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Preface

These are exciting times for neurogastroenterol-
ogy. Over the last ten years, substantial advances have
been made in describing the anatomy, physiology
and pathophysiology of the enteric nervous system
and its relation to the clinically important functional
gastrointestinal diseases. We felt it was important to
bring together these ideas, which are often published
in very different journals, to help workers in the field
see the whole picture. The book has been conceived in
four parts.

The first four chapters deal with neuroanatomy,
neurophysiology, how the gut signals to the brain and
how these signals are centrally processed to generate
symptoms. The next four chapters then cover the
pathophysiology of the enteric nervous system, con-
sidering the general processes that may cause disease,
including disordered development, inflammation
and stress. There then follow sections on functional

disorders of the esophagus, stomach, small and large
bowel, and the anorectal region. Finally, we have four
chapters on pharmacotherapy, with separate chapters
for tachykinin and serotonin receptor modulators. The
last chapter deals with emerging transmitters that may
form the basis of future treatments.

As you can see from the author list, we have been
lucky in attracting some of the most knowledgeable
people in the field. Thanks to very rapid processing
of the manuscripts, these authors are up to date with
the latest developments in this fast-moving field. We
hope that you will enjoy reading them and that you will
find it useful both in your current and future clinical
practice.

Robin Spiller
David Grundy
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1 CHAPTER 1

Functional Neuroanatomy

Simon Brookes and Marcello Costa

Introduction

In this chapter we review how enteric neuronal struc-
ture may be related to function, based on the large
number of studies carried out by many groups over the
last three decades. We believe that it is useful to consider
a hierarchy of structural features of enteric neurons
which vary inimportance. Some are crucial to neuronal
function (e.g. their targets and primary transmitters),
while others are of less functional significance (such as
dendritic morphology and the modulatory substances
that nerve cells contain). Despite extensive studies in
gut tissue from mice, rats, pigs and humans over the
last decade, the benchmark for detailed understand-
ing of the enteric nervous system is still the guinea-pig
small intestine. Many of the findings originally made
in guinea-pigs have later turned out to apply to other
mamumals, including humans, although there are some
notable exceptions. In this review we will refer to the
guinea-pig small intestine, but where appropriate will
point out important species differences.

The enteric nervous system comprises the third
major division of the autonomic nervous system' and
consists of ganglionated plexuses which extend from
the esophagus to the internal anal sphincter (Fig. 1.1).
The myenteric plexus is located between the longitu-
dinal and the circular smooth muscle layers. Closer to
the mucosa lies the submucous plexus (or plexuses),
located between the muscularis mucosa and the circu-
lar muscle layer. There are marked differences in the
functional types of cells located in the different plex-
uses. The myenteric plexus is largely associated with the
control of motility. Inlarger species (pig, dog, man), the
submucous plexus is divided into two or three layers.’
The outer submucous plexus layer contains nerve cells
which are also associated with motor control, while the

inner submucous plexus (closer to the mucosa) mainly
contains neurons that are associated with control of
blood flow and secretion.

There are complete reflex circuits present within the
enteric nervous system that allow adaptive behavior to
occur when the gut is isolated from the central nervous
system.’ Ordinarily, however, the enteric nervous sys-
tem is subject to powerful modulation by sympathetic
and parasympathetic neurons. A third major source
of extrinsic input to the enteric nervous system arises
from extrinsic sensory neurons. A brief discussion of
the functional anatomy of these pathways will be in-
cluded in this review.

The myenteric plexus contains about two-thirds
of all enteric neurons, including cell bodies of enteric

Fig. 1.1 Low-power micrograph of a wholemount of myenteric
plexus of the guinea-pig ileum stained immunohistochemically.
Cell bodies (red) are concentrated in ganglia: there is extensive
labeling of axons (green) in internodal strands (joining
ganglia) and in the fine tertiary plexus innervating the
longitudinal muscle.
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primary afferent neurons, interneurons, excitatory
and inhibitory motor neurons, viscerofugal neurons
(which project out of the gut) and some secretomo-
tor and vasomotor neurons that project to epithelia
and blood vessels in the mucosa. Different types of
enteric neurons have been classified in several ways,
including soma-dendritic morphology (numbers of
axons, types of dendrites)* or on the basis of their
electrophysiological features (action potential shape,
afterhyperpolarizations, types of synaptic input, pat-
terns of firing).> Enteric nerve cells have also been
distinguished by the immunohistochemical markers,
or rather the combinations of such markers (‘chemical
coding’; Fig. 1.2) that they contain.® Using lesions or
neuroanatomical tracing techniques, the projections
of enteric neurons have been used to distinguish the
major functional classes. All of these different types of
information have now been combined to provide one
of the more comprehensive descriptions of any part of
the mammalian nervous system.” To aid understanding
of the functional anatomy of the enteric nervous sys-

