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Abstract

Host defenseis avital role played by the gastrointestinal tract. As host to an enormous and diverse
microbiome, the gut has evolved an elaborate array of chemical and physicals barriersthat allow
the digestion and absorption of nutrients without compromising the mammalian host. The control
of such barrier functions requires the integration of neural, humoral, paracrine and immune
signaling, involving redundant and overlapping mechanisms to ensure, under most circumstances,
theintegrity of the gastrointestinal epithelial barrier. Here we focus on selected recent
developments in the autonomic neural control of host defense functions used in the protection of
the gut from luminal agents, and discuss how the microbiota may potentially play arolein enteric
neurotransmission. Key recent findings include: the important role played by subepithelial enteric
gliain modulating intestinal barrier function, identification of stress-induced mechanisms evoking
barrier breakdown, neural regulation of epithelia cell proliferation, the role of afferent and
efferent vagal pathways in regulating barrier function, direct evidence for bacterial communication
to the enteric nervous system, and microbial sources of enteric neurotransmitters. We discuss these
new and interesting developmentsin our understanding of the role of the autonomic nervous
system in gastrointestinal host defense.
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Introduction

The mammalian gastrointestinal (Gl) tract is a complex organ that has evolved in a
cooperative manner with avariety of prokaryotic and eukaryotic species, namely the
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bacteria, fungi, protozoa and archaea (previously known as archaebacteria) that comprise the
microbiome of the gut (Backhed et al., 2005; Sommer and Backhed, 2013). The Gl tract is
in fact a host within a host. In the vertebrate host, the primary function of the Gl tract isto
provide the nutrients and energy required for survival and reproduction. A secondary
function of the Gl tract isto defend the host from potentially harmful ingested food antigens,
bacteria, parasites or toxins. This defensive function of the gut extends to protect the organ
itself, as well asthe host, from the processes of digestion: extremes of pH, digestive
enzymes, bile and other chemicals that can damage cells (Fasano and Shea-Donohue, 2005;
McCole and Barrett, 2007; Turner, 2009). Digestion frequently produces unwanted antigenic
peptides, which if not carefully regulated can lead to powerful immune responses that may
also be deleterious to the host (Fasano, 2012; Fasano and Shea-Donohue, 2005). As a host
itself, the Gl tract is home to trillions of bacteriathat reside throughout its length and
provide the vertebrate host with specific nutritional, defensive and other symbiotic functions
in return for a share of the host’s nutrients and a unique environment in which to live and
reproduce (Backhed et a., 2005; Sommer and Backhed, 2013). The burden of thislarge
number of prokaryotic speciesis considerable, as these commensals can quickly become
pathogenic if the intestinal epithelial barrier - the single layer of cells that separate the inside
of the body from the gut luminal contents - is breached or defective. It is perhaps not
surprising given this introduction that the gut has evolved to be the largest immune organ of
the body; where arich network of nerves and humoral mediators regulate and control
digestion, at the same time as orchestrating elaborate cellular systems of defense that work
in concert with the immune system to protect the host.

In recent years, we have learned a considerable amount about how the microbiome
contributes to nutritional states in mammalian hosts. Gut bacteria seem to be responsible for
conditions of both under- and over-nutrition, with extreme examples ranging from
kwashiorkor on one hand to obesity on the other (Ridauraet al., 2013; Smith et al., 2013;
Turnbaugh et al., 2008; Turnbaugh et al., 2006). But the microbiome is also a critical factor
in the development of Gl inflammation (Knights et al., 2013; Natividad and Verdu, 2013;
Rubino et al., 2012). This can be manifested as an idiopathic condition like inflammatory
bowel disease (IBD), where in genetically susceptible individuals, an environmental trigger
initiates a breakdown of innate host defenses that |eads to an uncontrolled local immune
response to antigens and resident commensals in the wall of the gut (Knights et al., 2013).
Inflammation may also occur as aresult of bacterial dysbiosis when an opportunistic
pathogen like Clostridium difficile stimulates a massive local immune response and
destruction of the epithelium (Peniche et al., 2013). Local control of inflammation in the gut
is covered in the accompanying article by Lomax. Here we will focus on selected recent
developments in the autonomic neural control of host defense functions used in the
protection of the gut from luminal agents, and how the microbiota may potentially
contribute to enteric neurotransmission.

Enteric Innervation

Theinnervation of the gut consists of both extrinsic and intrinsic components, comprising
all three divisions of the autonomic nervous system (Furness, 2006; Furness, 2012). In
addition, the gut receives arich primary afferent innervation of both vagal and spinal origin
(Blackshaw et al., 2007; Furness et a., 2013). Both vagal and spinal afferent terminals must
extensively branch within the wall of the gut; because of the relatively low number of vagal
and spinal neurons providing thisinnervation, for example, it has been estimated that only
1-2% of the total spinal primary afferent neurons innervate the viscera (Janig and Morrison,
1986).
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For the most part, the terminals of extrinsic primary afferent, parasympathetic and
sympathetic nerves extensively innervate the enteric nervous system (ENS) —the third
division of the autonomic nervous system, rather than other targetsin the wall of the gut.
However, there are specialized sensory endings and direct innervation of the vasculature by
sympathetic and primary afferent terminals (Furness, 2012; Furness et a., 2013). The ENS
consists of theintrinsic primary afferent, interneurons and motor neurons that control all
functions of the GI tract. These neurons are arranged in two ganglionated plexuses:. the
myenteric plexus that lies between the longitudinal and circular muscle layers of the
muscularis externa, and the submucosal plexus the liesin the submucosa (Furness, 2006;
Furness, 2012). These two neuronal plexuses are interconnected. A small population of
myenteric neurons, called viscerofugal neurons, make direct connections to postganglionic
sympathetic neurons in the abdominal prevertebral ganglia (Sharkey et a., 1998;
Szurszewski et a., 2002). These enteric neurons form the afferent limb of local sympathetic
reflexes that control motility (Lomax et al., 2010).

Enteric neurons extensively innervate all the structural and functional elements of the gut:
smooth muscle, epithelium, immune elements, and vasculature. However, what is
remarkable about the gut innervation is that it frequently seems to act through intermediary
cell types that are interposed between nerves and target tissues. Specifically, motor activity
isregulated by Interstitial cells of Cajal (Sanders et al., 2010). , which may also transduce
sensory information (Powley and Phillips, 2011), and platel et-derived growth factor receptor
alpha-positive cells (Baker et al., 2013; Kurahashi et a., 2011; Sanders et al., 2010).
Secretion isregulated in part by enteric mast and glial cells, aswell as subepithelial
myofibroblasts (Bischoff, 2009; Gulbransen and Sharkey, 2012; Powell et al., 1999). The
immune elements of the gut are also innervated; that isto say, nerves directly innervate
lymphoid organs, such as Peyer’s patches where adapted lymphocyte responses occur, as
well as diffusely distributed immune cells, such as mast cells, dendritic cellsand
macrophages (Chiocchetti et al., 2008; de Jonge, 2011; Matteoli et al., 2013; Nijhuiset al.,
2010).

