, approximately 50 % of which correspond to plasma
cells, 30 % to T lymphocytes, and the remaining 20 % to macrophages, dendritic
cells, mast cells and eosinophils. Resident B lymphocytes complete their matura-
tion into plasma cells, mostly producing IgA, but IgM and IgG. Activated T and
B-lymphocytes express a4p7 integrin and mucosal endothelial cells of Peyer’s
patches, mesenteric lymph nodes and lamina propria of the small and large
intestine constitutively express the mucosal addressin cell adhesion molecule-1
that interacts with o4p7 integrin to recirculate lymphocytes between the blood
and the gastrointestinal tract [80].

Inductive sites of the GALT include organized lymphoid structures in the small
intestine such as Peyer’s patches, mesenteric lymph nodes, isolated lymphoid
follicles, and lymphocytes and antigen-presenting cells. Peyer’s patches are mac-
roscopic lymphoid aggregates found at the submucosal levels in the antimesenteric
border of the intestine. The follicle-associated epithelium covering Peyer’s patches
contains M cells, another special cell type that plays a role in monitoring the gut
lumen and maintaining intestinal barrier function. M cells display several unique
properties including apical microfolds instead of microvilli, no mucus layer, and a
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Fig. 4.3 Resident immunocytes in the intestinal mucosa. The majority of the immune cells within
the body reside in the gastrointestinal tract (Gut-associated lymphoid tissue, GALT), and are
distributed in two different compartments: the organized inductive sites, and the diffuse effector
sites. The diffuse GALT is composed of intraepithelial lymphocytes, between the epithelial cells,
and the lamina propria lymphocytes, which reside below the basal lamina, along with other
immune cells. The figure shows intestinal micrographs (x400 magnification) processed for
H&E staining to identify mucosal eosinophils (/), and immunohistochemistry for
T-lymphocytes (2, CD3"), B-lymphocytes (3, CD20"), macrophages (4, CD68"), plasma cells
(5, CD138"), and mast cells (6, CD117%)

reduced glycocalyx, which facilitate the capture of luminal antigens and microor-
ganisms and their transport to contact underlying immune cells [81]. Peyer’s
patches also contain antigen-presenting cells, mainly dendritic cells, but also
macrophages. These antigen-presenting cells capture luminal antigens (taken up
by M cells in the Peyer’s patch dome), to further process and present them to
immunocompetent cells in association with the major histocompatibility complex.

Innate immunity is present in both animals and plants [82]. It serves the host
defence via immediate, but non-specific, responses to a wide variety of pathogens.
The main components of innate immune response include pattern recognition
receptors (PRRs), and antimicrobial peptides.
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PPRs are a class protein that responds to small molecular sequences consistently
found on pathogens, named pathogen-associated molecular patterns (PAMP). PRRs
include Toll-like receptors (TLRs) and Nod-like receptors (NLRs).

The TLR family consists of at least 13 transmembrane receptors containing a
large leucine-rich repeats extracellular domain that recognizes different bacterial,
viral, parasite or self-derived ligands, such as lipopolysaccharide, peptidoglycan,
muramyl dipeptide, lipoteichoic acids, and bacterial DNA. After activation upon
PAMP recognition, TLRs initiate downstream signalling cascades, leading to
transcriptional responses and to the initiation of both innate immune responses
(macrophage activation and induction of antimicrobial peptides for various cell
types) and the adaptive immune response (induction of T cell responses and
maturation of dendritic cells) [83]. In many tissues, mast cells, dendritic cells,
monocytes/macrophages and B cells express TLRs [84]. Healthy intestinal epithe-
lial cells express relatively low levels of TLRs, such as TLR-4, perhaps explaining
why lipopolysaccharide does not induce a potent inflammatory response in normal
intestine [85]. By contrast, and consistent with the idea that chronic intestinal
inflammation may be the result of uncontrolled responses to components of the
intestinal bacterial flora, the intestinal epithelium of patients with inflammatory
bowel disease (IBD) shows increased expression of TLR-4 [86]. The cellular
localization of TLRs is also influenced by the polarized epithelial cell organization.
TLRS is expressed on the basolateral surface of intestinal epithelia only, where if
becomes stimulated by luminal flagellin exposure when disruption of the epithelial
barrier. Therefore, its localization prevents inappropriate stimulation by flagellin,
but allows recognition of invasive pathogens [87]. Similarly, TLR9 activation
through apical and basolateral surface domains induces distinct transcriptional
responses. Whereas basolateral TLRO strongly stimulates proinflammatory chemo-
kine secretion, through NF-kappaB activation, apical TLR9 stimulation invokes a
unique response in which ubiquitinated IkappaB accumulates in the cytoplasm
preventing NF-kappaB activation conferring mucosal tolerance towards microbial
exposure [88].

NLR constitutes a large family of 23 intracellular PRRs, being nucleotide-
binding oligomerization domain (NOD)1, NOD2 and NALP3 the most extensively
described. NOD1 and NOD?2 recognize intracellular bacterial cell products, and
NALP3 responds to multiple stimuli to form a multi-protein complex termed the
NALP3 inflammasome, which promotes the release of the IL-1 family of cytokines.
Most NLRs share a similar structure consisting of a centrally located NOD, a
C-terminal leucine-rich repeat that detects PAMPs, and a variable N-terminal
domain that is critical for downstream signalling through the recruitment of adap-
tors or effector molecules [89]. NODI recognizes vy-D-glutamyl-meso-
diaminopimelic acid, which is found in the peptidoglycan structures of all gram-
negative as well as in several gram-positive bacteria [90]. In contrast, NOD2
recognizes muramyl dipeptide, which is found in nearly all gram-positive and
gram-negative organisms [91]. Upon ligand recognition, NOD1 and NOD2 induce
the activation of NF-kappaB and MAPKs pathways leading to the activation of both
innate and adaptive immune responses. In contrast, other NLRs such as Ipaf and
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cryopyrin respond to microbial components through the assembly of multiprotein
complexes termed “inflammasomes” that promote caspase-1 activation to generate
the proinflammatory cytokines IL-1B and IL-18 [92]. NODI1 is expressed by
intestinal epithelial cells [93] while NOD2 expression is predominantly found in
monocytes and Paneth cells [73]. Both NOD1 and NOD2 have been shown to
modulate inflammation and mediate efficient clearance of bacteria from the muco-
sal tissue during Salmonella colitis [94]. In addition, NOD2-deficient mice display
an increased load of commensal resident bacteria, and a diminished ability to
prevent intestinal colonization by pathogenic bacteria [95]. NOD-2 mutations
have been identified in Crohn’s disease patients and could be related to an impaired
release of antimicrobial peptides from Paneth cells [96].

Antimicrobial peptides are endogenous antibiotics that are constitutively
expressed in intestinal epithelial cells, yet may be also inducible in immune cells
and Paneth cells [97]. They include compounds such as lactoferrin, hepcidin,
bactericidal/permeability increasing protein, lysozyme and overall, defensins and
cathelicidins.

Defensins are a family of small cationic peptides (29—45 amino acids) that
exhibit a wide and potent antimicrobial activity spectrum against gram-negative,
and gram-positive bacteria, fungal and yeast, parasites, viruses, and even tumor
cells [98]. Defensins have been identified in both prokaryotes and eukaryotes.
Although structurally different, most defensins display cationic and amphiphilic
properties which confer them the capacity to permeabilize the bacterial cell mem-
brane. In mammals, these peptides are expressed in mucosal epithelial cells and
phagocytes, but also are released into the intestinal lumen, several grams daily, by
Paneth cells [99]. Defensins act as effector and regulatory molecules of the innate
immune response. In addition, defensins also enhance adaptive response acting on
phagocytic cells and mast cells to induce the release of inflammatory mediators and
to regulate the complement system. Defensins also interact with dendritic cells and
T cells to increase antigen-specific immune response [100].

These peptides are classified as a and p-defensins according to their disulphide
bond pairing pattern. The human o-defensins 1-4, conventionally referred as to
neutrophil defensin (human neutrophil peptide, HNP), although defensins HNP1-3
are also expressed in epithelial cells of inflammed mucosa [101]. In contrast, human
a-defensin 5 and 6 (HD5 and HD6) are only expressed in Paneth cells of the small
intestine [102]. HD5 has been shown to induce IL-8 expression on intestinal
epithelial cells [103], and to protect mice from DSS colitis and Salmonella infection
[104]. More recently, HD6 has been shown to form fibrils and nanonets that
surround and entangle bacteria to protect the small intestine against invasion by
diverse enteric pathogens [105].

Human f-defensin-1 is constitutively expressed in the small intestine and the
colon. In contrast, Human f-defensins-2-4 expression is inducible [106] in inflam-
matory conditions such as IBD [107, 108] or infection by enteroinvasive
bacteria [109].

