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Abstract | Neurogastroenterology is defined as neurology of the gastrointestinal tract, liver, gallbladder and
pancreas and encompasses control of digestion through the enteric nervous system (ENS), the central
nervous system (CNS) and integrative centers in sympathetic ganglia. This Review provides a broad overview
of the field of neurogastroenterology, with a focus on the roles of the ENS in the control of the musculature of
the gastrointestinal tract and transmucosal fluid movement. Digestion is controlled through the integration of
multiple signals from the ENS and CNS; neural signals also pass between distinct gut regions to coordinate

digestive activity. Moreover, neural and endocrine control of digestion is closely coordinated. Interestingly,

the extent to which the ENS or CNS controls digestion differs considerably along the digestive tract. The
importance of the ENS is emphasized by the life-threatening effects of certain ENS neuropathies, including
Hirschsprung disease and Chagas disease. Other ENS disorders, such as esophageal achalasia and
gastroparesis, cause varying degrees of dysfunction. The neurons in enteric reflex pathways use a wide range
of chemical messengers that signal through an even wider range of receptors. These receptors provide many
actual and potential targets for modifying digestive function.

Furness, J. B. Nat. Rev. Gastroenterol. Hepatol. 9, 286-294 (2012); published online 6 March 2012; doi:10.1038/nrgastro.2012.32

Introduction
The gastrointestinal tract differs from all other peripheral
organs in that it has an extensive intrinsic nervous system,
termed the enteric nervous system (ENS) that can control
functions of the intestine even when it is completely sepa-
rated from the central nervous system (CNS).! The ENS,
however, is not autonomous. Indeed, neuronal control of
gastrointestinal function is an integrated system involv-
ing interactions between local enteric reflexes, reflexes
that pass through sympathetic ganglia and reflexes that
pass from the gut and back through the CNS (Figure 1).
Conventional textbook descriptions of the autonomic
nervous system depict efferent pathways from the CNS
as two neurons in series, a preganglionic and a post-
ganglionic neuron, and depict sensory information
flowing from the periphery to the CNS through spinal
and cranial primary afferent neurons. The organization of
the ENS and of neuronal pathways to and from the intes-
tine does not, however, follow these conventional con-
cepts of the organization of the nervous system (Figure 1).
For example, axons of neurons with cell bodies in the ENS
(called intestinofugal neurons) project to sympathetic
ganglia, the pancreas, gallbladder and trachea, and to the
spinal cord and brain stem (Figure 1).2

The ENS is composed of small aggregations of nerve
cells, enteric ganglia, the neural connections between
these ganglia, and nerve fibers that supply effector
tissues, including the muscle of the gut wall, the epithelial
lining, intrinsic blood vessels and gastroenteropancreatic
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endocrine cells (Figure 2). The total number of enteric
neurons in humans is 400-600 million, which is greater
than the total of all sympathetic and parasympathetic
ganglia combined and approximately equal to the
number of neurons in the spinal cord.” Figure 2 is repre-
sentative of the ENS of the mammalian small intestine;
the differences in structure and organization between
regions of the gastrointestinal tract and species have been
reviewed elsewhere.>* Differences include the absence of
a ganglionated submucosal plexus in the esophagus and
stomach (organs that lack the large fluid fluxes across
the mucosal epithelium that occur in the small and large
intestines), the presence of a diffuse network of ganglia in
the pancreas and a single layer of ganglia in the intestinal
submucosa of small mammals. This Review is confined
to discussion of monogastric mammals, in which most
investigations have been done and which are arguably
most relevant to humans.