Like neuronsin the brain, enteric neurons are surrounded by and outnumbered by glial cells.
In the Gl tract there is a unique type of peripheral glial cell called enteric glia (Gulbransen
and Sharkey, 2012; Neunlist et a., 2013). These cells resemble astrocytes of the brain and
are found in enteric gangliain both the myenteric and submucosal plexus and also in two
extra-ganglionic sites, intramuscularly and submucosally (Gulbransen and Sharkey, 2012).
Perhaps surprisingly, there is a population of cells which have the phenotypic characteristics
of enteric gliathat lie just beneath the epithelium (Gulbransen and Sharkey, 2012; Neunlist
et a., 2013). These subepithelial enteric glia have an intimate relationship with epithelial
cells, and play arolein the maintenance of barrier function. Emerging work from severa
groups, including our own, has recently demonstrated that protective gut functions may be
orchestrated by enteric glial cell mediators or via enteric glial modulation of
neurotransmission and secretion in the Gl tract (Bach-Ngohou et al., 2010; MacEachern et
al., 2011; Neunlist et a., 2007; Savidge et al., 2007; Van Landeghem et a., 2011). It is not
easy to reconcile such physiological eventsin vivo, but functional parallels can been drawn
to astrocytes which are known to perform protective rolesin the brain (Abbott et al., 2006).
Enteric glia provide trophic and cytoprotective functions towards enteric neurons (Abdo et
al., 2010; Abdo et a., 2012). Recently it has become clear that they also possess receptors
for many enteric neurotransmitters and are activated by synaptic transmission, e.g. by ATP
release from intrinsic and extrinsic neurons following chemical or electrical stimulation
(Boesmans et al., 2013; Gomes et al., 2009; Gulbransen et al., 2010; Gulbransen et a., 2012;
Gulbransen and Sharkey, 2009). This positionsthem to “listen” to the signaling in the ENS
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and respond appropriately. As ATP release is common in damaged tissues, it seemsfeasible
that glial cells are aso activated by environmenta cues that may emanate from tissue trauma
or infection. Not only do enteric gliarespond to purines like ATP, they also respond to and
make cytokines, possessing, for example, interleukin (IL)-1 receptors and making IL-1, IL-6
and chemokines such as monocyte chemotactic protein 1 (Murakami et al., 2009; Ruhl et al.,
2001a; Ruhl et al., 2001b; Stoffels et al., 2013). However, the preciserole for glial activation
within enteric ganglia remains to be determined, athough early studies suggest a regulatory
role of neuronal activity and protection of tissue integrity, akin to astrocytes.

Cellular and molecular mechanisms by which enteric glia protect gut integrity from acute
trauma, infection, or immune insult are beginning to emerge, and several lines of evidence
suggest that this regulation is likely to be multi-factorial with avariety of cell types
producing a range of molecules that may induce or compromise barrier functions. For
example, elevated glial-derived neurotrophic factor during inflammation could act to protect
cells from apoptosis (Bassotti et a., 2006; Steinkamp et al., 2012; von Boyen et al., 2006).
Enteric glia actively secrete barrier inducing epidermal and transforming growth factor-f§
isoforms (Neunlist et al., 2007; Van Landeghem et al., 2011), aswell as reactive nitric oxide
derivatives - known as S-nitrosothiols which are phylogenically old cGMP-independent
signaling systems that have been shown to exert global protective functions following
intestinal inflammation, infection or burn trauma (Costantini et al., 2010; Flamant et al .,
2011; Savidge, 2011; Savidge et al., 2007). Nitric oxide production by enteric gliain the
myenteric plexus has also demonstrated a previously unappreciated anti-secretory signal in
the colon, indicating that a nicotinic-glia-nitric oxide signaling mechanism may have
evolved to override excessive fluid secretion during disease states (MacEachern et al.,
2011). Therefore, regulation of mucosal barrier and secretory function by its
microenvironment, and in particular by neuronal-glial circuits, may confer gut protection in
these disease settings and represent potentially important target cellsin Gl inflammatory and
permeability disorders.

Host defense

Protection of the Gl tract from injury is accomplished by a series of physical and chemical
barriers. The gut needs to be protected from harmful agents that have been ingested, as well
as from the processes of digestion and from the normal luminal contents (Fasano and Shea-
Donohue, 2005; McCole and Barrett, 2007; Turner, 2009). There are speciaized regional
barriers at various levels of the Gl tract, such as acid in the stomach, as well as some that are
found throughout the length of the gut, for example, epithelial tight junctions and mucus
secreted by goblet cells. Given the focus of this article, we will explore the role of the
enteric innervation in the functional regulation of components of the Gl epithelial barrier.

Epithelial barrier function

A single layer of epithelial cellslining the stomach and intestine is all that prevents the
outside world from entering “us’, whether we are between meals or when we have eaten.
These cells have arapid rate of turnover (2—4 days) and elaborate mechanisms ensure the
regular restitution of epithelial barrier breach under normal conditions. The monolayer of
polarized epithelial cells that forms a continuous interface along the gut is connected
through apical junctional complexes. These intercellular complexes are composed of tight
junctions, adherens junctions, desmosomes and gap junctions, the latter which serve for cell-
to-cell communication (Laukoetter et a., 2006; Shen et al., 2011; Turner and Turner, 2010;
Turner, 2009). The protein complexes that form these junctions are regulated by many
factors, for example, inflammatory mediators. The control of these protein complexes
regulates epithelial permeability to molecules ranging in size from single ion permeability,
regulated by claudin family members, to larger molecules regulated by zonula occludens
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(20) and occludin isoforms. Are enteric nerves involved in the control of epithelial barrier
function or do they indirectly influence the permeability of the epithelium by atering the
regulation of the apical junctional complex? There isincreasing evidence that the answer to
this question is yes, to both possibilities, but relatively few studies have directly examined
this question.