Fig. 1.2 Chemical coding of nerve cell bodies in the

myenteric plexus. Primary afferent neurons were labeled
immunohistochemically for the calcium-binding protein
calbindin (red); longitudinal muscle motor neurons contain
calretinin (green) and inhibitory motor neurons to the circular
muscle are immunoreactive for nitric oxide synthase (blue).
With this particular combination of antisera, no single neuron
contained more than one marker.

Tools of the trade

Visualizing nerve cells in the brain, spinal cord or
enteric nervous system under the microscope is
relatively easy as many histochemical stains reveal a
dense mass of cell bodies and processes in nervous
tissue. However, visualizing nerve cells in a way that
aids understanding how they are organized is con-
siderably more challenging. It requires the ability to
stain selectively just a few cells, which can then be
characterized in detail without being obscured by
the surrounding neurons, dendrites and axons. Sev-
eral approaches have béen used to achieve this, in-
cluding the capricious ability of certain silver stains
or histochemical stains to reveal a small proportion
of nerve cell bodies and their soma-dendritic orga-
nization. This has allowed some types of cells to be
distinguished morphologically,* although the targets
of their axons have not usually been revealed. Mul-
tiple-labeling immunohistochemistry has been used
to reveal combinations of peptides and proteins,
which can be used to distinguish different classes of
neurons (Fig. 1.2). This method can be used system-
atically to give a comprehensive account of the dif-

ferent classes. The likely projections of some classes
can be deduced by observing the disappearance of
axons with particular chemical coding, after lesions
to the enteric plexuses.

A more direct and quantitative approach to the
identification of classes of nerve cells, their projec-
tions, functions, chemical coding and morphology
has been developed by the application of neuroana-
tomical tracing techniques. Briefly, a dye is applied
selectively to a small region of gut tissue (usually in
vitro), where it is taken up by axons innervating that
particular target (Fig. 1.3). Sufficient time is allowed
for the dye to be transported back to the cell bod-
ies of origin (usually in organotypic culture), thus
identifying the cell bodies that project to that one
target tissue. After fixation, multiple-labeling immu-
nohistochemistry can be carried out to determine
the chemical coding of the retrogradely labeled cell
bodies. This provides a systematic and quantitative
means of analyzing nerve cell morphology, coding,
projections and, by deduction, the function of all
classes of enteric neurons.
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tem, we will briefly summarize important features of
the different classes of enteric neurons and then discuss
theirfunctional significance.

Circular muscle motor neurons

The motor neurons that innervate circular muscle are
either excitatory cholinergic cells or inhibitory nitrergic
cells. Motor neurons located 0.5 to 25 mm oral to the
site where a retrograde labe] was applied are consistent-
ly immunoreactive for inhibitory neurotransmitters
[nitric oxide synthase or peptides such as vasoactive
intestinal polypeptide (VIP)], but not for the cholin-
ergic enzyme choline acetyltransferase (ChAT).? Nerve
cell bodies under the application site, or aboral to it,
are consistently immunoreactive for ChAT and usu-
ally tachykinins, but not for VIP (Fig. 1.3). Since nitric
oxide and VIP have inhibitory effects on the circular
muscle, and acetylcholine and tachykinins both cause
contraction, it can be deduced that motor neurons with
descending projections are inhibitory while those that
project locally or orally are excitatory. Excitatory motor
neurons make up about 70-75% of the full comple-

Myenteric

Circular

ment of motor neurons and have shorter projections
and smaller cell bodies than inhibitory motor neurons.
In most regions of the gut, excitatory motor neurons
outnumber inhibitory, except in sphincteric regions
such as the lower esophageal sphincter.’