Importance of the ENS

The ENS has multiple roles: determining the patterns
of movement of the gastrointestinal tract; controlling
gastric acid secretion; regulating movement of fluid
across the lining epithelium; changing local blood flow;
modifying nutrient handling; and interacting with the
immune and endocrine systems of the gut.? The ENS
also contributes, along with glial cells, to maintaining
the integrity of the epithelial barrier between the gut
lumen and cells and tissues within the gut wall.>® The
importance of the ENS is highlighted by the wide range
of enteric neuropathies that are caused following a failure
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in one or more of its roles. These neuropathies have been
grouped as congenital or developmental neuropathies;
sporadic and acquired neuropathies; neuropathies asso-
ciated with other disease states (which can be secondary
to the other disease); and iatrogenic or drug-induced
neuropathies (Box 1).

In Hirschsprung disease, the ganglia of the ENS fail
to develop in the distal bowel, but all other tissue com-
ponents are intact and functional.” Under these circum-
stances, no propulsive activity occurs in the aganglionic
bowel, and the neonate will die if this region is not
removed. Degeneration of colonic enteric neurons in
Chagas disease, which is precipitated by infection with
the protozoan Trypanosoma cruzi, causes colorectal
propulsion to fail and megacolon to develop in adults—
similar to the problems associated with Hirschsprung
disease in children.® An underlying occult tumor (that
is, paraneoplastic syndrome) can also cause gut propul-
sion to fail, often with evidence of bowel dilatation.”'°
Other enteric neuropathies that have severe effects on the
motor functions of the digestive tract include esophageal
achalasia, gastroparesis, hypertrophic pyloric stenosis
and intestinal pseudo-obstruction."

The control of fluid movement between the intestinal
lumen and body fluid compartments, as discussed below,
is also subject to pathological, life-threatening, influ-
ences. Fluid movement is influenced by enteric secreto-
motor neurons that are abnormally activated by certain
infective agents or their products. These pathogens,
including Vibrio cholerae (which secretes cholera toxin)
and rotavirus (which secretes the enterotoxin NSP4),
act directly on secretomotor neurons and mucosal epi-
thelial cells,? triggering hypersecretion and subsequent
diarrhea. Infectious diarrhea causes approximately
1.5 million deaths a year, primarily in underdeveloped
tropical countries."

Control of gastrointestinal muscles

The muscle layers of the gastrointestinal tract direct pro-
pulsion, 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 alimentary
tract are necessary for adequate control, varies with the
region of the gastrointestinal tract and also with the
physiological circumstance. In broad terms, movements
of the esophagus are largely determined by neural pattern
generators in the CNS (that is, brain-stem circuits located
in the medulla oblongata), whereas the rather extensive
ENS of the esophagus has a subsidiary role. Gastric pro-
pulsive movements are primarily myogenic, but the CNS,
through the brain stem and esophagogastric and gastro-
gastric reflexes, has a major role in monitoring the state
of the stomach and, in turn, controlling its volume and
strength of contractions, as well as acid secretion.'*'> By
contrast, the ENS dominates the control of the motility
of the small and large intestines,? with the exception of
defecation, for which the CNS has control through the
defecation centers in the lumbosacral spinal cord.’
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Key points

= The enteric nervous system (ENS) is an extensive reflex control system for
digestive function that works with the central nervous system (CNS) and neural
pathways that pass through sympathetic ganglia

= The ENS of the small intestine and colon has complete reflex pathways that
control patterns of contractile activity, local blood flow and transmucosal
movement of fluids

= The CNS has essential roles in control of esophageal, stomach and colorectal
functions

= Control of transmucosal fluid movement by the ENS and CNS is closely integrated

= The ENS interacts with both the gut endocrine and immune systems and has
roles in modifying nutrient absorption and maintaining the mucosal barrier