Role of enteric nerves in the control of epithelial permeability

Direct evidence for the role of enteric nervesin the regulation of intestinal permeability in
intact preparations under physiological conditionsis quite limited. In arecent study,
Overman et al. showed that the addition of the sodium channel blocker, tetrodotoxin (TTX),
to preparations of the porcine ileum reduced mucosal to serosal flux of afluorescent 4kDa
macromolecular marker that passed through epithelial tight junctions (Overman et al., 2012).
These data suggest that there isatonic control of epithelial permesbility by enteric nerves.
However, at the sametime, TTX reduced the degranulation of mucosal mast cellsin these
preparations, so it is not clear if the neural effect on permeability is directly or indirectly
mediated. These findings are similar to that obtained by Cameron and Perdue in mouse
jejunum (Cameron and Perdue, 2007). They not only showed that TTX reduced the baseline
flux of horseradish peroxidase (HRP), another macromolecular permeability marker, but so
did the muscarinic cholinergic antagonist atropine, suggesting a cholinergic input controls
epithelial tight junctions. Consistent with this finding, the cholinergic agonist bethanechol
stimulated an increase in the flux of HRP through activation of M3 receptors (Cameron and
Perdue, 2007). Building on these observations, Gareau et al. demonstrated that HRP flux
was greater in young rats subjected to stress (maternal separation) than in non-stressed
controls (Gareau et d., 2007). This enhanced permeability was reduced to below control
levels with atropine and further reduced by the nicotinic receptor antagonist
hexamethonium. One interesting, but potentially complicating factor in this study, was that
in the stressed animals, choline acetyltransferase (ChAT) expression was increased in the
epithelium. ChAT isthe rate limiting enzyme for acetylcholine (ACh) synthesis, suggesting
that, at least under conditions of stress, there may be an autocrine component of cholinergic
control of permeability, in addition to the neural component seen under baseline conditions
(Gareau et al., 2007). The presence of an epithelia cholinergic system (muscarinic receptors
and the ligand, ACh) has also been reported by othersin both the small and large intestine of
animals and humans (Gautron et al., 2013; Jonsson et a., 2007; Klapproth et al., 1997); in
intestinal inflammation, epithelial ChAT expression was reduced (Gautron et a., 2013). In
older studies, Saunders et al. aso found amuscarinic cholinergic enhancement of
permeability in stressed rat jejunum, but no nicotinic receptor involvement was observed in
this case (Saunders et al., 1997). Further evidence for arole of cholinergic nervesin the
control of permeability comes from studies that investigated bile acid induced enhancement
of colonic permeability. Here, both a nicotinic and muscarinic component were identified as
contributing to the serosal to luminal flux of mannitol and urea, possibly emanating from
ligand activation of the recently described G-protein coupled bile acid receptor TGR5
(Cipriani et a., 2011; Fihn et a., 2003; Sun et al., 2004). The full significance of the sources
of ACh and the relative role of cholinergic nerves at different levels of the gut in the control
of epithelial permeability remains to be completely determined. An influence of enhanced
fluid secretion hampering epithelial access of luminal macromolecular markersisaso a
consideration of such studies.

The role of stress and corticotrophin releasing factor

Gareau et al. and Overman et al., also explored the role of the stress hormone corticotrophin
releasing factor (CRF) in the cholinergic control of permeability in the colon of rats and the
ileum of pigs, respectively. Gareau et al. provided strong evidence that CRF acted via
cholinergic nerves to regulate intestinal permeability (Gareau et al., 2007), which was

Auton Neurosci. Author manuscript; available in PMC 2015 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sharkey and Savidge

Page 6

extended by Overman et al. who showed that CRF acted via mast cells and through a TTX-
sensitive, likely cholinergic, neural pathway (Overman et al., 2012). These data support
previous observations that demonstrated arole for cholinergic and adrenergic nerves and
mast cellsin regulating CRF-induced enhanced permeability in the rat colon (Barreau et a.,
2007; Santos et a., 1999). Moreover, CRF induced activation of the myenteric cholinergic
neurons assessed by the neuronal activity marker Fos supports these observations
(Miampamba et al., 2002; Y uan et a., 2007). That said, at least when injected
intraperitoneally, CRF only seems to activate colonic myenteric, but not submucosal,
neurons and not those in the small intestine or stomach (Yuan et al., 2007). Given that the
physiological changesin barrier function described above were occurring in the small
bowel, it remains to be determined exactly what is happening (patho)physiologically in
various bowel regionsin animals under conditions of stressinvolving the release of CRF
and under baseline conditions. However, it seemsfair to conclude that enteric nerves
regulate epithelial barrier function either directly or indirectly, and in the case of an indirect
effect, mast cell mediators may be an important source of mediators regulating tight
junctions. The overall pathophysiological importance of these data relates to the control of
permeability during conditions of stress; building on these data Y u et al. have recently
shown that this may lead to afailure of tolerance to bacterial endotoxin and hence the
development of clinical or subclinical inflammation and associated conditions of irritable
bowel syndrome and inflammatory bowel disease (Yu et al., 2013).

Role of vasoactive intestinal peptide

Vasoactive intestinal peptide (VIP) is an important secretomotor transmitter extensively
expressed throughout the intestinal mucosa. The secretomotor innervation islargely from
submucosal neurons, but in some regions may aso come as a direct projection from the
myenteric plexus, for example in the stomach (Furness, 2006). Using an elegant human co-
culture model, Neunlist et al. showed that electrical stimulation of submucosal neurons
elicited areduction in flux of paracellular permeability markers across a monolayer of
epithelial cells (Neunlist et al., 2003). This effect was blocked by a VIP receptor antagonist
and mimicked by application of VIP directly to the monolayer. The molecular mechanism of
this effect was determined to be an increase in the expression of the tight junction protein
Z0-1. Advancing this observation to a pathophysiological model of colitis, Conlin et al.
found that V1P could prevent the increase in mannitol flux observed in animals infected with
the bacterium Citrobacter rodentium (Conlin et al., 2009). In studies of isolated epithelial
monolayers, infected with an analogous pathogen, VIP was found to reduce the re-
distribution of tight junction proteins caused by the pathogen by preventing an increase in
the myosin light chain kinase expression and the phosphorylation of myosin light chain
(Conlin et a., 2009). Therole of VIP (and the cholinergic agonist carbachol) has also been
assessed in low birth weight neonatal piglets fed various diets (Boudry et al., 2011). Here, it
reduced epithelial permeability in the jejunum but had no effect in theileum, and its effects
were not observed when animals were on a high protein diet. However, its effects were seen
when they were fed an adequate protein diet or by their mothers. The significance of these
differencesis not clear. In contrast to these studies in which VIP reduced intestinal
permeability arecent study in rat and human tissues found VIP stimulated permesbility, and
increased bacterial translocation (Keitaet al., 2013). In rats, stress increased epithelial
permeability, an effect that was largely blocked by a V1P receptor antagonist, and also the
mast cell stabilizer doxantrazole. When V1P was added exogenously to ileal preparations, it
also increased epithelial permeability and its effects were blocked by doxantrazole. In this
study, VIP receptors were found localized on mast cells, supporting the functional
observations. Similar findings were made in the human ileum, but interestingly not the
human colon (Keitaet a., 2013). It seems unlikely the differences between these three
studies are due to species differences, but the preparations used differ considerably and this
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might explain the different effects. Further studies are required to ascertain the role of VIP
in different regions of the gut under physiological and pathophysiological conditions.