The projections of inhibitory and excitatory motor
neurons are likely to contribute to the polarized re-
sponses of the ‘law of the intestine’ described by Bayliss
and Starling in 1899.% If sensory neurons excite motor
neurons in one region of gut, this will cause contraction
of the circular muscle orally and relaxation aborally.
When excitation and inhibition overlap, inhibition
usually dominates, leading to local accommodation
of the contents. In fact, in many regions of gut, there
is considerable evidence for a net inhibitory tone that
is driven by spontaneous activity of inhibitory motor
neurons. This is well illustrated by the obstructive
constriction that occurs in aganglionic regions of gut
in Hirschsprung’s disease, where all enteric neurons
are absent (including both excitatory and inhibitory
motor neurons).

Another consistent finding from retrograde labeling
studies is that, no matter where the dye is applied, filled

|- I
plexus muscle Dil-labeled
l -~/ excitatory
Dil-labeled ~ motor
inhibitory “‘7“'\: « o3 o /  neurones
7 2
motor o : N
neurones _Dil
~  application
site
& :
4 “‘“--_..--v“‘ -
& .
:' s 1\1‘.
Oral -= — - - Aboral

Fig. 1.3 Neuroanatomical tracing of enteric neurons. A water-
insoluble dye, Dil, is applied on a bead to the surface of an
intact strip of circular muscle in a dissected specimen of gut,
which is then kept alive in organotypic culture. Over several
days, the Dil is taken up by axons of motor neurons that
contact the bead and is transported back to their cell bodies
in the myenteric plexus (Dil-labeled cell bodies and axons are
outlined in red). Every myenteric ganglion contains a random
selection of different classes of enteric neurons (blue, yellow,
green, purple, gray). However, Dil labeling of nerve cell bodies
(red outlines) reveals a high degree of organization, based on
the projections of the different classes. Dil-containing nerve

cell bodies oral to the Dil application site consist exclusively of
inhibitory motor neurons (with yellow cell bodies), whereas
the labeled cells aborally are always excitatory motor neurons
(green cell bodies). Other classes of cells (blue, gray and
purple) do not project to the circular muscle and hence never
contain Dil. Note that many inhibitory and excitatory motor
neuron cell bodies in every ganglion are not labeled with Dil
- these particular motor neurons project to regions of circular
muscle that were not contacted by the Dil-coated bead. This
approach allows different classifications of enteric neurons to
be brought together, and has also been extended to targeted
electrophysiological studies of live, retrogradely labeled cells.
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Chemical coding is a useful tool to identify enteric
neurons. However, the significance of the molecules
used to distinguish classes of cells is not always obvi-
ous, and the variability in chemical coding between
apparently similar cells in different regions of gut and
between species can appear confusing.

Synthetic enzymes for nitric oxide (nitric oxide
synthase, NOS) and acetylcholine (ChAT) can be .
considered the defining markers for motor neurons
in all regions of gut that have been tested to date. Es-
sentially, every motor neuron contains one or other
of these markers. This is not surprising, since nitric
oxide and acetylcholine are the primary inhibitory
and excitatory transmitters to gut smooth muscle. It
appears that evolution has come up with few alterna-
tives to these vital molecules and they are thus highly
conserved in motor neurons between species and
regions.

Gastrointestinal motor neurons often contain neu-
ropeptides. Among these, VIP and tachykinins can be
considered as secondary transmitters to gut smooth
muscle.' Their role is typically less prominent than
those of nitric oxide and acetylcholine and is usually
revealed only after blockade of nitrergic and cho-
linergic transmission. VIP expression in inhibitory
motor neurons is considerably more variable than
NOS expression; many inhibitory motor neurons lack
detectable VIP immunoreactivity, for example, in the
human colon. There are a few alternative secondary
transmitters. Thus, PACAP (pituitary adenylate cy-
clase-activating peptide), ATP and PHI (peptide his-
tidine isoleucine) can substitute for (or complement)
VIP in some cells, and both substance P and neuroki-
nin A can act as excitatory secondary transmitters.’

What does chemical coding imply about neuronal function?