The other major class of antimicrobial peptides is the cathelicidin group. In
mammals, about 35 members have been identified, but only one in humans:
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hCAP18/LL37 [110]. Although regarded as neutrophil specific, hCAP18/LL37is
also expressed in other leukocytes, keratinocytes and epithelial cells of the respi-
ratory, genitourinary and gastrointestinal tract [111], and in human breast
milk [112].

Expression of hCAP18/LL37 in human colonic epithelial cells has been related
to cell differentiation [113]. Infection of intestinal epithelial cells by Shigella spp.
inhibits the expression of hCAP18/LL37 [114], while bacterial components such as
sodium butyrate [115] or TLR-ligands such as bacterial DNA [116] induce its
expression.

Acquired immunity is restricted to vertebrates and constitutes a second line of
defence against pathogens. It is driven by B and T lymphocytes through specific
receptors and confers protection against re-exposure to the same antigen. Antigen
binding to these receptors results in clonal expansion of these cells and the initiation
of a directed immune response. Functionally speaking, within the adaptive immu-
nity, we can distinguish inductive and effector compartments. Antigen presentation
and naive T and B-lymphocytes activation occurs in the inductive compartment. In
the effector compartment sensitized cells against different antigens extravasate and
differentiate to carry out the destruction of pathogens. IgA secretion has been
shown to be regulated through TLR-signalling [117] but also by changes in the
composition of intestinal Microbiota [118].

Intestinal Barrier Dysfunction

Stress, Hormones and Neurotransmitters

Stress represents a threat to the internal homeostasis. In response to stress, a
coordinated response is initiated to maintain stability through the autonomic,
endocrine, and immune systems. The main systems activated during the stress
response are the sympatho-adrenomedullary, a component of the sympathetic
division of the autonomic nervous system, and the HPA axis. The autonomic
nervous system provides, through its sympathetic and parasympathetic arms, the
fastest response to stressor exposure, leading to rapid alterations in physiological
state through neural innervation of end organs. Stress activation of the HPA axis
stimulates the parvocellular neurons in the paraventricular nucleus of the hypo-
thalamus to secrete corticotropin-releasing-factor (CRF), which in turn travels to
the anterior pituitary to promote the synthesis of corticotropin (ACTH)
[119]. ACTH, when released into the systemic circulation, activates the adrenal
cortex to induce cortisol and corticosterone secretion that circulate through the
bloodstream to reach every tissue [120]. Adaptation to stress through the activation
of the sympatho-adrenomedullary system and the HPA axis to maintain homeosta-
sis is called “allostasis”. However, excessive stress exposure impairs this adaptive
response, eventually predisposing these subjects to the development of disease or to
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exacerbation of previous existing ones [121], specially in stress-sensitive disorders,
like IBS.

At the experimental level, different type of stresses, acute and chronic, physical
or psychological, have been shown to influence properties of the intestinal barrier
function, including as ion and water secretion, intestinal permeability, mucus
secretion, and also intestinal flora. Ion and water secretion allows the intestine to
wash away noxious substances present in the intestinal lumen, preventing adhesion
to the mucosal surfaces and penetration to the lamina propria. The jejunum of rats
submitted to restraint stress or cold restraint stress was found to show an increase its
baseline short-circuit current, indicative of enhanced anion secretion [122]. Later, it
was observed that peripheral CRF and repetitive exposure to water avoidance stress
reproduced stress-induced rat jejunal and colonic epithelial barrier dysfunction via
cholinergic and adrenergic nerves and mast cells [123, 124]. More recently, it has
been shown that chronic psychosocial stress also activates mucosal mast cells and
increases baseline short-circuit current in both the jejunum and the colon [125]. In
humans, studies using jejunal segmental perfusion techniques reveal that acute
physical or psychological stress either reduce net water absorption or increase
secretion in healthy subjects and in patients with food allergy [126, 127] through
the parasympathetic nervous system and mast cell activation [128]. More recently,
we have extended these observations to show that in healthy female volunteers that
intestinal water secretion during cold pain stress was significantly reduced in those
with moderate background stress compared to those with low stress [129]. This
observation could indicate a loss of regulatory mechanisms in subjects suffering
from continuous life stress.

Both paracellular and transcellular permeability to small and large molecules
increased in response to acute and chronic stress in the rodent jejunum and colon
[130-133]. Several mechanisms, including mast cells, CRF [134], MLCK, and
cytokines like interferon gamma, and interleukin-4 [135] have been implicated.
In humans, it is known that surgery, trauma, and gastrointestinal infections [136]
increase intestinal permeability. CRF has been shown to enhance transcellular
uptake of macromolecules in human colonic mucosa via CRF-R1 and CRF-R2
receptors, located on subepithelial mast cells [137]. Unpublished observations from
our group indicate that intravenous CRF increased intestinal permeability in healthy
subjects and in IBS patients [138]. Acute psychological stress also increases small
intestinal permeability in humans and peripheral CRF reproduces the effect of
stress and mast cell stabilization blocks the effect of both stress and CRF,
suggesting the involvement of mast cells [139]. Cold pain stress also increased
intestinal permeability in female healthy subjects, although this response was larger
in women with moderate background stress. Increased intestinal permeability has
been found in diarrhoea prone IBS patients [140]. These findings provide new
insight into the complex interplay between the central nervous system and gastro-
intestinal function in man.

Acute stress causes mucin release in the rat colon, along with enhanced secretion
of rat mast cell protease II and prostaglandin 2. These changes were reproduced by
intravenous or intracerebral injection of CRF in non-stressed rats, and were
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inhibited by the administration of a CRF antagonist or a mast cell stabilizer
[141]. In addition, stress-induced release of mucin was abolished in mast-cell
deficient mice, highlighting a key role of mast cells in stress-mediated mucin
release [142]. In contrast, rats submitted to chronic stress displayed mucus deple-
tion along with increased bacterial adhesion and penetration into enterocytes [143].

Stress can also induce microbiological changes in the intestinal flora. Maternal
separation in infant rhesus monkeys decreased faecal bacteria, especially
Lactobacilli, and increased their susceptibility to opportunistic bacterial infections
[144]. Similarly, prenatal stress reduced the overall numbers of Bifidobacteria and
Lactobacilli in the newborn infants [145]. Interestingly probiotic treatment ame-
liorates stress-induced changes in the gastrointestinal tract [146] and attenuates the
observed Lactobacilli reduction in maternally-deprived rat pups [147]. In addition
to these microbiological changes, dexamethasone administration in rats enhanced
bacterial adherence to the mucosa, decreased secretory-immunoglobulin A secre-
tion, and increased intestinal permeability [148]. More recently, Soderholm
et al. showed that chronic psychological stress in rats, leads to an increased antigen
and bacterial uptake in follicle associated epithelium from Peyer’s patches [149] as
well as in the villous ileal and colonic epithelium. Emotional stress during take-off
in cosmonauts induced changes in faecal Bifidobacteria and Lactobacillus, as well
as an increase in Escherichia coli, whereas a substantial increase in Enterobacteria
and Clostridia was found after the flight [150]. These stress-induced changes in the
faecal flora have been related to catecholamine release into the intestinal lumen
and/or into the systemic circulation, as the addition of various catecholamines to
cultures of gram negative bacteria resulted in dramatic increases in growth of
E. coli, Yersinia enterocolitica and Pseudomonas aeruginosa [151].

Mast cells are known to modulate stress-mediated responses of the epithelial
barrier function, to orchestrate the mucosal immune function and to participate in
the defence against bacteria [152, 153]. To exert these functions, enteric mast cells
are strategically located within the gastrointestinal tract, developing an optimal
sensory and effector interaction within the local regulatory neuroendocrine net-
works. Upon activation, mast cells act as effector cells, through the selective
(piecemeal degranulation) (Fig. 4.4) or massive release (anaphylactic degranula-
tion) of preformed or newly produced biological mediators. More relevant to stress-
mediated inflammation is their ability to communicate, bidirectionally, with both
the enteric, autonomic and central nervous systems. Anatomical contacts between
mast cells and enteric nerve fibres have been demonstrated in the human gastroin-
testinal mucosa and these contacts increase, when inflammation is present
[154]. An increase in the nerve-to-mast cell proximity in the colonic mucosa of
IBS patients has been positively correlated with the severity and frequency of
abdominal pain [155]. This mast cell-enteric nerve interaction provides a physical
substrate for bidirectional communication between the CNS and the gut, by which
stress might influence gastrointestinal physiology. This is reflected in vivo by the
release of mast cell products into the lumen of the human small intestine after cold
stress, which is accompanied by increased epithelial secretion [128]. Mast cell
mediators released after degranulation can sensitize mesenteric afferents and
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Fig. 4.4 Intestinal mast cells. Enteric mast cells are known to modulate the epithelial barrier
function, to orchestrate the mucosal immunity and to participate in the defence against bacteria.
They are strategically located within the gastrointestinal tract, developing sensory and effector
interactions within the local regulatory neuroendocrine networks. Upon activation, mast cells act
as effector cells, through the selective (piecemeal degranulation) or massive release (anaphylactic
degranulation) of preformed or newly produced mediators. The figure shows transmission electron
micrographs of ultrastructural characteristics of mucosal mast cells: a resting mast cell in health
(H), with granules filled (white arrows) and no signs of degranulation; piecemeal degranulation in
a mast cell from a patient with irritable bowel syndrome (/BS), identified by partial or total
emptiness of granules content (black arrows) and intact granules (white arrow); and anaphylactic
degranulation in a mast cell from a food allergy patient (FA), identified by fusion of granule
membranes devoid of content (black arrow). Barr indicates 2 pm