= Enteric neuropathies in which control of muscle contractile activity or neural
control of transmucosal fluid movement fail are life-threatening
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Figure 1 | The innervation of the gastrointestinal tract. The neural connections
between the ENS and CNS, and neural connections between gastrointestinal
organs, are quite different from those depicted in textbooks. The digestive system
contains full reflex circuits of the ENS (motor neurons and interneurons in blue,
sensory neurons in purple). Pathways from the gastrointestinal tract project
outwards, via intestinofugal neurons (red), to the CNS (neurons in yellow),
sympathetic ganglia, gallbladder and pancreas. Neurons in sympathetic
prevertebral ganglia (green) 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 (also purple) that follow spinal
and vagal afferent routes. Pathways from the CNS reach the ENS and
gastrointestinal effector tissues through vagal, sympathetic and pelvic pathways.
Abbreviations: CNS, central nervous system; ENS, enteric nervous system.
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Figure 2 | The organization of the ENS of human and medium-large mammals. The
ENS has ganglionated plexuses, the myenteric plexus between the longitudinal
and circular layers of the external musculature and the SMP that has outer and
inner components. Nerve fiber bundles connect the ganglia and also form
plexuses that innervate the longitudinal muscle, circular muscle, muscularis
mucosae, intrinsic arteries and the mucosa. Innervation of gastroenteropancreatic
endocrine cells and gut-associated lymphoid tissue is also present, which is not
illustrated here. Abbreviations: ENS, enteric nervous system; SMP, submucosal
plexus. Modified with permission from Furness, J. B. The Enteric Nervous System
(Blackwell, Oxford, 2006).

Box 1 | A classification of enteric neuropathies

Congenital or developmental neuropathies
Hirschsprung disease (colorectal aganglionosis)
Hypertrophic pyloric stenosis

Multiple endocrine neoplasia 2B

Neuronal intestinal dysplasia
Mitochondriopathies affecting enteric neurons

Sporadic and acquired neuropathies

Chagas disease

Neurogenic forms of intestinal pseudo-obstruction
Slow transit constipation

Chronic constipation, including constipation of aging
Pathogen-induced diarrhea

IBS

Autoimmune enteric neuritis, paraneoplastic syndrome
Enteric neuritis of unknown etiology

Internal anal sphincter achalasia

Neuropathies secondary to, or associated with, other
disease states

Diabetic gastroparesis and other diabetes-related motility
disorders

Enteric neuropathy of Parkinson disease

Enteric neuropathy of prion disease

Enteric neuropathies associated with mental retardation
or other central nervous system disorders

Ischemic enteric neuropathy, such as in ischemic colitis

latrogenic or drug-induced neuropathies

Disorders initiated by antineoplastic drugs (including
vinca alkaloids and cisplatin)

Postoperative ileus

Neuropathy of ischemia, reperfusion injury, such as that
associated with intestinal transplantation

Opioid-induced constipation (usually caused when opioids
are used to treat chronic pain)

The esophagus and stomach

Esophageal body

The esophageal body has one primary physiologically
relevant pattern of movement—esophageal peristalsis.!”
The nerve circuits for motor programs of propulsive
activity in the upper part of the esophagus, where the
contractile elements are composed of striated muscle,
are in the medulla oblongata of the CNS. These circuits
relay through the nucleus ambiguus, which contains
the cell bodies of the motor neurons that innervate the
motor endplates of the striated muscle cells.”'® Although
numerous ganglia form an ENS of conventional appear-
ance in the striated muscle esophagus, the CNS provides
the primary control of propulsion; indeed, if the vagi are
severed the upper part of the esophagus is paralyzed and
food is no longer propelled.”” Nevertheless, processes of
enteric neurons end at motor endplates in close proxim-
ity to the striated muscle cells and vagal nerve endings,
and cause presynaptic inhibition of transmission from
the vagal motor neurons.?>* Through the course of
evolution, and with advanced encephalization in verte-
brates, this part of the ENS is hypothesized to have lost
an essential role that it had in more primitive animals.?
Although nerve fibers that innervate the smooth muscle
of the lower esophagus have their cell bodies in enteric
ganglia, peristalsis in this region is also coordinated
by the CNS. Indeed, the enteric ganglia of the smooth
muscle esophagus are directly innervated by neurons
of the dorsal motor nucleus of the vagus, and lesion of
this nucleus impairs the motility patterns of the smooth
muscle esophagus."”