Extrinsic autonomic control of epithelial barrier function

The extrinsic innervation of the Gl tract has recently been the focus of more attention with
regardsto itsrole in the regulation of epithelial permeability. The primary observations
relate to the role of vagal stimulation on enhancing barrier function in conditions where it is
severely compromised, in animals with a burn injury or endotoxemia (Costantini et al.,
2010; Costantini et a., 2012; Krzyzaniak et a., 2011; Zhou et a., 2013). Electrical vagal
nerve stimulation prior to or up to 90 min afterwards prevented the breakdown of epithelial
barrier function after a burn injury, assessed using the permeability of 4kDa labeled dextran
(Costantini et al., 2010; Costantini et al., 2012; Krzyzaniak et al., 2011). This effect seemsto
involve the reorganization of ZO-1 expression and reduced expression of occludin, and is
mimicked by the nicotinic cholinergic agonist nicotine. It may aso involve enteric glial
cells, since vagal nerve stimulation activated enteric glia and the protective effects of vagal
nerve stimulation were mimicked by S-nitrosoglutathione, which is released by enteric glia
(Costantini et al., 2010; Savidge et al., 2007). Endotoxemia also leads to aloss of barrier
function and the disruption of tight junctions (Zhou et al., 2013). Carbachol, another
nicotinic receptor agonist, was found to prevent the redistribution of ZO-1 and claudin-2,
and reduced permeability under these conditions (Zhang and Li, 2012). Interestingly, this
effect was prevented by an alpha7 nicotinic receptor antagonist, alpha-bungarotoxin.
Furthermore, the effects of carbachol and the actions of the vagal stimulation were also
prevented by blocking apha7 nicotinic receptors (Zhang and Li, 2012). These results are
particularly interesting in relation to the anti-inflammatory actions of vagal nerve
stimulation (see Martelli et al., this volume), and likely contribute to the benefits seenin
animals.

In addition to vagal nerve stimulation, epithelial barrier function of the rectum may also be
enhanced by sacral nerve stimulation, and blocking sympathetic outflow to the gut by spinal
epidural anesthetic also seems to enhance barrier function (Meurette et a., 2012; Schaper et
al., 2013). The mediators and molecular mechanisms that cause the improved barrier
function in these two models remains to be determined.

Epithelial cell proliferation

Another important feature of epithelial barrier function isthe renewal of the epithelium by
proliferation of stem cells. It has long been known that vagotomy alters the morphology of
the gastric mucosa (Axelson et al., 1988), illustrating arole of the enteric innervation on
epithelial cell proliferation, either through direct or indirect influences on the stem cell
niche. Similarly, ablation of the myenteric plexus using a detergent profoundly altersthe
morphology of the mucosa overlying the intrinsically denervated segment (Hadzijahic et al.,
1993; Holle, 1991; Holle et al., 2003). Loss of the plexus induces crypt cell proliferation
dramatically altering the mucosal architecture and distribution of enteroendocrine cells
(Holle et al., 2003; Zucoloto et al., 1997). The mediators of this effect remain to be
determined, though V1P has been implicated in the regulation of proliferationin acell
culture model (Toumi et al., 2003). Enteric nerves are also involved in the regulation of
epithelial progenitor cellsin response to the enteroendocrine peptide glucagon like peptide
(GLP)-2, since the proliferative response to GLP-2 are sensitiveto TTX (Bjerknes and
Cheng, 2001). Therole of VIP in this response has recently been examined using animals
lacking the VIP gene (Yusta et al., 2012). Here, it was shown that GL P-2 significantly
increased crypt cell proliferation and small bowel growth to comparable levelsin animals
with or without the VIP gene. Thus, other enteric neurotransmitters must also be involved in
regulating epithelial cell proliferation.
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One recently discovered potential mediator of proliferation is serotonin (5-HT). The
majority of the 5-HT in the gut isin mucosal enterochromaffin cells, but a small population
of myenteric neurons also express 5-HT (Gershon, 2013). Neuronal 5-HT is synthesized by
tryptophan hydroxylase (TPH)-2, whereas mucosal 5-HT is derived exclusively from
TPH-1. It was observed that mucosal growth and proliferation of mucosal cells was greater
in mice that lacked the serotonin transporter, SERT, or wild type mice given selective
serotonin reuptake inhibitors (Gross et al., 2012). Mucosal growth was also enhanced in
mice lacking TPH-1 that were given selective serotonin reuptake inhibitors, an effect that
was not seen in mice lacking TPH-2, strongly suggesting that the myenteric neuronal
population mediated the proliferative effect of 5-HT on the mucosa. The effect of 5-HT was
mediated by 5-HT»a receptors on submucosal cholinergic neurons, which innervate the
mucosal effector cells (Grosset d., 2012).

Epithelial cell proliferation may also be stimulated by activation of capsaicin-sensitive
primary afferent nerves. Capsaicin, the pungent ingredient of hot peppers, activates transient
receptor potential vanilloid 1 (TRPV 1) receptors on spinal and vagal afferents that innervate
the intestinal mucosa (Holzer, 2007). Upon activation these nerves release their transmitters,
substance P and calcitonin gene-related peptide (CGRP), locally (possibly through axon
reflex mechanisms) where they activate submucosal and/or myenteric neurons (Figure 1).
They aso initiate spinal reflexes through their terminalsin the dorsal horn of the spinal cord.
Local activation of capsaicin-sensitive nerves increases epithelial cell proliferation through
substance P (neurokinin 1) receptors, CGRP receptors and muscarinic cholinergic receptors
(Lundgren et a., 2011). It has been suggested that cholinergic nerves are activated by the
primary afferent transmitters, and in turn activate the stem cell progenitors, possibly viathe
induction of transforming growth factor alpha (Hoffmann et al., 2002).

Neural control of secretion

The secretion of fluid from the epithelium is an important component of barrier function
(Barrett and Keely, 2000; Turner, 2009). For example, acid is secreted in the stomach for
digestion, but also to sterilize food. Speciaized glands in the duodenum (Brunner’ s glands)
are able to sustain high levels of bicarbonate secretion to protect it from gastric acid and
pepsin (Moore et a., 2000). Similarly, along the intestine, bursts of secretion, regulated
largely by enteric cholinergic and VIP expressing nerves, protect the mucosa from physical
damage in response to mechanical stimulation and the fluid itself servesto dilute potential
cytotoxins (Barrett and Keely, 2000; Chu and Schubert, 2013). We cannot review thiswhole
subject in this short article, but have selected a recent novel observation to illustrate how
luminal bacteria may interact with host defense mechanisms.