Other neuropeptides present in gut motor neurons
can be considered as tertiary transmitters or modula-
tors, and usually have even fewer obvious functions.
Typically, they modulate the release of primary and
secondary transmitters. Thus, opioid peptides are
present in many enteric neurons, but only when the
gut is forced to work hard (for example, to empty
against a resistance) are effects of endogenous opioids
detectable. Immunoreactivity for enkephalin is highly
variable among motor neurons, being present only
in excitatory motor neurons in the human colon but
in many inhibitory motor neurons in other species.
Significantly, many other neurochemicals have simi-
lar modulatory effects, including dynorphin, GABA
(y-aminobutyric acid), neuropeptide Y, galanin, ad-
enosine and ATP, and these often appear to substitute
for enkephalin.

A fourth level of neurochemical used for chemical
coding studies includes molecules such as calcium-
binding proteins, receptors, ion channels and second
messengers. Usually, many alternatives to these mol-
ecules exist and the exact ones present in particular
neurons vary greatly between cell types, species and
regions.

From this very brief consideration, it is clear that
specific chemical coding can be a useful tool to iden-
tify unequivocally the functional class to which a
particular neuron belongs. However, the functional
significance of each marker may vary widely and great
care has to be taken in extrapolating between species
or regions of the gut, particularly as one moves down
the hierarchy of markers from primary transmitters
to modulators.

motor neuron cell bodies are spread across the width
of the preparation. This shows that both excitatory and
inhibitory motor neurons have long circumferential
projections within the circular muscle. One obvious
consequence of this arrangement is that stimulation
at any localized point in the intestine will tend to lead
to annular contractions of the circular muscle layer,
rather than just contractions in line with the stimulus.

Longitudinal muscle motor neurons

Longitudinal muscle motor neurons are smaller, have
less complex dendritic morphology and a single axon,
and have very short projections (less than 3 mm in any
direction). In the guinea-pig ileum the great majority
(>97%) are cholinergic,'! but this paucity of inhibitory
motor neurons is not typical of the whole gut; in the
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guinea-pig colon there is significantly more inhibitory
input, and inhibitory motor neurons with polarized
projections are present in the guinea-pig proximal
colon.’? One of the most surprising findings about
longitudinal muscle motor neurons in the ileum is that
they constitute more than one-quarter of all myenteric
neurons, despite the thinness of this muscle layer."> This
might reflect the innervation of each region of longitu-
dinal muscle by many converging inputs, making finely
graded control possible. However, the most important
point is that longitudinal muscle motor neurons form
a population separate from the circular muscle motor
neurons. Thus, the two layers can potentially be acti-
vated independently under neuronal control.

Enteric primary afferent neurons

Distension or mucosal chemicals evoke reflexes in seg-
ments of ileum that have previously been extrinsically
denervated, ' indicating that there must be enteric pri-
mary afferent (sensory) neurons in the gut wall. Direct
identification of enteric primary afferents was made by
making intracellular recordings from neurons close to
nearby intact mucosa and showing that they responded
to a variety of chemical stimuli applied to villi. These
cells had large, smooth cell bodies and several axons
with either no dendrites or short filamentous dendrites
(Dogiel type II morphology). Some primary afferent
neurons can also be activated by stretch stimuli ap-
plied to the gut, and this is probably mediated by
specific mechanosensitive sites located in myenteric
ganglia.'s Similar enteric primary afferent neurons are
also found in the submucous plexus. The proportions
of these neurons activated by mucosal stimuli and by
stretch stimuli add up to more than 100%, indicating
that some Dogiel type II cells are likely to respond to
both types of stimulus.

Enteric primary afferent neurons have extensive pro-
jections in the circumferential axis of the gut, and give
rise to varicose endings in many myenteric ganglia. This
projection pattern must help ensure the spread of re-
sponses to local stimuli around the circumference of the
gut wall. All Dogiel type II neurons have projections to
the mucosa and this may allow them to transduce signals
at multiple points and then give outputs to other neu-
rons over a wide area of the circumference. Their long
circumferential projections probably contact most other

types of enteric neurons, making excitatory cholinergic
or tachykinin-mediated synapses. Thus, they probably
provide the major excitatory drive to all enteric neuronal
circuits controlling gut functions.