Lower esophageal sphincter

A site of major control by enteric neurons is encountered
at the lower esophageal sphincter (LES). Peak pressures
during gastric mixing contractions exceed resting pres-
sures in the body of the esophagus. Thus, the esophago-
gastric junction, of which the LES is a major component,
has the important role of limiting reflux of the corrosive
contents of the stomach into the esophageal body. Failure
of this guarding results in reflux esophagitis and esopha-
geal mucosal damage, which can initiate metaplastic
change (that is, Barrett esophagus).?

Two reflexes regulate the LES to enable passage of food
into the stomach and to restrict reflux. First, a descend-
ing inhibitory reflex relaxes the sphincter when a bolus
of food enters the last part of the esophageal body and its
intralumenal pressure is raised, initiating peristaltic con-
tractions of the esophagus to force food into the stomach.
This reflex has a predominant vagovagal component and
swallowing-induced reflex relaxation is inhibited by
cooling the vagus nerve.? Sphincter relaxation, however,
still occurs in response to distension after vagal block,
indicating that a local reflex can be elicited.”® As is true
in many regions of the gastrointestinal tract, including
the pyloric sphincter and the internal anal sphincter, the
inhibitory reflex is required for the passage of solid or
semisolid material and the final motor neurons of the
reflex are enteric inhibitory neurons that release nitric
oxide as their primary transmitter (Table 1). Of note,
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Table 1 | Multiple transmitters of neurons that control digestive function*
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Type of neuron

Primary
transmitter

Secondary transmitters,

modulators

Other neurochemical
markers

Study

Enteric excitatory muscle motor
neuron

Enteric inhibitory muscle motor
neuron

Ascending interneuron

ChAT, NOS descending
interneuron

ChAT, 5-HT descending
interneuron

ChAT, somatostatin descending
interneuron

Intrinsic sensory neuron

Interneurons supplying
secretomotor neurons

Noncholinergic secretomotor
neuron

Cholinergic secretomotor neuron
Motor neuron to gastrin cells
Motor neurons to parietal cells
Sympathetic neurons, motility
inhibiting

Sympathetic neurons, secretion
inhibiting

Sympathetic neurons,
vasoconstrictor

Intestinofugal neurons
to sympathetic ganglia

ACh

Nitric oxide

ACh

ATP, ACh

ACh

ACh

ACh, CGRP,

tachykinin

ACh

VIP

ACh
GRP, ACh
ACh

Noradrenaline
Noradrenaline
Noradrenaline,

ATP
ACh

Tachykinin, enkephalin
(presynaptic inhibition)

VIP, ATP or ATP-like
compound, carbon
monoxide

Tachykinin, ATP
ND

5-HT, ATP

ND

ND

ATP, 5-HT

PACAP

ND
ND
Potentially VIP
ND

Somatostatin
(in guinea pig)

Potentially NPY

VIP

Calretinin,
y-aminobutyric acid

PACAP, opioids
Calretinin, enkephalin
Nitric oxide, VIP

ND

Somatostatin
Calbindin, calretinin,
IB4 binding

ND

NPY (in most species)

Calretinin
NPY
ND

NPY in some species

ND

NPY

Opioid peptides, CCK,
GRP

Brookes et al. (1991);7® Holzer & Holzer Petsche
(1997);7" Grider (2003)"®

Fahrenkrug et al. (1978);7° Costa et al. (1992);8°
Sanders & Ward (1992);8 Xue et al. (2000)3?