In the stomach, acid secretion is controlled by vagal cholinergic and enteric neuronal
pathways (involving ACh and gastrin releasing peptide) that provide an initial cephalic
phase of acid secretion to prepare the stomach for the entry of food, followed by a sustained
secretion of acid for digestive and antimicrobial functions (Furness, 2006; Schubert and
Shamburek, 1990). Acid stimulates blood flow required to sustain the secretion and provides
amechanism for the clearance of noxious agents. The local vasodilatation is regulated by the
release of CGRP from primary afferent nerves by activation of TRPV 1 receptors and by
nitric oxide from the endothelium (Holzer, 2000a; Holzer, 2000b; Holzer, 2007; Schicho et
al., 2003). CGRP release also serves as a negative feedback signal to inhibit acid secretion
through the release of somatostatin from D cells of the gastric epithelium (Schubert and
Shamburek, 1990). This elegant arrangement serves to effectively protect the gastric mucosa
under physiological conditions (Figure 1). However, this protective mechanism can be

mani pulated under pathophysiological conditions.
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Given the hostility of the gastric environment, it is challenging to imagine how even a
highly evolved resident bacterium, Helicobacter pylori, could survive and colonize the
stomach; they do so by using our own gastroprotective mechanisms. Zaki et al. have
recently demonstrated that H. pylori activates capsaicin-sensitive primary afferentsto
release CGRP, which by releasing somatostatin, inhibits histamine secretion from
enterochromaffin-like cells and so reduces acid secretion making it easier for the bacteriato
establish themselves (Zaki et al., 2013). These findings support previous work that
demonstrates enhanced expression of CGRP in the stomach (and also spinal cord) of H.
pylori infected mice. Taken together, these fascinating observations illustrate how the neural
regulatory systems of the host can be utilized by bacterial pathogens to overcome elements
of defense and as we discuss later, how bacteria themselves may utilize neurotransmitters
for direct interaction with the host.

Mucus, trefoil factors, defensins and secretory IgA

Goblet cells are distributed along the length of the gut and serve avital role for protection of
the Gl tract; the mucus barrier is commonly regarded as an important physico-chemical
defense (McGuckin et a., 2011). However, a diverse range of MUC protein products and
trefoil factor constituents in mucin enhance barrier function and promote epithelial
restitution and repair. In the small bowel, additional defenseis provided by Paneth cells,
which secrete antimicrobial peptides called defensins (Clevers and Bevins, 2013; Ouellette,
2011; Salzman, 2010). Finally, the gut possesses an immunological barrier accomplished by
the secretion of polymeric IgA from the epithelium to the lumen (Brandtzaeg, 2013). The
degree to which each of these secretory componentsis under neural control varies, but
remarkably few studies have investigated these in a systematic manner. In all cases,
cholinergic control is exercised through muscarinic receptor mechanisms, and where it has
been examined, VIP also seemsto be prosecretory (Castagliuolo et a., 1996; Lyteet d.,
2011; Moro et a., 2001; Ogata and Podolsky, 1997; Schmidt et al., 2007). These data are
consistent with the known pattern of innervation of the mucosa from submucosal neurons.
The vagus plays an important role in the tonic secretion of gastric mucus (Somasundaram
and Ganguly, 1987), but does not seem to have such arolein the jejunum (Greenwood and
Mantle, 1992). Sympathetic mechanisms or stress increases the secretion of IgA and mucin
(Castagliuolo et al., 1996; Lyte et al., 2011; Schmidt et a., 2007), although one report has
found that norepinephrine inhibits the secretion of 1gA (Schmidt et al., 1999).

A recent study highlights an interesting potential for mucin secretion to be controlled from
the luminal aspect of the gut. Hoffman et al. investigated the distribution of 5-HT 4 receptors
along the Gl tract and found they were present on epithelial and goblet cells (Hoffman et al.,
2012). Interestingly, addition of 5-HT,4 agonists to the gut lumen caused cavitation of goblet
cells, an indicator of mucin secretion. These observations extend earlier work in which
cholera toxin-induced mucin secretion was found to be regulated via capsaicin-sensitive
nerves (Figure 1), utilizing muscarinic cholinergic and 5-HT 4 receptor mechanisms (Moore
et a., 1993; Moore et a., 1996). These data support the concept that local activation of
mucosal nerves and enterochromaffin cells serve as important defense mechanismsin
response to potentially injurious luminal factors. As we discuss the role of bacteria signaling
to the gut we will expand on this concept further.

Mucosal immunity and the gut-associated lymphoid tissue (GALT)

It has long been known that the GALT and diffuse immune systems of the Gl tract receive
extensive innervation, leading to thorough investigations of neuroimmune function in
relation to host defense (Chiocchetti et al., 2008; Crivellato et al., 2002; Crivellato et al.,
1998; Felten et a., 1992; Lawson et a., 2010; Straub et al., 2006). These have recently been
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extensively reviewed, including articles in the current volume (Martelli et al. and Lomax)
and will only be briefly touched on here. Nervesin the wall of the gut serve to both respond
to threats as an alarm system, as well as to integrate host defense thereby contributing to
barrier function. Much of the focus has been on the role of the extrinsic nerves of all classes.
Primary afferents of vagal origin are activated by local immune and inflammatory stimuli, as
well as enteroendocrine mediators, and initiate vagal reflexes including the vagal anti-
inflammatory reflex (Costes et a., 2013; de Jonge, 2013; Dhawan et a., 2012)(see also
Martelli et al., this volume). Spinal primary afferents are endowed with TRPV 1 and protease
activated receptor 2 receptors, as well as other TRP receptors allowing them to respond with
the release of mediators such as substance P and CGRP that locally regulate immune
function and blood flow (Holzer, 2007; Vergnolle, 2009). This gives rise to neurogenic
inflammation, which is an acute, protective response to injury involving resident mast cells
aswell as stimulating infiltration of neutrophils and other leukocytes.

Integration of immune responses in the gut wall relies on the enteric neural regulation of
immune responses. Notable are the actions of the transmitters VIP, substance P,
somatostatin and neuropeptide Y (NPY), which potently activate many classes of leukocytes
in the wall of the gut and regulate inflammation (Chandrasekharan et al., 2013b; Engel et al.,
2011; Gross and Pothoulakis, 2007; Keita and Soderholm, 2010; Margolis and Gershon,
2009; Nijhuis et a., 2010). In addition, there are very potent immunomodul atory actions of
endogenous opioids and cannabinoids, both of which are widely expressed in the Gl tract
and, for example, reduce intestinal inflammation (Gross and Pothoul akis, 2007; 1zzo and
Sharkey, 2010). However, as noted for other elements of host defense, there are few
systematic studies that have examined the role of endogenously released enteric
neurotransmitters of specific immune functions. Moreover, there are many examples where
the neuroimmune interactions lead to maladaptive changes, so one of the big challenges that
remains isto understand the regulatory functions that restore homeostasis when immune
interactions lead to a breakdown in host defense. Thisisillustrated by arecent study that
shows the interactions between tumor necrosis factor (TNF) and NPY (Chandrasekharan et
al., 2013a). Using primary cultures of enteric neurons and colon explant cultures from wild
type and NPY knockout mice, it was found that enteric neurons express TNF receptors
(TNFR1 and R2). Primary enteric neurons from NPY knockout mice produced less TNF
compared with wild type. Further, TNF activated the NPY promoter in enteric neurons
through phospho-c-Jun and increased expression of NPY . However, NPY increased
epithelial permeability through the pore-forming tight junctional protein claudin-2. These
results help explain why NPY is pro-inflammatory in the Gl tract (Chandrasekharan et al .,
2008), but not why such a system would have evolved in the first place, or what prevents a
modest inflammation from becoming an unregulated chronic inflammatory event leading to
widespread tissue destruction.