Enteric interneurons

To date, four classes of interneurons have been dis-
tinguished in the small intestine."* Three classes have
descending projections and are cholinergic, but also
contain somatostatin, 5-hydroxytryptamine (5-HT, or
serotonin) or NOS. The NOS-containing interneurons
may also use other transmitters, particularly ATP, as a
fast transmitter. All three classes of descending inter-
neurons have very long descending projections (much
longer than motor neurons) and innervate both my-
enteric and submucous ganglia. In addition, all three
classes make dense baskets of varicosities around other
interneurons of the same type, while also contacting
other classes of enteric neurons. The functional con-
sequences of this arrangement are worth considering.
The NOS-containing descending interneurons prob-
ably spread the descending inhibitory reflex further
down the gut than would be the case if only inhibitory
motor neurons and enteric primary afferent neurons
were involved. If somatostatin- and 5-HT-containing
interneurons make strong excitatory synaptic connec-
tions with their own kind, it is possible that activation
at one point in the gut would lead to firing of the
whole chain of interneurons further down the gut.
By releasing modulatory transmitters, such interneu-
rons could then alter the state of enteric circuitry over
long distances, perhaps switching from one pattern to
another. It is not hard to imagine that such switching
could occur ahead of a migrating myoelectric complex,
or during the transition from fasting to fed motor be-
havior after a meal. Some of these classes of descending
interneurons may also be involved in other pathways,
such as the descending excitation that has been shown
to occur under some circumstances.

In the guinea-pig small intestine, there is just one
class of ascending interneuron. This is a small cho-
linergic neuron with a single orally directed axon that
makes synaptic contact with a few other classes of my-
enteric neurons. In comparison with descending inter-
neurons, these cells have much shorter projections (up
to 14 mm long), but they also make functional chains,
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one ascending interneuron synapsing onto another
further up the gut. Evidence suggests that at least three
ascending interneurons in a chain can contribute to the
spread of the ascending excitatory reflex up the gut, via
fast cholinergic (nicotinic) synapses. Because of their
relatively short length, ascending interneurons appear
to be suited to a role in rapid reflex responses rather
than to pattern switching behavior.

Viscerofugal neurons

This special type of interneuron, with cell bodies in en-
teric ganglia and axons that project out of the gut, have
short lamellar or filamentous dendrites and a single
axon. They do not make synaptic outputs within the
gut, but are driven by prominent nicotinic fast excitato-
ry synaptic inputs'® from other enteric neurons. Thus,
viscerofugal neurons act simply as interneurons, relay-
ing integrated information from enteric circuitry to the
sympathetic ganglia. In guinea-pigs and rats, viscerofu-
gal neurons are restricted to the myenteric plexus, but
in the pig they are also found in the outer submucous
plexus layer, which shares much of the motor circuitry
of the gut. Another class of viscerofugal neurons in
rats, the rectospinal neurons, have cell bodies in the
wall of the rectum and project directly into the sacral
spinal cord. There may be similar viscerofugal neurons
in the stomach and duodenum which project to the
brainstem."” It is possible that these last two types of
viscerofugal neurons contact central parasympathetic
nuclei and thus play a part in vagal and sacral parasym-
pathetic reflexes to the gut, while other viscerofugal
neurons project to prevertebral ganglia and influence
inhibitory sympathetic reflex pathways.

Secretomotor and vasomotor
neurons

Two classes of secretomotor neurons have been identi-
fied, largely confined to the submucous plexus. One
class is cholinergic and the other releases non-cholin-
ergic peptidergic transmitters, particularly VIP. Non-
cholinergic secretomotor neurons project both to the
subepithelial plexus of the mucosa and to submucous
arterioles, where they may mediate non-cholinergic
vasodilation. Thus, these cells stimulate secretion
and simultaneously increase mucosal blood flow. In

the guinea-pig small intestine, none of the secreto-
motor neurons show polarized projections along the
gut, but elegant studies in the colon have shown that
non-cholinergic secretomotor neurons project down
the gut, whereas cholinergic secretomotor neurons
project orally.'"® The functional significance of this
arrangement is not yet clear. Another class of submu-
cous neurons provides cholinergic vasodilator input
to blood vessels in the submucosa that is potentially
independent of increases in secretion.