Brookes et al. (1991)%
Young et al. (1995);%* Brookes (2001)°

Furness & Costa (1982);%6 Monro et al. (2002);8"
Gwynne & Bornstein (2007)%8

Gwynne & Bornstein (2007);%8 Portbury et al.
(1995)

Grider (2003);7® Gwynne & Bornstein (2007);%8 Li
& Furness (1998);% Johnson & Bornstein (2004)%*

Suprenant (1984);°2 Monro et al. (2004)%

Cassuto et al. (1981);°* Banks et al. (2005)%

Brookes et al. (1991);%% Keast et al. (1985)%
Holst et al. (1987);°" Weiget et al. (1997)%
Nilsson et al. (1972);°° Feldman et al. (1979)°
Finkleman (1930);%°* Macrae et al. (1986)°2

Costa & Furness (1984)103

Dresel & Wallentin (1966);°* Furness (1971);1%
Furness et al. (1983)'%¢

Crowcroft et al. (1971);'°" Dalsgaard et al.
(1983);1%8 Love & Szurszewski (1987)1%°

*This field continues to advance as improved pharmacological and other tools are developed. Some of the information provided here will therefore undoubtedly be superseded in the future.
Further details of postsynaptic receptors have been described elsewhere.?#8 Abbreviations: 5-HT, 5-hydroxytryptamine; ACh, acetylcholine; CCK, cholecystokinin; ChAT, choline acetyltransferase;
CGRP, calcitonin gene-related peptide; GRP, gastrin releasing peptide; ND, not determined; NPY, neuropeptide Y; NOS, nitric oxide synthase; PACAP, pituitary adenylyl-cyclase activating peptide;

VIP vasoactive intestinal peptide.

although enteric neurons utilize multiple transmitters,?
each class of neuron has a primary transmitter, which,
in this case, is nitric oxide. Nitric oxide is formed in
neurons by neuronal nitric oxide synthase. A defect in
nitric oxide production results in a failure of esophageal
propulsion (termed esophageal achalasia).'" Moreover,
failure of nitric-oxide-mediated transmission from
enteric neurons in other parts of the gastrointestinal tract
also causes defects in propulsion.? For example, in the
stomach this defect causes gastroparesis, at the pyloric
sphincter it causes hypertrophic pyloric stenosis and
in the final part of the colon, deficiency of nitric oxide
transmission is involved in internal anal sphincter acha-
lasia and Chagas disease.? In addition, increased pres-
sure in the stomach initiates a reflex constriction of the
LES that limits reflux of gastric contents which, like the
descending inhibitory reflex, is mediated by a vagovagal
reflex pathway that passes through the brain stem.**?¢
Failure of the maintained closure of the LES when intra-
gastric pressure exceeds intraesophageal pressure results
in GERD.” In summary, although a structurally well-
developed ENS exists in the esophageal wall, propulsive
activity of the esophagus and the activity of the LES are

controlled through motor pattern generators in the brain
stem and reflexes that depend on centers in the CNS.

Stomach

The stomach is similar to the esophagus in that much of
its neural control is dependent on vagovagal reflexes.?
However, the rhythmic contractile waves that pass cau-
dally over the stomach to knead and propel the contents
are generated in the muscle through the activity of inter-
stitial cells of Cajal®® and coordinated gastric muscle
activity that is dependent on the ENS is difficult to
demonstrate.>**° By contrast, propulsive activity in the
small intestine and colon is dependent on ENS reflexes.

Small intestine

The ability of the small intestine to function when isolated
from the CNS was demonstrated over a century ago.'
The small intestine is now known to be dependent on
the ENS to direct its various patterns of movement: rapid
orthograde propulsion of contents (peristalsis), mixing
movements (segmentation), slow orthograde propulsion
(the migrating myoelectric complex, MMC) and retro-
pulsion (expulsion of noxious substances associated with
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Figure 3 | Nerve circuits for control of motility in the small intestine. Nerve circuits
were identified from studies in the guinea pig small intestine and similar
component neurons have been identified in the small intestine of other species,
including humans, and in the large intestine. Nevertheless, this figure 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 lumenal chemistry. These synapse with
descending (yellow) and ascending (green) interneurons, excitatory muscle motor
neurons (blue) and inhibitory muscle motor neurons (purple). Abbreviation: IPAN,
intrinsic primary afferent neuron. Modified with permission from Furness, J. B. The
Enteric Nervous System (Blackwell, Oxford, 2006).

vomiting).*! To orchestrate these movement patterns, the
state of the intestine is sensed and appropriate motor pat-
terns are generated. The structural organization of the cir-
cuits that detect the state of the small intestine, integrate
the information and direct the activities of motor neurons
has now been determined (Figure 3).