Two other considerations merit discussion. Thefirst isthat enteric neurons express the
innate immune signaling receptors, toll-like receptors (TLRs). To date, TLR2, 3,4 and 7
have been shown to be expressed on enteric neurons (Anithaet a., 2012; Bargjon et al.,
2009; Brun et al., 2013; Esposito et al., 2013; Rumio et al., 2006). These are receptors for
bacterial membrane glycolipids and glycoproteins (TLR2), double-stranded RNA (TLR3),
bacterial lipopolysaccharide (TLR4) and single-stranded RNA (TLRY7), respectively. Taken
at face value, thisimplies bacterial and viral signaling to the ENS, but it seems likely that
their role is more complex. For example, the structure of the ENS is markedly altered in
micethat lack TLR2 and TLR4 (Anithaet al., 2012; Brun et a., 2013), suggesting a
developmental role for thisinnate immune signaling system. Interestingly, wild-type mice
depleted of intestinal microbiota had ENS defects similar to TLR2 knockout mice (Brun et
al., 2013). The consequences of not having afully developed ENS are striking; TLR2
knockout mice devel oped more severe calitis than wild-type mice. These dataimply that
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during enteric development bacteria signaling to the ENS primes the ENS for adulthood by
stimulating growth and specific neurochemical phenotypes. Thisisthen better able to
protect the adult in the face of an inflammatory stimulus. Our understanding of innate
immune signaling and the ENS is very rudimentary, making further conjecture very
speculative; thistopic requires considerable further study.

The second are the immune interactions between enteric neurons and enteric glia. Enteric
gliaare able to produce and secrete immune signaling molecules such asIL-1 and IL-6
(Esposito et al., 2013; Ruhl et a., 2001a; Ruhl et al., 2001b; Stoffels et al., 2013) , asare
enteric neurons (e.g., IL-8; (Tixier et a., 2005)). Again, we know little about the (patho-)
physiological roles of these immune mediators, but support for avariety of functions has
been provided; for example, IL-1 has neurotrophic actions (Gougeon et al., 2013),
suppresses neurotransmitter release presynaptically (Xiaet al., 1999), and enhances the
excitatory action of bradykinin (Murakami et al., 2009). These data further support the
concept of glial-neuron crosstalk as discussed above.

Bacterial signaling to the enteric nervous system

Given that resident in the lumen of the gut are hundreds of bacteria species and that many
species of bacteria appear to exert physiological effects on the Gl tract when administered
orally, it would not be surprising to find bacterial signaling to the host involving the enteric
innervation. What has been described though are some extremely interesting findings
suggesting that the excitability of enteric intrinsic primary afferent neuronsis regulated by
the presence of acommensal microflora. McVey Neufeld et al. examined segments of the
jelunum from germ-free, specific pathogen-free and germ-free mice that had been re-housed
under conventional conditions, and so would have a normal bacterial flora (McVey Neufeld
et a., 2013). Germ-free mice displayed less excitable intrinsic primary afferent neurons
(termed AH [afterhyperpolarization] neurons (Furness et al., 1998)), with reduced resting
membrane potentials and reduced input resistance compared to either of the other groups.
These data support the idea that the physiological activity of the enteric nervous system is
governed in part by the luminal environment of the gut. They build on other observations
showing that intrinsic primary afferent excitability isinfluenced by luminal bacteria. For
exampl e, the probiotic bacterium Lactobacillus reuteri enhances the excitability of colonic
myenteric AH neuronsin the rat by reducing the activity of the calcium activated potassium
channel that normally controls the magnitude of the after hyperpolarization in these neurons
(Kunze et al., 2009). It islikely that there are many bacterial signaling moietiesinvolved in
this bacterial communication with enteric neurons, including histamine release or TLR
activation. Mao et al. have shown direct evidence that polysaccharide A of Bacteroides
fragilisis sufficient to enhance the excitability of myenteric AH cells, and when this
bacterium is engineered to lack this molecule, the increased excitability seen with acute
administration of this bacterium islost (Mao et a., 2013). What remains to be determined is
what the dominant signaling pathways are when hundreds of bacterial speciesinteract and
signal to the ENS, and how homeostasis and host defense are accomplished as bacterial
composition is modified during the regular perturbations imposed by dietary changes, acute
infections, etc.

Bacterial signaling involves not only local enteric neurons, but also the vagal and spinal
innervation of the gut (Collins et a., 2012). For example, vagal afferent activity in response
to normal physiological stimuli is altered by the presence of specific luminal bacteria (Perez-
Burgos et al., 2013). Similarly, spinal primary afferent signaling is modulated by bacterial
cell products; effects that can reduce or increase excitability depending on the bacterial
speciesinvolved (Kamiyaet al., 2006; Maet al., 2009; Ochoa-Cortes et al., 2010). The
implications for host defense are considerable since reflex actions that alter motor and
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secretory functions are under central neural control aswell aslocal control. It remainsto be
determined how bacterial signaling fitsinto the hierarchical regulation of gut function, but
moving forwards, it is apparent that luminal bacteria must be considered as essential
elementsin the context of enteric neural control of host defense.

Finally, an important component of luminal signaling to the epithelium is accomplished by
proteases. This topic has been recently reviewed and so will only be touched on briefly here
(Steck et al., 2012). Both bacteria and host cells rel ease proteases that can activate protease
activated receptors (PARS) which are not only found on epithelial cells but are also found on
enteric neurons and extrinsic nerves innervating the gut. There are four PARs (PARL,
PAR2, PAR3, PAR4), al of which are G-protein coupled receptors that act as tethered
ligands, activating the cell on which they are expressed (Vergnolle, 2009). They are
activated by proteolytic cleavage of the N-terminus, which allows the ligand domain to bind
to the receptor. PAR1, PAR2 and PARA4 activate enteric neurons, enteric gliaand extrinsic
primary afferents, and the responses of that occur following this activation form part of the
host defense response (Buhner et al., 2012; Buresi et al., 2005; Green et al., 2000; Kugler et
al., 2012; Mueller et a., 2011). Notable, asit pertains to disease, is that supernatants of
biopsies taken from patients with irritable bowel syndrome (IBS) and IBD have elevated
levels of protease activity which is thought to contribute to disease pathogenesis and
symptom generation in these conditions (Buhner et al., 2012). The sources of protease
activity (host versus bacterial) in biopsy supernatants remain to be fully determined, but
could involve a multitude of signaling pathways including interferon-y, PAR2 or TGR5
ligands.