nociceptive receptors [156]. Among the potential mast cell mediators involved,
both histamine and serotonin induce intestinal secretion of water, electrolytes and
mucus. In addition, mast cells from IBS patients release more histamine and
tryptase than intestinal mast cells from normal subjects [157] a fact that has been
linked to the generation of visceral hypersensitivity, through the activation of
proteinase-activated receptors type 2. These receptors can modulate enteric neuro-
transmission, secretion, motility, epithelial permeability, and visceral sensitivity,
and are also known to regulate intestinal inflammation [158]. However, altered
expression of histamine H1 and H2 receptor subtypes has recently been reported in
mucosal biopsies from distal gut of IBS patients, suggesting that these receptors
could also play a role in these processes [159].

CREF and related peptides are the most important neuroendocrine factors medi-
ating the effects of stress, both at the central and peripheral level. CRF urocortin
(Ucn) 1, Ucn 2 and Ucn 3 exert their effects after binding to G protein-coupled
receptor subtypes, CRF-R1 and CRF-R2, signalling through cAMP [160]. After
physical or psychological stress, neural or immune release of CRF and urocortins
mediate autonomic, hormonal, and behavioural responses to stress and stimulate the
ENS to modulate gastrointestinal motility and secretion [161-163]. Increased CRF
and urocortin expression has been demonstrated in the colonic mucosa of IBD
patients [164, 165].

Vasoactive intestinal peptide is also involved in the regulation of chloride
secretion, mucin release, paracellular permeability and epithelial cell proliferation
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[166, 167]. Psychological stress increases vasoactive intestinal peptide levels in the
small intestine of mice [168] and vasoactive intestinal peptide has been implicated
in the regulation of the intestinal barrier function, through its direct effect on tight
junction-associated protein, ZO-1, in epithelial cells [169].

Substance P participates in gut inflammation by interacting mainly with the
neurokinin-1 receptor, expressed on nerves, epithelial, endothelial and smooth
muscle cells, and immune cells, such as mast cells, macrophages, and T cells
[170]. This neuropeptide has been found to stimulate macrophage and eosinophil
secretion of pro-inflammatory cytokines, to increase NK cell activity and migration,
and to activate the release of chemokines from leukocytes. It also induces the
release of vasoactive mediators from mast cells, contributing to chloride secretion,
intestinal permeability, vascular leakiness and oedema at sites of inflammation,
modulating diarrhoea, inflammation, and motility [171]. Substance P mediates
stress-induced CRF expression in mice eosinophils, and eosinophil-derived CRF
is responsible for mast cell activation and consequently, epithelial barrier
dysfunction [172].

Nerve growth factor (NGF) has been involved in the development of stress-
induced barrier dysfunction [173] and hyperalgesia during inflammation [174,
175]. These effects seem to be mediated by CRF and mast cells [176, 177]. Maternal
deprivation has been shown to induce hyperalgesia to rectal distension and to
enhance colon permeability in association with elevated NGF expression [173]. A
subsequent study from the same group showed that CRF, acting through its receptor
CRF-RI1, stimulated NGF release from mast cells, which in turn increased gut
paracellular permeability [178]. More recently, norepinephrine has been shown to
induce visceral sensitivity to colorectal distension by increasing the expression of
NGF in the rat colon wall [179]. These findings support the importance of NGF in
stress-induced visceral hypersensitivity, but also in stress-induced barrier
dysfunction.

Sex steroids also play a role in modulating intestinal barrier, although conflicting
results have been described. Estrogen can bind to two different receptors named
estrogen receptor-o and . Estrogen receptor-o mediates estrogen signalling in the
development of secondary sex characteristics, and the regulation of the menstrual
cycle and sperm maturation [180]. In contrast, estrogen receptor-f is mainly
expressed in epithelial cells and is the most abundant estrogen receptor in the
colon [181]. Both progesterone and estradiol have been shown to reduce chloride
secretion in intestinal epithelial cells [182, 183], whereas estradiol has also been
found to reinforce epithelial permeability [184], and to up-regulate JAM-A and
occludin expression [185].

Other hormones have been involved in the regulation of intestinal barrier
function (Table 4.1).



4 Intestinal Barrier Function and the Brain-Gut Axis 91

Table 4.1 Hormones and intestinal barrier

Hormone Function References
Glucagon-like peptide 2 Decreases intestinal permeability [292, 293]
Growth hormone Decreases intestinal permeability [294, 295]
Insulin-like growth factor 1 Decreases intestinal permeability [296, 297]
Ghrelin Decreases intestinal permeability [298]
KdPT Decreases intestinal permeability [299]

KdPT a tripeptide derivative of the C-terminus of a-melanocyte-stimulating hormone

Infections

Intestinal pathogens have developed specific strategies to gain access to the lamina
propria. Strategies include direct TJ disruption, the production of toxins that induce
fluid and electrolyte secretion, and the activation of the inflammatory cascade
[186]. Vibrio cholerae can directly alter TJs through its cytotoxin hemagglutinin
protease, a metalloproteinase that disrupts occludin-ZO-1 interactions leading to TJ
and cytoskeleton anchorage destabilization [187]. In addition, other toxins have
been involved in TJ disruption by V. cholerae such as the RTX toxin, that crosslinks
actin inducing cell rounding and increased permeability [188], or the ZO toxin, that
fragments ZO-1 and occludin and disrupts the actin cytoskeleton [189, 190]. Clos-
tridium difficile infection produces two distinct exotoxins, Toxin A and B (TcdA
and TcdB), that through RhoA GTPases inactivation cause actin filament disaggre-
gation and cell rounding, resulting in increased paracellular permeability [191,
192]. Recent findings suggest that toxin A could even disrupt directly TJ proteins
[193]. Clostridium perfringens enterotoxin utilizes claudin-3 and 4 as receptors
[194] to bind the enterocyte surface where it forms small protein complexes in the
plasma membrane that interact with other proteins forming a large complex, that at
the end triggers massive permeability changes [195]. Enteropathogenic E. coli
infection directly disrupts TJ through occludin dephosphorylation and dissociation
from TJs to the cytoplasma [196] and MLC phosphorylation [197] enhancing
intestinal permeability.

Intestinal Microbiota

Intestinal microbiota has been shown to influence intestinal barrier function and the
brain-gut axis [198, 199]. Intestinal microflora displays several important functions
to maintain gut homeostasis, such as nutrient digestion, vitamin and hormone
production and most importantly, protection from microbial colonization, achieved
through competition for intestinal nutrients and for attachment sites
[200]. Probiotics are live microorganisms which, when consumed in adequate
amounts, confer a health benefit on the host. Increasing evidence suggests that
probiotics implement intestinal epithelial homeostasis and enhance barrier tightness
and integrity. In contrast with pathogens, probiotics have been shown to increase
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occludin expression [201], and to enhance ZO-2 expression in parallel to its
redistribution towards the cell boundaries via silencing of PKC{ [202] thereby
leading to TJ stabilization and the restoration of the epithelial barrier. Specific
Lactobacilus salivarus strains prevent hydrogen peroxide-induced reduction in
transepithelial resistance when added to Caco-2 cell monolayers [203]. Similarly,
Lactobacillus rhamnosus GG improves intestinal barrier function in the immature
murine gut through the induction of claudin 3 expression [204], the regulation of
apoptosis and the promotion of cytoprotective responses [205]. Interestingly,
probiotics have also demonstrated beneficial effects in other tissues such as the
skin barrier [206] or the respiratory tract [207, 208].