Original observations suggested that the ENS contains
intrinsic sensory neurons (also referred to as intrinsic
primary afferent neurons, IPANs), interneurons and
both excitatory and inhibitory motor neurons that
innervate the muscle.! However, identification of these
neurons by their shapes, projections to targets, neuro-
chemistries and cell physiologies has only occurred in the
past decade. IPANs were first identified as large neurons
with multiple, usually 2-6, long processes (type II mor-
phology) that respond to changes in lumenal chemis-
try, mechanical distortion of the mucosa and direct
mechanical distortion of their processes in the external
musculature.’*- Since that time, mechanical distortion
has also been shown to excite some unipolar neurons
in the enteric nerve circuits,”* indicating that reflexes
are not uniquely initiated through type II neurons. Cell
bodies of multipolar IPANs are 10-30% of neurons in the
submucosal and myenteric ganglia of the small and large
intestines. The long axon-like processes of these neurons
conduct action potentials. Moreover, action potentials
that are initiated in one process traverse the cell bodies
and are conducted along other processes to synaptic con-
nections with IPANSs, interneurons and motor neurons
(Figure 3).°** Consistent with the motor functions of the
esophagus being controlled from or through the brain
stem, type II neurons are not found in the esophagus and
are rare in the stomach.?

Enteric IPANs have many features in common with
small diameter primary afferent neurons of the dorsal
root ganglia (DRG), which connect in the CNS. These
features include containing peptides that are typical

of small-diameter afferent neurons (such as sub-
stance P and calcitonin gene-related peptide), having
tetrodotoxin-resistant voltage-dependent Na* and high-
voltage-activated Ca* currents, isolectin B4 binding and
unmyelinated axons.***! As with small-diameter DRG
primary afferents, the enteric IPANs are polymodal
and some, at least, are nociceptors.’>*! However, unlike
DRG neurons, the multipolar IPANs connect with each
other to form self-reinforcing networks (Figure 3).*> The
similarities of IPANs and DRG primary afferent neurons
that supply visceral organs suggest that primary afferent
neurons of neural crest origin have similar phenotypes
independent of the final location of their cell bodies.
Thus, these characteristics can be used to identify IPANs
in other species, for example in humans®* and large
mammals* where physiological characterization is not
always feasible. Structural identification of these neurons
has relevance for the investigation of both human and
animal enteric neuropathies.

Although the neural circuits are now characterized,
the mechanisms within the integrative circuitry through
which one pattern of activity is converted to another
are not yet defined. Nevertheless, signals that trigger
changes in patterns of movement have been identified.
For example, fatty acids added to the lumenal surface
convert propulsive contractile activity to mixing move-
ments, through a neural mechanism.** Conversion from
one pattern to another can also be achieved with drugs
that target enteric neurons. For example, TRAM34-
mediated inhibition of the intermediate conductance,
calcium-activated, potassium IKCa channel, which
underlies the slow hyperpolarization that follows the
action potential in IPANSs, changes propulsive move-
ments to mixing movements, possibly by altering the
timing of action potential firing in IPANs.*47

The MMC traverses the small intestine periodically
between meals, in humans approximately every 90 min.*
Its passage is slow, ~1-4 cm per minute in humans, and
its suggested role is to remove residual contents from the
intestine after a meal has been digested (and thus it has
been called the intestinal housekeeper), thereby reduc-
ing bacterial overgrowth in the small intestine.?' The
MMC is dependent on the ENS for its progress along
the intestine, as shown by its inhibition by the local
infusion of tetrodotoxin®® or by the nicotinic blocker,
hexamethonium.*