Supernatants of colonic biopsy samples from IBS patients contain proteases that directly
sensitize mouse primary afferent neurons and generate visceral and somatic hypersensitivity
through the activation of PAR2 (Cenac et a., 2007; Hughes et a., 2013; Valdez-Morales et
al., 2013). PAR2 activation in the Gl tract also gives rise to neurogenic inflammation,
through activation of primary afferent nerves and secretion, by activation of enteric neurons
(Ikeharaet d., 2012; Ikehara et al., 2010; Nguyen et al., 2003). Mucosal biopsy supernatants
from patients with IBS al so activate human enteric neurons and enteric glia (Buhner et al.,
2012; Buhner et a., 2009). When these supernatants were studied on guinea pig enteric
neurons, it was found that only a small proportion of myenteric neurons responded to the
supernatants, whereas about half the submucosal neurons responded. PARL is expressed on
secretomotor neurons of the submucosal plexus and agonists of this receptor inhibit fluid
secretion in the mouse colon (Buresi et al., 2005). In contrast, in the mouse cecum, PAR1,
but not PAR2, simulates secretion by releasing substance P (acting via neurokinin 1
receptors) and ACh (Ikeharaet a., 2010). These early data are supportive of the concept of
protease signaling through neural pathways to regulate host defense responses. Further work
isrequired to dissect the contributions of bacterial and host proteases and how these
circumstances, where protease activated pathways link to the other elements of host defense,
contributing to the integration of mechanisms that ensure the overall maintenance of barrier
function.

Microbial sources of enteric neurotransmission: new kids on the block

In ahealthy individual, several complex factors determine the microbial composition of the
Gl tract, collectively termed as the microbiome. Host immune, genetic and environmental
factors, including diet, al help to shape the gut microbiota composition. Although small
intestinal microbes remain a hotly debated topic in Gl disease, the vast majority of bacteria
inhabit the colon where concentrations normally reach between 1011-1012 cells per gram of
stool (Collins et al., 2012; Simren et a., 2013). The complexity of this“living organ” is
highlighted by that fact that the microbiome isindividual specific, although a recent report
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has proposed that the human gut microbiotais comprised of 3 general enterotypes of groups
of species that contribute to a defined microbial community. An emerging consensus
recognizes that such enterotype clusters may have co-evolved to play an important
physiological rolein human health (Simren et al., 2013).

More than 50 different bacterial phyla have now been identified, of which Firmicutes,
Bacteroidetes and Actinobacteria dominate in the human colon (Backhed et al., 2005;
Lozupone et a., 2012). Modern molecular-based pyrosequencing technology of ribosomal
16S RNA gene heterogeneity - which allows thousands of microbial species to be detected
simultaneously in asingle experiment - readily indicates that our understanding of microbial
influences on human health and disease is only in its infancy since most bacteria identified
still remain uncultured using traditional methods. However, such culture-based methods
remain the gold standard for detection and classification of microbes. Although cultured
species represent merely 20-30% of identified gut phylotypes, a distinct advantage exists
using such an approach because the more abundant species often correspond to better
characterized bacteriain terms of known biological function and potential health benefits.
Moreover, experimental manipulation of such bacteria has recently demonstrated that they
may play an important role in regulating neurotransmission in the Gl tract. For example,
inflammation of the Gl tract is often associated with higher levels of anaerobic Clostridium,
facultative Escherichia coli and streptococci, with reduced counts of histamine and GABA-
producing lactobaccili and bifidobacterain stool (Hemarajataand Versalovic, 2013). In
addition to its role during an immune response, histamine is an important signaling molecule
in the Gl system asit regulates bowel movements, intestinal permeability, and gastric acid
secretion. At present, it is not clear whether such microbia dysbiosis results from altered
host influences, or whether microbial-derived neurotransmitters may represent a primary
cause of Gl dysfunction.

Altered metabolic activity of gut microbes has been implicated in protection and regulation
of the Gl tract (Devkota and Chang, 2013; Geurts et a., 2013; Sommer and Backhed, 2013).
Given the ability of microbesto influence intestinal permeability, activity in the ENS and
the brain, it is not surprising that numerous reports have described shifting microbial taxa
associated with clinical disease severity, e.g. IBD, celiac disease, Clostridium difficile
infection, and post-infectious IBS (Simren et a., 2013). In many cases, clinical symptoms
are dleviated by altering microbial communities using prebiotics, probiotics and antibiatics.
Onset of disease symptoms of IBS after aninitial episode of gastroenteritisis also
supportive of arole for microbesin Gl pathogenesis. Notably, following traveler’s diarrhea
caused by bacterial infections by E. coli, Salmonella and Campylobacter, onset of IBS
symptoms are commonly associated with severity of toxin secretion and gut pathology
(Ohman and Simren, 2013). Protective mechanisms may be disrupted by modulation of a
healthy gut microbiome, or metabolites such as short chain fatty acid-induced changesin
luminal pH and colonic motility, elevated inflammation, and enteroendocrine cell
hyperplasia that alters the balance of neuropeptide secretions (Macia et a., 2012). For
example, changes in motility and secretion can drastically regulate microbiome composition
by restricting nutrient delivery, and consequently altering luminal pH in healthy and
diseased states (Deloose et al., 2012; Keely et al., 2012). Notably, disruption of migrating
motor complexes associated with fasting that are under autonomic nervous system control,
can cause adysmotility that resultsin small intestinal bacterial overgrowth (Deloose et al.,
2012; Lin and Pimentel, 2005). Interestingly, Ward et al. have recently shown that colonic
aganglionosis of the ENS causes a profound disruption of the colonic and fecal microbiota
and marked changesin the fecal metabolite profile (Ward et a., 2012). Although the exact
reason why this happens was not explored, presumably the loss of motor and secretomotor
control led to the compositional shift in the microbiome.
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Immune activation in the gut is regulated by autonomic nervous system mediated
modulation of responses to microbes or luminal antigens that breach the mucosal barrier
interface (de Jonge, 2013; Keita and Soderholm, 2010). As described above, stress
participates in such events by promoting bacterial translocation through enhancing mucosal
permeability and local immune responses. Such a barrier dysfunction may in part result from
stress-induced alteration of tight junction proteins on intestinal epithelial cells, aswell as
activation of mast, neuronal and glial cellsin the mucosa, but a so through modulation of the
host microbiome (Keita and Soderholm, 2010; Neunlist et a., 2013).