There is a significant body of evidence indicating that probiotics can also prevent
intestinal barrier damage in conditions such as IBD or experimental stress. In rats,
DSS-induced colitis was ameliorated by Lactobacillus reuteri decreasing the bac-
terial translocation from the intestine to mesenteric lymph nodes [209]. E. coli
Nissle 1917 has been shown to confer protection against murine DSS colitis-
associated increase in mucosal permeability through up-regulation of ZO-1 expres-
sion [210]. Moreover, a probiotic mixture of Lactobacillus acidophilus,
Bifidobacterium lactis, Lactobacillus plantarum and Bifidobacterium breve helped
to maintain the integrity of colonic mucosal barrier in the DSS model by down-
regulating macrophage nitric oxide production and by enhancing mucus production
[211]. In this model, the administration of a probiotic mixture prevented not only
the decrease in TJ proteins expression, but also the increase of epithelial apoptotic
ratio induced by acute colitis [212]. Furthermore, in patients with severe pouchitis,
probiotics were able to restore the mucosal barrier, as they decreased E. coli K12
passage through the intestinal epithelium in Ussing chambers [213].

Probiotics also play a role in stress-induced intestinal damage and psychiatric
comorbidity. Lactobacillus farciminis has been shown to suppress stress-induced
hyperpermeability and endotoxemia, and to prevent HPA axis response and
neuroinflammation in rats submitted to partial restraint stress [214]. Probiotic
administration to mice submitted to food and mobility restriction increased IgA
producing cells, CD4+ cells in the lamina propria of the small intestine, and
secretory IgA in the lumen and also reduced the Ilevels of IFN-y
[215]. Bifidobacterium lactis CNCM 1-2494 has been shown to suppress gut
hypersensitivity and colonic barrier disruption induced by partial restraint stress
in rats [216, 217]. In the last years, attention has been also pointed to the potential
role of microbiota in the pathophysiology of psychiatric disorders such as depres-
sion and anxiety [218] and neurodevelopmental disorders such as autism. Interest-
ingly, treatment with the human commensal Bacteroides fragilis restores gut
permeability, alters microbial composition, and ameliorates defects in communi-
cative, stereotypic, anxiety-like and sensorimotor behaviors in a mouse model of
the autism spectrum disorder [219]. Since psychiatric comorbidities are highly
common in functional gastrointestinal disorders, the emerging role of microbiota
and probiotics in the regulation of intestinal and brain barrier function and its
implication in behavioral changes in the host certainly will boost investigations in
this field in the years ahead.
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Inflammatory Mediators

Several inflammatory mediators have been involved in intestinal barrier regulation.
In vitro experiments with epithelial cell monolayers demonstrated that interferon-y
and TNF-a induce epithelial barrier dysfunction through MLCK up-regulation and
MLC phosphorylation [220, 221], although they can also disrupt intestinal perme-
ability through down-regulation of occludin transcription [222] and up-regulation
of the channel-forming TJ protein claudin-2 expression. In addition, TNF-a but also
IL-1p have been shown to inhibit electrogenic sodium absorption in the rat distal
colon [223], and mice injected with TNF-a present diarrhoea as a consequence of
Na+/H+ exchange inhibition [224].

Similarly, IL-13 and IL-4 increased paracellular permeability in a dose- and
time-dependent fashion and IL-4, but not IL-13, stimulated chloride secretion in
T84 cells [225] through a PI3K pathway [226]. In contrast, IL-10 has been identi-
fied as a protector cytokine in barrier function as the addition of this cytokine to T84
cells prevents interferon-y-induced disruption of T84 monolayer barrier integrity
and limits chloride secretion [227]. Moreover, IL-10 deficient mice display
increased intestinal permeability [228] and most importantly, develop spontaneous
colitis [229], suggesting that increased permeability predisposes to intestinal
inflammation.

Although, beyond the limits of this chapter. It is to know that many other
cytokines have been involved in barrier function such as IL-17A, IL-17F, IL-22,
and IL-26, interferon-a, interferon-p, transforming growth factor-a, and -f [230,
231].

Nutritional Factors

Some dietary compounds are able to induce intestinal barrier dysfunction in
susceptible individuals such as in celiac disease and food allergy. The gliadin
fraction of wheat gluten is the environmental triggering of celiac disease. In
genetically predisposed subjects gluten exposure may lead to increased intestinal
permeability and inflammation. Recent evidence has shown that the increase in
intestinal permeability occurs through the activation of the zonulin pathway in a
MyD88-dependent fashion [232]. The protein zonulin is the target of the Zot toxin
of the V. cholerae and has been show to play a pivotal role in TJ regulation in
different autoimmune disorders such as type 1 diabetes and celiac disease
[233]. Food allergies are adverse reactions against food antigens that are IgE and
mast cell mediated. Altered intestinal permeability has also been involved in the
pathophysiology of food allergy, as these patients display an enhancement of
intestinal permeability even in the absence of food allergens [234]. Moreover,
patients under tacrolimus treatment have been shown to develop new-onset food
allergies that could be related to tacrolimus-induced increase in intestinal
permeability [235].
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In contrast with these observations, several diet products such as glutamine or
butyrate have been shown to exert a protective effect on the intestinal barrier.
Butyrate, a short chain fatty acid produced by intestinal microbial fermentation of
dietary fibres, maintains intestinal barrier function through an increase in mucus
production [236] and an enhancement in TJ protein expression [237]. Glutamine
has also been shown to protect intestinal barrier function through the regulation of
TJ proteins such as claudin-1, and occludin [238].

Drugs and Toxins

Ethanol has been shown to promote separation of ZO-1 proteins in Caco-2 mono-
layers and disassembly and displacement of perijunctional actin and myosin fila-
ments from the perijunctional areas and MLCK activation [239]. Recent findings
point to one of its metabolites, acetaldehyde, as the main toxic product for intestinal
barrier because it raises tyrosine phosphorylation of ZO-1, e-cadherin, and
B-catenin [240]. Further investigations revealed that the deleterious effects of
ethanol require the presence of resident microflora, to oxidize ethanol into acetal-
dehyde in situ, and downstream mast cell activation [241], and that the ethanol-
mediated increase in intestinal permeability is modulated through iNOS-mediated
activation of RhoA [242] and IL-22 [243].

NSAIDs can increase intestinal permeability. Several factors play a role in
NSAIDs-induced intestinal barrier dysfunction. In vitro experiments with gastric
epithelial monolayers showed that barrier dysfunction was associated with
decreased expression of claudin 7 and involved phosphorylation of p38 MAPK
[244]. NSAIDs also affect intestinal barrier through inhibition of intestinal epithe-
lial restitution by decreasing calpain activity and membrane-associated expression
of calpain-2 [245], and also through the increase of intestinal NO synthase [246].

Other drugs causing intestinal barrier dysfunction appear in Table 4.2. It is of
particular interest the development of new drugs, such as larazotide, that may
decrease intestinal permeability in celiac disease by acting on TJs.

Other Disorders Associated with Barrier Dysfunction

Many other conditions such as chronic kidney disease [247], type 1 diabetes [248],
primary biliary cirrhosis and primary sclerosing cholangitis [249], liver cirrhosis
[250], alcoholic liver disease [251], autoimmune thyroiditis [252] and IgA nephrop-
athy [253] have been associated with TJ dysfunction. In addition, some life
threatening conditions have been related to intestinal barrier dysfunction and
translocation of bacteria or/and endotoxin from gastrointestinal tract. In this line,
hemorrhagic shock has been associated with increased intestinal permeability and
bacterial translocation [254] through mucus damage and the generation of free
radical species [255]. Estrogens exert a protective role against hemorrhagic shock-
induced gut and lung injury by the activation of estrogen receptor-a, § or both [256]



4 Intestinal Barrier Function and the Brain-Gut Axis 95

Table 4.2 Drugs and intestinal barrier

Drug Effect on permeability References
Ethanol Increase [239, 241]
NSAIDs Increase [244, 245]
Methotrexate Increase [300]
Corticosteroids Increase [301]
Omeprazole Increase [302]
Cyclophosphamide Increase [303]
Tacrolimus Increase [304, 305]
Vitamin D Decrease [306]
Larazotide/AT1001 Decrease [307-310]
Anti-TNF monoclonal antibodies Decrease [311]
Heparin Decrease [312]

receptors. Similarly, gut inflammation and loss of gut barrier function has been
related to splachnic ischemia-reperfusion through HIF-1 activation [257]. Multiple
injured patients also show an increased intestinal permeability that correlates with
IL-6 levels [258]. Severe burn injury also results in the loss of intestinal barrier
function involving MLCK-dependent MLC phosphorylation signalling pathway
[259] and p38 MAPK activation [260] in a TLR-4-dependent process [261].