Sympathetic innervation of the gut

Sympathetic and parasympathetic inputs to the gut

" contribute to the control of motility, secretion and blood

flow. Sympathetic postganglionic neurons, located in the
prevertebral ganglia, provide a substantial input to both
myenteric and submucous ganglia, with some innerva-
tion of the muscle and mucosa and a dense plexus of
fibers on submucous blood vessels. There is also an in-
nervation of blood vessels by paravertebral sympathetic
chain neurons (Fig. 1.4). In enteric ganglia, sympathetic
axons typically form dense networks of varicosities
coursing through all parts of the ganglion and closely
approaching most, if not all, enteric nerve cell bodies
(Fig. 1.5). Several different classes of sympathetic axons
can be distinguished by their chemical coding and tar-
gets."” Those supplying blood vessels contain tyrosine
hydroxylase (TH)/neuropeptide Y, those that innervate
the submucous plexus contain TH/somatostatin, and
those innervating myenteric ganglia contain TH alone.
This anatomical arrangement potentially allows inde-
pendent control of motility, secretion and blood flow
according to the body’s requirements. In enteric ganglia,
sympathetic neurons directly inhibit non-cholinergic
secretomotor neurons and possibly some descending
interneurons. Generally, however, sympathetic neurons
release norepinephrine throughout the enteric ganglia,
causing presynaptic inhibition of synaptic activity and
thus a reduction in nerve-mediated reflexes.'

Parasympathetic innervation of the
gut

Parasympathetic input to the gut follows either the
vagus nerve or the pelvic nerves (Fig. 1.4). Vagal para-
sympathetic axons form branching varicose endings
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Fig. 1.4 Major extrinsic efferent
pathways to the gut. Sympathetic
pathways (red) have preganglionic
cell bodies in the spinal cord which
synapse onto postganglionic
sympathetic neurons mostly located
in the prevertebral ganglia (CG, SMG,
IMG, PG), but with a few located in
paravertebral chain ganglia (PaG).

Esophagus |

Parasympathetic pathways (purple)
have cell bodies in the brainstem that
project to the upper gut or cell bodies
in the sacral spinal cord, which either
project directly to the lower bowel

or synapse onto another neuron in
the pelvic ganglia (PG). CG, coeliac
ganglion; DRG, dorsal root ganglia;
IMG, inferior mesenteric ganglia; NG,
nodose ganglion; PaG, paravertebral
chain ganglia; PG, pelvic ganglia;
sDRG, sacral dorsal root ganglia; SMG,
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that course through myenteric and, to a lesser extent,
submucous ganglia, with a physical appearance similar
to sympathetic axons," although transmission from
vagal efferents is mediated by fast synaptic transmis-
sion. Vagal inputs are mostly concentrated in the upper
gut (esophagus, stomach and duodenum). Unlike sym-
pathetic axons, which directly innervate blood vessels
and mucosal cells, all effects of vagal efferent activity
are mediated via excitation of enteric neurons. Early
studies suggested that relatively few enteric ‘command
neurons’ received inputs from vagal efferents, but it is
now clear that most gastric enteric neurons are con-
tacted by parasympathetic axons.'” To date, there are
relatively few data regarding the chemical coding of
different functional classes of vagal efferent, although
it is known that different populations can activate ex-
citatory or inhibitory motor pathways selectively.

The pelvic viscera receive parasympathetic input
from cells in the sacral parasympathetic nucleus of

" Anus

Pudendal nerves

the caudal spinal cord, which either project directly to
enteric ganglia or synapse onto other autonomic nerve
cells in the pelvic ganglia, which then project to the gut.
It should be noted, however, that the pelvic ganglia also
contain some sympathetic neurons, which receive pre-
ganglionic input from the thoraco-lumbar spinal cord.
Again, sacral parasympathetic efferents form branch-
ing varicose axons that appear to contact many enteric
neurons as they run through the ganglia. Like vagal
efferents, they make fast synaptic contacts onto enteric
neurons,” but they also use slow excitatory synaptic
transmission, unlike their vagal counterparts.