The detection of noxious agents (nociception) is impor-
tant to initiate reactions that expel pathogens and poten-
tially injurious chemicals. Intrinsic retropulsive reflexes in
the small intestine force the contents back to the stomach
in association with vomiting,”"** and in the large intes-
tine pathogens activate the ENS to cause large propulsive
contractions and copious fluid secretion.”*** Under non-
pathological conditions fluid secretion is also coupled with
contractions of the circular muscle of the bowel wall.>®

Large intestine

Colonic motility is dependent on the ENS for propulsion
of contents. Indeed, colonic motility fails when the ENS
of the distal colon and rectum is congenitally absent in
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patients with Hirschsprung disease,” when it degenerates
in later life, as in Chagas disease® or is compromised in
other forms of enteric neuropathies. Nevertheless, the
CNS directs ENS activity in the colorectum. In healthy
individuals, the propulsive reflexes of the distal colon
and rectum are regulated by central control centers that
maintain fecal continence and, when it is appropriate,
trigger defecation through central commands that are
relayed through the defecation center in the lumbosacral
spinal cord (Figure 1).%* Indeed, direct stimulation of
the defecation center in the spinal cord causes coordi-
nated emptying of the colon, via the ENS.*” Voluntary
controls of defecation (both inhibition and facilitation)
are lost if cortico-spinal connections to the defecation
centers are severed by spinal injury.*® Nevertheless, if the
defecation center remains intact after spinal injury it can
be stimulated to command the ENS pathways for bowel
emptying.” Indeed, a ghrelin receptor agonist is now
being developed for use in clinical practice in patients
with spinal injuries.

Control of fluid movement
Movement of fluid between the lumen of the intestine
and the body fluid compartments is tightly regulated.
More than two blood volumes cross the mucosal epi-
thelial surfaces each day, and disruption of fluid trans-
port regulation, such as that which occurs during 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, when glucose is absorbed through the sodium-
glucose linked transporter it is internalized with a
sodium ion and counter ions, the majority of which are
chloride ions. Absorption of 100 g glucose is estimated
to equate to absorption of 1.8 liter of water.>®® Enteric
reflexes, through activation of secretomotor neurons,
move water and electrolytes from the interstitium of the
lamina propria to the lumen (Figure 4). The water and
electrolytes are drawn from both the circulation and the
absorbed fluid. Enteric secretomotor reflexes cannot act
in isolation and are modulated to control 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 (Figure 4).%%!
The sweet taste receptor, which is the enteric receptor
for glucose, is composed of TIR2 and T1R3 subunits
and located on enteroendocrine L cells.®>®* Stimulation
of these cells releases a group of endocrine hormones:
glucagon-like peptide (GLP)1 and GLP2, oxyntomodulin
and peptide YY (PYY). Receptors for GLP2 are on non-
cholinergic secretomotor neurons, which are activated by
this hormone.®*** Thus, activation of the enteric receptor
for glucose by glucose or artificial sweeteners stimulates
secretomotor neurons to return water and electrolytes
to the lumen (Figure 4). The other endocrine products
of L cells are involved in a range of functions, including
modulation of fluid secretion, inhibition of gastric empty-
ing, increasing satiety, stimulation of epithelial cell growth
and regulation of insulin secretion.5*-¢
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Figure 4 | Neural control of transmucosal water and electrolyte movement in the
small intestine. Neural circuitry has an essential role in balancing local fluid fluxes
and in whole body water and electrolyte balance. Large volumes of fluid are absorbed
from the lumen with nutrients, such as glucose, which are transported by ion-coupled
transporters. These fluids are returned through secretomotor reflexes. Lumenal
glucose stimulates secretomotor neurons via the glucose receptor on L-type
enteroendocrine cells (green), which release the hormone GLP2, which diffuses
through the lamina propria to activate secretomotor neurons. 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 volume detectors, baroreceptors and osmoreceptors.
Abbreviation: GLP2, glucagon-like peptide 2. Modified with permission from

Furness, J. B. The Enteric Nervous System (Blackwell, Oxford, 2006).