Intestinal Barrier and Disorders of the Brain-Gut Axis

The pathophysiology of several gastrointestinal disorders involves intestinal barrier
dysfunction and dysregulation of brain-gut interactions, particularly functional
gastrointestinal disorders including IBS and functional dyspepsia. In recent years,
due to new imaging techniques, such as positron emission tomography, it has been
possible to characterize the role of the CNS in modulating gut motility and visceral
pain in patients with functional gastrointestinal diseases. There is significant over-
lap between the brain regions responsible for modulating visceral sensitivity and
regions involved in emotion processing in these patients. IBS patients display a
higher activation of the anterior cingulate cortex in response to rectal distension
[262] that correlates with the presence of psychosocial disorders when compared to
healthy subjects [263].

At the peripheral level, mucosal inflammation, increased intestinal permeability
and visceral hypersensitivity are findings associated with clinical manifestations of
IBS. Mast cells play a key role in IBS pathophysiology because they modulate
intestinal permeability, and target visceral afferents involved in abdominal pain
[155]. Stress has been associated with the development, exacerbation and perpet-
uation of IBS through the brain-gut-axis. Early life stress plays a major role in the
vulnerability of individuals to develop IBS in adult life [264—-266]. Post-traumatic
stress syndrome or sexual abuse are also important risk factors in the development
of IBS and functional gastrointestinal disorders [267] and both acute psychological
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and physical stress have been associated with enhancement of visceral sensitivity
[268] and small-intestine motility in IBS [269].

Functional dyspepsia is characterized by postprandial fullness and early satiation
or by epigastric pain or burning in the absence of an organic cause Functional
dyspepsia has been show to share some of the pathophysiological features of IBS.
Particularly, patients with functional dyspepsia display low-grade inflammation in
the duodenal mucosa, characterized by an increased infiltration of mucosal mast
cells and eosinophils, and increased duodenal permeability [270]. Acute gastroen-
teritis has been shown to be a risk factor for functional dyspepsia development
[271], as well as the presence of psychosocial comorbidities such as anxiety and
depression [272], and life stress [273].

Stress, acting through the brain-gut axis, also modulates intestinal inflammatory
conditions such as IBD. Social Gibbon monkeys submitted to social upheaval
develop spontaneous colon inflammation [274]. Intracolonic infusion of TNBS
induced a significantly higher inflammatory reaction in maternally deprived rats
than in control animals [275]. Collins et al. [276] found that rats recovering from
TNBS-induced colitis and submitted to mild restraint stress displayed a significant
increase in myeloperoxidase activity. Moreover, overt inflammation was induced
when animals were exposed to stress in combination with a small dose of TNBS,
suggesting an additive effect [277]. In keeping with these findings, a significant
association between stress and relapse in IBD has been reported, especially in
patients with ulcerative colitis [278, 279]. Although the mechanism underlying
the association between stress and IBD remains unclear, disturbances of brain-gut
axis, peripheral neuroendocrine-immune interactions and altered intestinal barrier
function [280-284] have been demonstrated in IBD patients [285].

Finally, a heterogeneous group of conditions associated with chronic manifes-
tations affecting the CNS and the gut may possibly reflect the existence of primary
or secondary alterations of brain-gut axis, intestinal microbiota and barrier function.
This is the case of diabetes and the metabolic syndrome [286], liver encephalopathy
[287], neuropsychiatric disorders [288], autism [289], chronic fatigue [290] or
fibromyalgia [291], although the ultimate pathophysiological mechanisms are not
well known.
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Chapter 5
Vagal Pathways for Microbiome-Brain-Gut
Axis Communication

Paul Forsythe, John Bienenstock, and Wolfgang A. Kunze

Abstract There is now strong evidence from animal studies that gut microorgan-
ism can activate the vagus nerve and that such activation plays a critical role in
mediating effects on the brain and behaviour. The vagus appears to differentiate
between non-pathogenic and potentially pathogenic bacteria even in the absence of
overt inflammation and vagal pathways mediate signals that can induce both
anxiogenic and anxiolytic effects, depending on the nature of the stimulus. Certain
vagal signals from the gut can instigate an anti-inflammatory reflex with afferent
signals to the brain activating an efferent response, releasing mediators including
acetylcholine that, through an interaction with immune cells, attenuates inflamma-
tion. This immunomodulatory role of the vagus nerve may also have consequences
for modulation of brain function and mood.

What is currently lacking are relevant data on the electrophysiology of the
system. Certainly, important advances in our understanding of the gut-brain and
microbiome- gut-brain axis will come from studies of how distinct microbial and
nutritional stimuli activate the vagus and the nature of the signals transmitted to the
brain that lead to differential changes in the neurochemistry of the brain and
behaviour.

Understanding the induction and transmission of signals in the vagus nerve may
have important implications for the development of microbial-or nutrition based
therapeutic strategies for mood disorders.
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Abbreviations

5-HT 5-Hydroxytryptamine

ATP Adenosine triphosphate

CCK Cholecystokinin

CNS Central nervous system

CRF Corticotropin-releasing factor
DHA Docosahexaenoic acid

DRG Dorsal root ganglia

DSS Dextran sodium sulfate
ENS Enteric nervous system
EPA Eicosapentaenoic acid

FDA Food and Drug Administration
GABA Gamma-aminobutyric acid

GI Gastrointestinal

GLP-1  Glucagon-like peptide-1

HPS Hypothalamic-pituitary-adrenal

IBD Inflammatory bowel disease
IGLE Intraganglionic laminar vagal afferent ending
IKca Calcium dependent potassium channel

IPAN  Intrinsic primary afferent neuron
LPS Lipopolysaccharide

MDD  Major depressive disorder
mRNA  Messenger RNA

NTS Nucleus of the solitary tract
PSA Polysaccharide

PUFA  Polyunsaturated fatty acids

PYY Peptide YY

TNF Tumor necrosis factor

The Vagus Nerve

The vagus (tenth cranial nerve) innervates the pharynx, larynx and visceral organs.
While it contains both motor and sensory fibres, it is the main afferent pathway
from the abdominal cavity to the brain. Information from the heart, lungs, pancreas,
liver, stomach and intestines are delivered tonically to the brain via sensory fibres in
the vagus nerve [1]. Sensory vagal inputs arrive in the nucleus of the solitary tract
(NTS) via the nodose ganglion which is chiefly made up of sensory visceral afferent
fibres. From there fibres ramify to widespread areas of the CNS, including the
cerebral cortex and medulla oblongata.

There are 30,000-80,000 vagal afferent nerves that supply the intestine with a
9:1 ratio of afferent to efferent fibres in peripheral nerve bundles [2—4]. Vagal
primary afferents innervate the muscular and mucosal layers of the gut with the
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coeliac branch supplying the intestine from proximal duodenum to the distal part of
the descending colon [5]. Vagal innervation is densest proximally but is still
significant in the colon.

Histological and electrophysiological evidence indicates that visceral afferent
endings [3] in the intestine express a diverse array of chemical and
mechanosensitive receptors [2]. The chemosensitive receptors are the targets of
gut hormones and regulatory peptides such as ghrelin, CCK, GLP-1 and PYY(3—
36) that influence the control of food intake and regulation of energy balance
[2]. Vagal afferent fibres have been identified in the lamina propria of duodenal
and jejunal villi, and crypts of Lieberkiihn, but they do not cross the basal mem-
brane to innervate the epithelial layer [5]. Thus, vagal afferents are not in a position
to sense luminal nutrients directly unless they arrive intact in the lateral intercellular
spaces, but are in close anatomical apposition to the basal membrane of
enteroendocrine cells [6].

Intraganglionic laminar vagal afferent endings (IGLEs) are located in the con-
nective tissue capsule of myenteric plexus ganglia, between the longitudinal (outer)
and circular (inner) muscle layers. These fibres respond to muscle tension generated
by both passive stretch and active contraction of the muscle layers [7]. This type of
vagal afferent ending is found in large numbers throughout the oesophagus and
gastrointestinal tract and is thought to be important for generating vagal afferent
tone which has been associated with balanced interoceptive awareness and emo-
tional well-being. Furthermore experimental data suggesting that changes in vis-
ceral sensation can affect the perception and interpretation of external inputs [8, 9]
has led to the suggestion that altered sensory vagal inputs can influence our attitude
to the outside world. The anterior insular cortex is involved in interpretation of most
if not all interoception, and therefore through these vagal and other inputs, repre-
sents most of our subjective feelings. It is suggested that pathological changes in
sensory vagal inputs may increase the risk of affective behavioural disorders.
Chronic sensory vagal inputs might then act as ‘natural’ breaks for augmentation
of stress-related behavioural responses via tonic modulation of the neuronal activity
in the locus coeruleus and in turn the forebrain [10].

The Vagus and Behaviour

Some of the earliest indication of the role of the vagus in modulating behaviour
came from studies of animals exposed to endotoxin. Sickness behaviour is a term
used to describe the motivational state responsible for re-organizing perceptions
and actions to enable ill individuals to cope better with infection [11]. The associ-
ated behaviours include lethargy, depression, anxiety, loss of appetite, sleepiness,
hyperalgesia, and reduction in grooming. These behavioural changes are mediated
by proinflammatory cytokines particularly IL-1f and TNF [11].