Host enteroendocrine signals secreted into the lumen may also alter gut microbiome
composition and function, and include catecholamines (Chen et al., 2003; Freestone et al .,
2008; Green et al., 2003; Lyte et al., 2011; Pacheco and Sperandio, 2009). Several studies
are strongly suggestive that the brain regulates luminal secretion of these factors (Rhee et
al., 2009). For example, cold stress induces mast cell release of histamine into the small
intestine in humans (Santos et al., 1998), whereas central nervous system administration of a
thyrotropin releasing hormone analog — a central effector to cold stress — induces 5-HT
release into the gastric lumen (Stephens, 1991; Stephens and Tache, 1989). Host factors may
also influence virulence of enteric pathogens and parasites (Karavolos et al., 2013). For
exampl e, catecholamines can regulate virulence of enterohemorrhagic E. coli (Hugheset al.,
2009) and Campylobacter jejuni (Cogan et al., 2007). Bacteria themselves may also
contribute to this luminal signaling environment, since luminal bacteriaare also able to
produce norepinephrine and dopamine and these agents contribute to regulation of gut
physiology (Asano et al., 2012).

Brain influences on Gl function and the microbiome are also implicated viathe
hypothalamic pituitary adrenal axis and the autonomic nervous system, which are known
regulators of gut microbiota composition by influencing mucosal-microbial crosstalk (via
altered permeability, motility, secretion of fluid and neuropeptides) (Collins et al., 2012;
Rhee et a., 2009). The gut microbiota may be regulated by any one of these factors; for
example, microbiome colonization and diversity are regulated by psychological stressors
(Bailey et al., 2004; Bangsgaard Bendtsen et al., 2012), and this can lead to the devel opment
of intestinal inflammation (Sun et al., 2013). The altered bacterial composition may
subsequently influence autonomic output by changing the brain’s response to environmental
and internal stimuli, leading to the potential for a maladaptive cycle that may explain, in
some cases, why altering the composition of intestinal bacteria may influence psychological
and even psychiatric disorders as well asintestinal disorders influenced by autonomic neural
factors (Collins et al., 2012; Dinan and Cryan, 2012; Forsythe et al., 2012; O'Malley et .,
2011). Interestingly, an emerging literature now also suggests that microbiome-associated
neuroactive metabolites can regulate brain development and function of the central nervous
system (Collins et al., 2012; Rhee et a., 2009). Thus, both brai n—gut—microbiome (top-to-
bottom) and microbiome-gut-brain (bottom-to-top) signaling will likely prove to be
important regulators of gut protective mechanismsin the future. With the advent of high
throughput microarrays and pyrosequencing methods, new techniques are emerging for
global analysis of bacterial community richness. Combining such technology with global
unbiased metabol omics methods to quantify microbial-derived neurotransmittersin stool, it
isnow possible to start the arduous process of identifying how microbial dysbiosisis
associated with gut disease and whether microbial-derived neurotransmitters contribute to
altered enteric nervous system function.

Summary and Conclusions

Altered enteric neurotransmission is emerging as a central feature in arange of gut diseases
where protective function is compromised. Disruption of the gut protective barrier may
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occur at several levels, including physical breach of epithelial cell defenses by antigen,
infective or commensal microorganisms, imbalance of humoral and immune mediators, or
adverse stress signal s elicited from the central nervous system. The Gl tract isarichly
innervated organ, and the autonomic nervous system orchestrates many of these protective
responses - seemingly in concert with other resident cell types. Common autonomic
regulatory themes play an important role in maintaining intact gut defenses, and include
muscarinic cholinergic and VIP signaling pathways (Table 1). These signals are directed at a
multitude of effector cellsincluding epithelia, enteroendocrine cells, enteric glia,
myofibroblasts, immune cells and luminal bacteria, initiating their own protective
mechanisms. Figure 2 summarizes many of the main points outlined in this review, and
highlights the emerging concept that gut bacteria may by themselves constitute a novel and
dynamic effector arm of enteric neurotransmission. Further work is required to define
specific mechanisms that synergize or counterbalance protective signals emanating from
autonomic and central nervous systems, and to delineate such responses from
neurotransmission by the gut microbiome.
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Figure 1.

Local effector functions of extrinsic primary afferent nerves in the gastrointestinal tract.
Extrinsic primary afferent nerves stimulated directly through receptor mediated events or
indirectly vialuminal activation of epithelial cells or immune cells (not shown) locally
release the peptides mediators substance P and CGRP to activate protective eventsin the gut
wall. These include epithelial cell proliferation, mucus secretion, mast cell and
enterochromaffin-like cell activation and/or vasodilatation, as described above. Some of
these events have only been described in specific regions of the gut. ACh, acetylcholine;
ASIC, acid sensing ion channel; CGRP, calcitonin gene-related peptide; ECL,
enterochromaffin-like cell; NO, nitric oxide; PAR-2, protease activated receptor 2; SP,
substance P; TJ, tight junction; TRPV 1, transient receptor potential vanilloid 1 receptor;
VIP, vasoactive intestinal peptide
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Figure 2.

Autonomic nervous and microbial-derived neurotransmitters regulate gut barrier integrity. A
number of checks and balances operate to sense and manage luminal danger signals. Details
are discussed throughout the article. Abbreviations: 5-HT, serotonin; ACh, acetylcholine;
CRF, corticotrophin releasing factor; EGF, epidermal growth factor; GDNF, glia cell line-
derived neurotrophic factor; LPS, lipopolysaccharide; M3, M3 muscarinic receptor; SCFA,
short chain fatty acids; slgA, secretory IgA; SNO, s-nitrosothiol; TGF, transforming growth
factor; TJ, tight junction; VIP, vasoactive intestinal peptide; VPACL, VIP and pituitary
adenylate cyclase-activating peptide receptor 1.
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Table 1

Neurotransmitter-derived regulators of gastrointestinal host defense

Neurotransmitter Source

Gut protective mechanism tar geted

Central nervous system

Vagus and sacral nerves

Stress response

Autonomic nervous system

Enteric glia

Microbiota

Gut morphology and permesability, blood flow, immunomodulation and protection from acute trauma, nicotinic
neuronal and enteric glial cell activation by TRPV1, substance P, CGRP, PAR-2, S-nitrosothiols.

Gut motility and permeability, pH, secretion of fluid, mucus, anti-microbial Paneth and enteroendocrine peptides,
cholinergic and adrenergic neuronal activation, mast cell histamine degranulation, immunomodulation, altered
microbiota composition.

Gut motility, enteric gliaand myofibroblast activation, mucosal proliferation and permeability, pH, secretion of
fluid, mucus, anti-microbial Paneth and enteroendocrine peptides, mast cell histamine degranul ation,
immunomodul ation, altered microbiota composition. Regulated by cholinergic and adrenergic neuronal
activation; VIP, nitric oxide, opioid and cannabinoid release, and bacterial translocation of TLR agonists.

Enteric neuronal synaptic transmission, gut motility and proliferation, mucosal and vascular permesability,
regulation of colonic secretion and immunomodul ation.

Sensory and extrinsic nerve activation, gut motility, pH, mucosal permeability, secretion of fluid, mucus, anti-
microbial Paneth and enteroendocrine peptides by bacteria-derived histamine, GABA, catecholamines, serotonin,
TLR agonists, short chain fatty acids and bile acid TGR5 agonists.
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