Extrinsic afferent input to the enteric
nervous system

Extrinsic afferent pathways (Fig. 1.6) are responsible
for sensations arising from the gut and for activating
many of the sympathetic and parasympathetic reflex
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Fig. 1.5 Varicose nerve fibers in a myenteric ganglion.
Sympathetic nerve fibers, labeled for tyrosine hydroxylase
immunoreactivity (biue), branch extensively throughout the
ganglion and approach most, if not all, myenteric nerve cell
bodies. In contrast, a subset of extrinsic sensory axons (labeled
for CGRP, in green) are much sparser and probably contact just
a few cells in the ganglion. In red are shown axons of one class
of intrinsic (enteric) descending interneuron (labeled for 5-HT
immunoreactivity). Note how all varicose axons have a similar
appearance despite having very different targets and modes
of action.

pathways. Vagal afferent neurons form three types
of endings in the gut. Endings in the mucosa of the
stomach and duodenum correspond to the electro-
physiologically recorded afferent fibers that respond
to chemical or mechanical stimuli applied to the
mucosa. The second major functional type of vagal
afferent unit?' is sensitive to stretch, or more precisely,
to intramural tension, and is responsible for sensations
arising from esophageal, gastric or duodenal disten-
sion and for the vago-vagal reflexes that these stimuli
evoke (such as gastric accommodation). The anatomi-
cal identity of these endings has been the subject of
much speculation. Intramuscular arrays of densely
branching axons, which run parallel to circular or lon-
gitudinal smooth muscle fibers, were one candidate.
Another possibility was the intraganglionic laminar
endings (IGLEs), which consist of flattened branching
processes concentrated on the surfaces of myenteric
ganglia. By recording and dye-filling vagal trunks close
to the gut, vagal tension receptors were shown to be
mechanically sensitive at a few tiny hotspots, which
correspond exactly to IGLEs.?*® Thus, IGLEs are the

transduction sites of the tension-sensitive receptors.
The function of intramuscular arrays is currently un-
certain. They appear well situated to function as stretch
(length)-sensitive endings,? but clear evidence that any
vagal afferents actually detect length (rather than ten-
sion) is lacking.

Because IGLEs lie close to many myenteric nerve
cell bodies, it has been speculated that they might also
directly activate enteric circuits. They contain proteins
associated with synaptic release and vesicular glutamate
transporters, and have some ultrastructural specializa-
tions of transmitter release sites. However, to date there is
no clear evidence that they excite enteric neurons; rather,

_ they work primarily by activating vago-vagal reflex path-

ways via synaptic connections in the brainstem.

Spinal afferent neurons, which carry nociceptive in-
formation from the gut, have long been believed to make
unspecialized endings in the gut wall?"*>%* Calcitonin
gene-related peptide (CGRP) immunoreactivityin many
of these neurons revealed unspecialized varicose axons
in enteric ganglia, in the muscle layers and mucosa, and
on submucosal and mesenteric blood vessels.”” CGRP-
immunoreactive endings in enteric ganglia release
excitatory transmitters onto enteric neurons and their
endings on blood vessels cause vasodilation, increasing
blood flow during damage or inflammation of the gut
wall. However, studies have repeatedly shown that many
spinal afferents to the gut do not contain CGRP. Some
may contain vesicular glutamate transporters, but we
currently cannot visualize these non-peptidergic spinal
afferents in a way that distinguishes them from enteric
neurons. Thus, we know little about the neuroanatomy
of a major group of spinal afferents.

A recent study has shown the presence of specialized
mechanosensitive afferents in the guinea-pig rectum
which are not present in the colon. These are similar
in many ways to vagal tension receptors, having low
thresholds, wide dynamic ranges and transduction sites
comprising flattened branching endings in myenteric
ganglia (‘rectal IGLES’). These afferents probably have
nerve cell bodies in sacral dorsal root ganglia and are
immunoreactive for vesicular glutamate transporters,
but not for CGRP.** It seems likely that these and other
sacral sensory neurons may form a specialized subgroup
of spinal afferents, similar to vagal afferents, and are in-
volved in rectal reflex control and sensation, rather than
nociception, like the thoraco-lumbar spinal afferents.
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Fig. 1.6 Extrinsic afferent innervation
of the gut. Spinal afferent pathways
are shown in green and have cell
bodies in thoraco-lumbar dorsal root
ganglia and axons that project to

the gut in parallel with sympathetic
efferents. Note that these neurons
make synaptic contacts in prevertebral
ganglia, en route to the spinal cord.
Vagal afferents (blue) have cell bodies
in the nodose ganglion and travel
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Conclusions