The role of vagal afferents in the induction of sickness behaviour following
intraperitoneal administration of the cytokine inducer lipopolysaccharide (LPS) or
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IL-1p has been assessed in laboratory animals that have been submitted to
subdiaphragmatic vagotomy [12, 13] and these responses have been shown to be
entirely dose responsive [14].

A dose of IL-1p or the cytokine inducer lipopolysaccharide (LPS) that induced
consistent sickness behaviour in sham-operated animals was no longer able to
decrease social exploration in vagotomised rats and mice [15, 16]. In the same
manner, vagotomy blocked the depressing effects of LPS on food-motivated
behaviour in mice [17].

In contrast to the role of the vagus in mediating sickness and depressive type
behaviour it is also emerging that stimulating the vagus can lead to a reduction in
anxiety and depression associated behaviours. In one study, rats were exposed to
vagus nerve stimulation for 30 min per day for 4 days, and were then subjected to
the forced swim test, a well validated assessment of anti-depressant activity. Vagus
nerve stimulation significantly reduced immobility time compared to unstimulated
controls, reflective of antidepressant effects [18]. Interestingly, the vagal nerve
stimulation-induced decreases in immobility were associated with increased swim-
ming behaviour, which has been linked to a predominantly serotonergic mechanism
of action [19]. In a subsequent controlled trial, rats received desipramine or vagal
nerve stimulation for 2 h at three time points over a 24 h period, prior to undergoing
the forced swim test and both treatments resulted in reduced immobility compared
to saline control [20]. However, chronic vagal nerve stimulation for 1 month failed
to show any behavioural alterations in rats subjected to the forced swim test or the
elevated plus maze test, in contrast to treatment with a classical anti-depressant,
imipramine [21]. No careful timecourse or analysis of different dose and timing
schedules of stimulation appear to have been conducted.

Clinically, vagal stimulation has been used successfully in the treatment of
refractory epilepsy [22] and is also an FDA approved alternative treatment for
intractable depression. While this treatment for depression is controversial, largely
due to a lack of positive sham treatment controlled clinical trials, there have been
reports that vagal nerve stimulation is beneficial in at least some patients with
depression and may be particularly effective with chronic treatment [23, 24].

The Vagal Anti-Inflammatory Reflex

The vagus innervates tissues known to participate in immune functions and/or
contain important immune elements, such as thymus, lung, liver, and gastrointes-
tinal tract. Furthermore, trunks or branches of the vagus are often associated with
lymph nodes that drain regions in which immune activation occurs. The functional
relevance of vagal innervation of immune tissue has been highlighted by the
identification of a neural circuit that controls the inflammatory response in a
reflex-like manner. In this system it is suggested that the vagus nerve senses
inflammation sending afferent signals to the brain thus activating an efferent
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response, releasing mediators including acetylcholine that, through an interaction
with immune cells, attenuates inflammation.

This area was first explored by Levine and colleagues [25] who suggested that
gut vagal afferents sent signals to the brain and that as a consequence, vagal
efferents could inhibit various nociceptive as well as inflammatory peripheral
events such as bradykinin induced plasma extravasation in joints. However Tracey
and colleagues were the first to highlight and delineate the anti-inflammatory role of
the vagus and its mechanism of action. They showed that direct electrical stimula-
tion of the distal end of a subdiaphragmatic sectioned vagus nerve prevented the
development of shock in rats through the inhibition of TNF synthesis by macro-
phages [26]. They considered that inhibition of macrophage function is mediated by
Ach released by the vagus acting on specific alpha7nicotinic receptors expressed by
the immune cell. Similarly, macrophages have been suggested to be the main target
of the anti-inflammatory function of the vagus nerve in a murine model of inflam-
matory bowel disease (IBD) [27]. However evidence supports the fact that this
reflex may not be monospecific for alpha7 and can also be mediated via other
nicotinic receptors such as alpha5. In addition to suppressive effects on macro-
phages the vagus nerve also acts to regulate T cell function. O’Mahony et al. [28]
demonstrated that transfer of CD4" T cells from vagotomized donors into
non-vagotomized mice with DSS induced colitis, reduced the number of splenic
Foxp3™ regulatory T cells in recipient animals, and was associated with aggravated
disease symptoms mimicking the effects of vagotomy on colitis. Sub diaphragmatic
vagotomy leads to a dramatic increase in T cell proliferation and production of
inflammatory cytokines when compared to cells from sham-operated animals
[29]. The effect of vagotomy was not limited to the spleen as lymphocytes isolated
from the mesenteric lymph nodes also demonstrated a significant increase in
inflammatory cytokine production. Overall these data suggest that CD4* T cells,
in addition to macrophages, are also under tonic inhibitory control from the vagus.
Further revisions of the definition of this important function of the efferent vagus
have recently been published. The source of the acetylcholine involved in this reflex
may not be coming from the vagus but norepinephrine stimulated memory T cells
[30], in keeping with the papers listed above [28, 29]. Furthermore B cells in
addition to T cells can respond to stimulation by cholecystokinin through release
of acetylcholine which controls recruitment of neutrophils but not adaptive immune
function [31]. Thus the vagus nerve is intimately involved in many immunoregu-
latory functions via a number of different cholinergic receptors and through a
number of different immune cell types.

These anti-inflammatory efferent responses may be important and play a role in
the regulation of mood in healthy conditions as well as in psychiatric disease. They
may also mediate the anti-depressive effects of vagal nerve stimulation as outlined
before. Immune system dysfunction has been linked to depression [32-34]. Approx-
imately one-third of people with depression, without co-morbid diseases, have
higher levels of inflammatory markers such as TNF and C-reactive protein, com-
pared with the normal, non-depressed population [35]. Furthermore, inflammatory
illnesses are associated with greater rates of major depression, while patients treated
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with cytokines such as interferon for various illnesses, are at increased risk of
developing major depressive illness. Conversely, successful treatment with an
antidepressant decreases levels of pro-inflammatory cytokines such as IL-6 and
TNF [36-38]. While it is as yet unclear whether neurostimulation therapies for
depression affect immune function, there is evidence in vagal nerve stimulation
treated epilepsy patients that pro-inflammatory cytokine levels were reduced with
successful treatment [39, 40].

The huge population of bacteria in the gut, known collectively as the gut
microbiome, is largely responsible for the generation and control of the major
immunoregulatory pathways that exist to respond to and control external challenges
[41]. As we will discuss subsequently in this chapter, there is evidence that
commensal bacteria in the gut can directly or indirectly modulate the activity and
function of the enteric nervous system and thereby the brain and its functions,
including behaviour. Therefore, taken together, the gut microbiome and the vagus
nerve may be influencing the brain via various mechanisms. Indeed the inappro-
priate lack of regulation of inflammation in major depressive disorder (MDD) may
be put at the door of a possible imbalance or dysbiosis of the gut microbiome which
if rebalanced, might be expected to restore the proper functioning of the central
nervous system [42]. This argument is an extension of the “hygiene hypothesis” that
many autoimmune, immune and allergic diseases which have recently been shown
to be having such epidemic prevalence [43, 44] are doing so as a result of mankind’s
attention to cleanliness and the eradication of bacteria. In the main, these arguments
are based on the evidence that it is likely that evolutionary change in diet, nutrition,
environmental factors such as urbanization, concepts of cleanliness and the use of
antibiotics may all have conspired to change our previous balanced gut microbiome
to one which is not as favourable to immune regulation as it used to be.