The fine control of fluid balance through local (ENS)
and systemic (sympathetic) reflexes is thrown into chaos
when the lumen contains an excess of certain pathogens
or their toxins, including cholera toxin, rotavirus and
pathogenic Escherichia coli, which activate enteric secreto-
motor neurons.'>” In mild cases, diarrhea is induced
that helps to expel the pathogens and their toxic prod-
ucts. However, high levels of pathogens or toxins over-
whelm the intestine and pathological, life-threatening
diarrhea can develop.

Chemistry of neurotransmission

The enteric neurons and the extrinsic neurons that
connect to the gastrointestinal tract release multiple
transmitters (Table 1). In the majority of cases a primary
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transmitter and subsidiary transmitters or transmission
modulators have been identified. The synthesis path-
ways, release mechanisms, transmitter metabolic path-
ways and the receptors for the transmitters are obvious
targets for drug therapy, as well as for studies of the
physiological relevance of the transmitter systems. For
example, cholinergic transmission has been targeted for
slowed gastrointestinal transport® and alvilopam, the
peripherally acting opioid receptor antagonist, has been
used for treating post-operative ileus.®” Other receptors
that have been targeted are those for tachykinins (NK1
and NK3 receptors) in IBS and 5-HT (5-HT2B, 3 and 4
receptors) in constipation and IBS,”*7? but therapeutic
advances based on the burgeoning knowledge of the ENS
and its neurochemistry have been less promising than
might be expected.”>”

Enteroendocrinology

Many functions of the digestive system, and functions
related to digestion, such as satiety, involve both enteric
innervation and the endocrine system of the diges-
tive tract (called the gastroenteropancreatic endocrine
system). In fact, most aspects of gastrointestinal control
involve both neurons and endocrine cells. Similarly to
the ENS, the gastroenteropancreatic system is extensive,
consisting of approximately 30 endocrine cell types that
secrete ~100 messenger molecules.” Although a discus-
sion of all aspects of the gastroenteropancreatic system
is beyond the scope of this Review, of note, the mucosal
endings of sensory neurons are separated from the
lumenal contents by a continuous epithelial lining. Thus,
lumenal contents are detected by receptors on entero-
endocrine cells, which release messenger molecules from
their basolateral surfaces to activate enteric, vagal and
spinal sensory neurons.****”> A good example of neural
and endocrine integration is the control of gastric acid
secretion. The primary endocrine hormones involved in
control of acid secretion are gastrin released from antral
G-type enteroendocrine cells, histamine released from

enterochromaffin-like cells and somatostatin released
from gastric mucosal D cells.”* However, the parietal cells
are influenced both directly and indirectly by cholinergic
neurons with cell bodies in the gastric ENS and gastrin
release is controlled by gastrin-releasing peptide—a
transmitter released from enteric neurons that innervate
G cells.>?

Conclusions

The ENS is one component of the neural control system
of the digestive tract. It works in concert with the CNS,
integrative pathways that pass through sympathetic
ganglia and the gastroenteropancreatic endocrine
system. In the small and large intestines, the ENS con-
tains full reflex pathways that are essential to direct the
movements of these parts of the digestive tract and to
control fluid movement between the gut lumen and body
compartments. The control of fluid transport represents
a case of close integration between the CNS (via sym-
pathetic pathways) and the ENS. The primary control
centers for the smooth muscle esophagus, LES and
stomach are in the CNS, but the connections to effectors
in these organs is through the ENS. The striated muscle
esophagus is controlled through circuits in the medulla
oblongata and the muscle is directly innervated by vagal
neurons with cell bodies in the CNS. Thus, neuro-
gastroenterology is the science of integrated ENS and
CNS control. The range of enteric transmitter systems
and their receptors provide the basis for numerous future
therapeutic targets.
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