Many chronic diseases are associated with mild or moderate inflammation, the
evidence for which is present through increase in levels of biomarkers in the blood
and also in the tissues themselves (e.g. activated macrophages in obesity). The
source(s) of the inflammatory changes noted in association with depression and
anxiety are not known, but it has been noted that stress itself is accompanied by
evidence of proinflammatory cytokine elevation both experimentally and in clinical
conditions and is at least one of the possible causes of raised inflammatory bio-
markers [45]. Increased hypothalamic-pituitary-adrenal (HPA) axis activity in
chronic stress is known to also be associated with MDD and anxiety syndromes.
In this regard it is pertinent that ingestion of beneficial bacteria has been associated
with attenuation of HPA axis hyperactivity [46] and also responses to acute stress
[47, 48].
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Dietary Fatty Acids and the Vagus

Long- and short-chain fatty acids both activate rat jejunal vagal afferent nerve fibers
but do so by distinct mechanisms [49]. Short-chain fatty acids such as butyric acid
have a direct effect on vagal afferent terminals while the long-chain fatty acids
activate vagal afferents via a cholecystokinin (CCK) dependent mechanism. Inter-
action between long-chain fatty acids and the vagus results in activation of the
cholinergic anti-inflammatory pathway [50]. Luyer et al. demonstrated that admin-
istration of high fat nutrition reduced circulating levels of TNF and IL-6 in rats
subjected to hemorrhagic shock. When these experiments were repeated in
vagotomized animals, the administration of the high fat diet no longer prevented
the increase in TNF and IL-6 [50]. In addition, nicotine receptor antagonism
blocked the ability of dietary fat to suppress the cytokine increase. Similarly,
deafferentation abrogates the protective effects of lipid-rich nutrition on systemic
inflammation and loss of intestinal integrity following shock [51]. Overall these
experiments provide strong evidence of a nutritional anti-inflammatory pathway
whereby the intake of dietary fat suppresses cytokine release through activation of
peripheral afferent vagus nerves that in turn initiate the cholinergic anti-
inflammatory response. In keeping with the findings of Lal et al. [49] the mecha-
nism underlying the protective effects of long chain fatty acids include a role for
CCK. Administration of CCK receptor antagonists and specifically antagonists of
the peripheral CCK-1 impaired the fat-induced suppression of the shock
response [50].

Clinically, studies indicate that dietary n-3 PUFA levels and n-3 PUFA supple-
mentation are related to improved heart rate variability suggesting increased vagal
tone [52, 53]. The relationship between the immunomodulatory actions of n-3
PUFA and their effects upon vagal tone has yet to be established. However a
number of studies have associated control of inflammation with heart rate variabil-
ity in humans [54-57] and it is possible that diet-induced activation of the cholin-
ergic anti-inflammatory pathway contributes to the reduced mortality from sepsis
and organ damage following early enteral feeding in trauma and surgery patients
[58-60].

It has also been suggested [61] that this nutrient activated neural feedback loop
could help maintain unresponsiveness of the GI tract to luminal antigens allowing
the intestine to perform the dual roles of sensing and absorbing essential nutrients
while protecting against invasion from potentially damaging agents.

A number of studies have indicated that long chain fatty acids, and particularly
n3-PUFAs such as EPA and DHA, may have potential as therapy or adjunctive
treatment in depression and that such effects could also be related to an ability to
modulate HPA activity. In animal models, feeding DHA to rats significantly
decreased immobility time in the forced swim test, a well validated indication of
anti-depressant activity. The DHA induced behavioural change was associated with
decreased CRF levels in the hypothalamus and pituitary tissues, an indication of
changes in HPA activity [62, 63]. In human studies, Jazayeri et al. [64, 65] reported
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that fluoxetine and EPA were equally effective in controlling depressive symptoms
and that a fluoxetine and EPA combination was superior to either treatment alone.
EPA and fluoxetine, alone or in combination, also decreased serum cortisol after
8 weeks of treatment in depressed patients leading to the suggestion that EPA may
exert its therapeutic effects through reduction of HPA hyperactivity [65].

DHA mediated attenuation of HPA may be explained by the demonstration that
n-3 PUFAs, can act on GABA 4 receptors to potentiate GABAergic inhibitory drive
on CRF-secreting hypothalamic neurons [66]. In this regard, it is interesting to note
that the decreased anxiety and HPA response to stress of mice fed with Lactoba-
cillus rhamnosus is also associated with changes in the central GABAergic
system [48].

Bacterial Communication from Gut Lumen to Enteric
Nervous System (ENS)

Luminal probiotic bacteria may alter behaviour and brain biochemistry in a variety
of ways even in the absence of changes in the inflammatory status of the host
[67]. Bacterial products could enter the circulation to pass the blood-brain barrier if
they are sufficiently small and lipophilic [68], or they might enter the brain at the
circumventricular organs where the barrier is diminished. Since prior vagotomy
abolishes behavioural and brain biochemical changes induced by certain probiotic
bacteria [48, 67], afferent vagal signalling is a necessary condition for the central
effects of these neuroactive microorganisms.

The majority of sensory fibres innervating the intestinal mucosa derive from
intrinsic primary afferent neurons (IPANs) of the enteric nervous system (ENS) [69,
70]. Therefore, IPANs are a priori likely targets for the action of neuroactive
bacteria leading to alterations in gut motility. This has been substantiated by direct
experimentation. Nine day feeding of 10° JB-1 cfu caused an increase in the
intrinsic excitability of rat colon myenteric IPANs with a decrease in the post
action potential slow afterhyperpolarisation (relative refractory period)
[71]. These results have been replicated in an acute ex vivo preparation where
beneficial bacteria (JB-1 or Bacteroides fragilis) or its capsular polysaccharide
(PSA) were applied to the epithelium while whole cell recordings were made
from nearby IPANs [72]. Application of the bacteria or PSA evoked bursts of
action potentials in the IPANS in a sensory (non-synaptic) manner as was demon-
strated by blocking all synaptic transmission. The onset latencies of the initial
sensory responses were about 8 s which then led to an increase in IPAN intrinsic
excitability via entrainment of the reciprocally connected IPAN to IPAN network.
The increase in intrinsic excitability depended on IPAN to IPAN slow synaptic
transmission via G protein coupled receptors [72]. Because the specific intermedi-
ate conductance calcium dependent potassium channel (IKc,) blocker TRAM-34
mimics the effect of JB-1 on IPAN slow afterhyperpolarisation and intrinsic
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excitability we proposed that one of the molecular mechanisms involved may have
been the inhibition of IK, channels [72, 73]. However, a detailed examination of
the effects of JB-1 and other probiotics vs TRAM-34 on neurally mediated prop-
agated motor complexes in the mouse intestine suggests that reduction in the open
probability of IK, channels is not sufficient to explain the entirety of the neuronal
actions of these organisms and that additional ion channel targets or regulatory
molecules must be involved [74].

Because the addition of beneficial bacteria reduces IPAN slow afterhyperpo-
larisation and increases the intrinsic excitability, the question arises whether the
absence of gut bacteria altogether might have the opposite effect. In agreement with
this notion it has been established that [IPANs taken from germ free animals have
reduced intrinsic excitability while the slow afterhyperpolarisation is exaggerated
beyond that seen in normal healthy animals [75]. This finding suggests that the
microbiome itself conditions the normal functioning of IPANs and therefore gas-
trointestinal motility.

Neuroactive bacteria might alter afferent vagal signalling via two broad sensory
modalities. Beneficial luminal bacteria might act on the enteric nervous system to
alter the contractile activity of the intestine [73, 74, 76, 77] and this would be sensed
by the intramuscular arrays and intraganglionic laminar endings both of which are
vagal mechanoreceptors [78, 79]. Closer to the lumen, the vagus innervates muco-
sal villi and varied epithelial layer cells [80] with endings that are both chemo-and
mechanosensitive [80, 81]. Vagal chemoreceptors could be activated directly by
substances such as short chain fatty acids that can be transported across the
epithelial barrier to the portal circulation [82] or by paracrine mediators like
5-HT, histamine, CCK, ATP or glucagon-like peptides released by the various
mucosal epithelial layer taste cells [83, 84]. That vagal mucosal chemoreceptors
fibres might be involved in activation of the “microbiome-gut-brain axis” [83] is
substantiated by animal studies where beneficial bacteria were applied to the
epithelium at known concentrations and vagal nerve activity recorded.

In a pioneering study, intraduodenal injection of a Lactobacillus johnsonii strain
increased gastric vagus massed multiunit firing within 15 min of application
[85]. However, the authors did not identify single unit chemoreceptors fibres, nor
were they able to rule out potentially confounding effects of the probiotic on
duodenal motility. Intraluminal JB-1 application appears to reduce single dorsal
root fibre discharge [86] as well as blocking nociceptive sensitisation of DRG
neurons innervating the rat colon [87]. This is potentially important for behaviour,
as the caudal nucleus of the solitary tract receives input from the spinosolitary tract
[88, 89]. The caudal nucleus is the part that receives projections from nodose
neurons that innervate the intestines [90]. Perez-Burgos et al. [91] recently used
an ex vivo mouse jejunum preparation to record from perivascular mesenteric
nerves in real time while known concentrations of psychoactive JB-1 bacteria
were added to the luminal perfusate. 10° cfu/mL JB-1 increased the constitutive
firing rate of responsive individual mesenteric nerve single units by about 70 %
above baseline rate within 10-15 min of application. This effect persisted even
when contractions were abolished by blocking L calcium channels with
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nicardipine, demonstrating that the fibres were chemoreceptors. Importantly, the
bacteria did not translocate during the period of the experiment. The chemoreceptor
fibres were multimodal since they were also strongly activated by raising
intraluminal pressure to 30 hPa when the musculature was allowed to contract,
and this response was further augmented by addition of JB-1 to the lumen. When
vagal fibres were eliminated by subdiaphragmatic vagotomy the excitatory effects
of JB-1 on single units was absent demonstrating that vagal but not spinal fibres
were activated.

These results have demonstrated for the first time that multimodal chemorecep-
tor vagal afferents acutely respond to luminal application of a psychoactive probi-
otic thus delineating the peripheral sensory projection and physical basis for the
bacteria’s effects on the brain and behaviour.

The Vagus and Gut Bacteria

There is now strong evidence from animal studies that gut microorganisms can
activate the vagus nerve and that such activation plays a critical role in mediating
effects on the brain and subsequently, behaviour.

Such evidence came early from the study of animals infected with pathogens.
Subdiaphragmatic vagotomy attenuated c-fos expression in the PVN of rats inoc-
ulated with Salmonella typhimurium [92]. Although S. typhimurium infection was
accompanied by intestinal inflammation subsequent studies have indicated that
microorganisms in the gastrointestinal tract can directly activate neural pathways
even in the absence of an identified immune response [93]. The anxiogenic effect of
orally administered subclinical doses of Campylobacter jejuni, in mice was asso-
ciated with a significant increase in c-Fos expression in neurons bilaterally in the
vagal ganglia and activated visceral sensory nuclei in the brainstem. The areas of
brainstem activation, the NTS and lateral parabrachial nucleus, participate in neural
information processing that ultimately lead to autonomic neuroendocrine and
behavioural responses [93].

Non-pathogenic bacteria also activate vagal signalling from gut to brain. Tanida
et al. [85] demonstrated that intraduodenal injection of the bacterial strain
L. johnsonii Lal reduced renal sympathetic nerve activity and blood pressure
while enhancing gastric vagal nerve activity. All of these effects could be abolished
by pre-treatment with a histaminergic H3-receptor antagonist. Similarly the effects
were absent in animals that had bilateral lesions of the hypothalamic
suprachiasmatic nucleus, a major regulator of circadian rhythm. These findings
suggest that the influence of the bacteria on autonomic neurotransmission and
subsequently blood pressure, is mediated centrally, likely through histaminergic
nerves and the suprachiasmatic nucleus [85].

Consequently, subdiaphragmatic denervation of vagal nerve fibers surrounding
the oesophagus eliminated the ability of L. johnsonii Lal to reduce renal sympa-
thetic nerve activity and blood pressure indicating that at least some of the effects of
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this bacteria on autonomic nerve responses were elicited by interaction with
afferent vagal nerve fibers [85].

More recently, it was demonstrated that oral administration of a L. rhamnosus
strain (JB1) could alter the normal behaviour of adult Balb/c mice [48]. Chronic
treatment with the bacteria reduced anxiety-like behaviour as assessed in an
elevated plus maze, and decreased the time spent immobile in a forced swim test.
In addition, stress-induced plasma corticosterone levels were lower in treated mice,
a similar effect to subchronic or chronic treatment with antidepressants that can
prevent forced swim stress-induced increases in plasma corticosterone in both mice
and rats. Overall, changes induced with L. rhamnousus were indicative of reduced
anxiety, and decreased depression-like behaviour. Assessment of neural correlates
to behavioural changes determined that mice receiving L. rhamnosus had alter-
ations in central GABA receptor subunit mRNA expression. L. rhamnosus admin-
istration decreased expression of GABA type B (GABAB) subunit 1 isoform b
(GABABI1b) mRNA in the amygdala and hippocampus, while increasing expres-
sion in cortical areas. Expression of GABAA«?2 receptor mRNA was reduced in the
amygdala and cortical areas, whereas levels were increased in the hippocampus
[48]. It is difficult to attribute a causal relationship between behavioural effects
observed and neural correlates. However, reduced expression of GABABI1b
mRNA, in the amygdala, hippocampus, and locus ceruleus is consistent with the
antidepressant-like effect of GABAB receptor antagonists [94] and with studies of
GABABI1b-deficient animals, indicating an important role for this subunit in the
development of cognitive processes, including those relevant to fear [95, 96]. The
experimentally induced changes, especially in GABAA receptors correlates with
those seen in benzodiazepine administration, a well characterized tranquillizer
[97]. It is also interesting to note that in a recent study of transcriptomes from the
mucosa of the proximal small intestines of healthy human subjects following
intraduodenal application of different Lactobacillus species, there was a strong
correspondence between in vivo transcriptional networks altered after consumption
of one of the strains, Lactobacillus casei, and the response of human cells to the
anxiolytic GABA A receptor modulator, Tracazolate [98].

Subdiaphragmatic vagotomy blocked the anxiolytic and antidepressant effects
of chronic L. rhamnosus ingestion in normal adult Balb/c mice while also
preventing the associated alterations in GABAA«a2 mRNA expression in the amyg-
dala [48]. Similarly, the ability of B. longum to attenuate DSS colitis induced
anxiety was abolished by vagotomy [67]. Ingestion of the same bacteria had similar
effects on the behaviour of normal healthy mice. However not all beneficial bacteria
seem to exert their behavioural effects via the vagus [99]. These data suggest that
gut bacteria may affect the brain through both vagal, non-vagal and other possible
systemic pathways.

Given what is known of the vagal anti-inflammatory reflex it seems plausible
that gut microbiota induced modulation of vagal mediated “periphery to brain”
signalling could translate into changes in efferent neural pathways controlling
immune responses. As yet, there is no evidence that the vagus nerve contributes
to the immunomodulatory effects of gut bacteria and at least one study suggests that
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the local protective effect of Lactobacillus and Bifidobacteria strains in models of
colitis does not depend on vagal nerves [100].

Conclusions

Overall, studies indicate that vagal pathways mediate signals that can induce both
anxiogenic and anxiolytic effects depending on the nature of the stimulus and,
interestingly, the vagus appears to differentiate between non-pathogenic and poten-
tially pathogenic bacteria even in the absence of overt inflammation.

It is therefore clear that the involvement of the vagus in microbiota-gut-brain
communication is not straightforward or simply dependent on “activation”. Even
with the dubious assumption that an increase in c-fos expression always reflects an
increase in neuronal firing rates, existing anatomical data cannot answer why in
some cases vagal activation causes depression and in others, for example, electrical
stimulation of the vagus, eases depression. What is currently lacking are relevant
data on the electrophysiology of the system. Tanida et al. [85] showed that injecting
L. johnsonii into rat duodenum increased gastric vagal multiunit firing rate by about
10 % within 15 min, and this slowly grew to a 90 % increase over the baseline 1 h
after the injection was delivered. Clearly, much more work of this sort needs to be
done and should compare with vagal responses to either anxiogenic or anxiolytic
peripheral stimuli.

Electrophysiology may also be utilized to determine the nature of the peripheral
signal acting to stimulate the vagus nerve in the gut following exposure to specific
bacteria or nutrients. Single chemosensitive vagal afferent units supplying the gut
are normally silent or have a low resting discharge of 0-3 Hz [101]. They respond to
most luminal molecules by increasing their firing rate. Response latencies vary
consistently according to the chemical nature of the stimulus. The short chain fatty
acid butyrate had a response onset latency of 2-3 ms [49], the long chain fatty acid
sodium oleate had a latency of 15 ms [49], amino acids evoked responses within
about 9 ms [3]. The response to casein acid hydrolysate has a latency of 19 ms
[102], and glucose takes 20 ms [103]. S. typhimurium lipopolysaccharide evoked an
increase in the mesenteric nerve discharge within 30 min while LPS from a
commensal E. coli had no effect [104].

Certainly, important advances in our understanding of the gut-brain and
microbiome- gut-brain axis will come from studies of how distinct microbial and
nutritional stimuli activate the vagus and the nature of the signals transmitted to the
brain that lead to differential changes in the neurochemistry of the brain and
behaviour. However, while it appears that the vagus is critical to mediating
gut-brain communication by specific bacteria in some model systems, it is by no
means the only potential signalling method. Indeed, largely due to technical
difficulties, few studies have investigated the role of spinal afferents in mediating
bacteria induced changes in behaviour and brain chemistry. It is certainly possible
that the observed changes in brain chemistry behaviour induced by gut bacteria
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require parallel input from both the vagal and spinal afferents. Furthermore,
behavioural changes induced through disruption of the microbiota by antibiotic
treatment have been demonstrated to be independent of vagal signalling [99] with
some additional evidence that neither sympathetic afferents nor immune modula-
tion is required. This clearly suggests that the bacteria in the gut can communicate
to the brain through multiple pathways. Nevertheless understanding the induction
and transmission of anxiolytic signals in the vagus nerve may have important
implications for the development of microbial-or nutrition based therapeutic strat-
egies for mood disorders.
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