This account has given a short summary of the major
types of nerve cells in the ganglionated enteric plexuses,
linking their anatomical features with their functions
where possible. It is clear, even from such a brief ac-
count, that the enteric nervous system is highly orga-
nized. The different plexuses show some specialization
in the functional types of nerve cells that they contain.
Apart from this constraint, ganglia contain random as-
sortments of many types of nerve cells. However, each
nerve cell within a ganglion has predictable polarity
and length of projection, characteristic soma-dendrit-
ic morphology, and electrophysiological and synaptic
features. The chemical coding of enteric neurons is a
powerful means to distinguish the different functional
classes of neurons, but the functional implications of
immunohistochemical markers are often far from
clear. Markers for primary transmitters (choline acet-

T 1J .
Pelvic nerves
Rectal nerves

| Anus_|

&=

yltransferase and nitric oxide synthase) appear to be
well conserved between equivalent cells in different
regions and species, but secondary transmitters and
modulators show much more variability. Enteric neu-
ronal circuits appear relatively simple, but nevertheless
have a highly organized structure that allows them to
fulfill their vital roles in controlling the gut functions
of motility, blood flow and secretion.
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CHAPTER 2

Neurophysiology

David R Linden and Gary M Mawe

Introduction

The enteric nervous system (ENS) is capable of pro-
viding precise control of gastrointestinal functions
because it is composed of several classes of neurons
that contribute to distinct motor and secretory activi-
ties of the bowel. For example, in the guinea-pig ileum,
where these populations of neurons are best character-
ized, there are at least 14 functionally defined classes
of enteric neurons.! Comprehensive understanding
of the pathophysiology of enteric neurons in the mal-
functioning bowel requires a thorough examination of
changes in enteric neurons at several levels, including
changes in ion channel function, how these changes
contribute to altered excitability of individual neurons,
and how these alterations contribute to disordered
reflex physiology. This comprehensive characteriza-
tion requires the combined use of several techniques
to assess changes adequately. This chapter will provide
insight into the tools used by enteric neurobiologists to
study the neurophysiology of the gastrointestinal tract,
describe what is currently known about the electrical
and synaptic properties of individual enteric neurons,
the intrinsic reflex circuitry of the intestines, and a
brief description of recently identified pathological
changes in enteric neurophysiology. We will begin with
a description of the current techniques used by enteric
neurobiologists, which can be divided into two catego-
ries, electrophysiological and imaging.

Neurophysiological techniques

Electrophysiology

The electrical behaviors of enteric neurons are studied
using three electrophysiological recording techniques:
extracellular electrophysiology, intracellular electro-

physiology and patch-clamp electrophysiology. Each
of these approaches is associated with advantages and
disadvantages with regard to determining details about
the integrated network properties, and molecular
mechanisms of electrical and synaptic behavior.

Extracellular electrophysiology

Extracellular recording of enteric neurons is ac-
complished by using fine metal electrodes or suction
electrodes. This technique provides information in the
form of patterns of spontaneous and stimulus-evoked
action potential discharges. This is accomplished by
placing the electrode in close contact with the nerve
fiber such that rapid changes in extracellular ion con-
centrations can be detected and amplified as rapid
changes in voltage. Metal electrodes can be adjusted in
size to record from multiple neurons simultaneously,
down to a single active unit. Suction electrodes are
typically used to record from all axons within a nerve
fiber bundle. A comprehensive review of the informa-
tion gathered from extracellular recordings of enteric
nerves has been published.’

Extracellular electrophysiology is also the technique
of choice for studying the discharge patterns of extrin-
sic afferent and efferent pathways. These are the nerves
supplying sensory information to the central nervous
system and those providing parasympathetic pregan-
glionic or sympathetic postganglionic input to the gas-
trointestinal tract, respectively. For these studies, mes-
enteric, dorsal root or vagal nerve fibers are laid over a
bipolar wire electrode.’ Voltage differences between the
two wires are detected with a differential amplifier, and
action potentials passing along these axons are regis-
tered as both a rise and a fall in voltage. This technique
has been instrumental in defining classes of afferent
neurons that innervate the gastrointestinal tract and

Lk}
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how they respond to chemical or mechanical stimuli.
This technique has also been critical in demonstrating
the sensitization of afferent fibers in conditions such
as inflammation, which can account for peripheral
mechanisms of allodynia and/or hyperalgesia.

Intracellular electrophysiology

Intracellular recording is an excellent technique for ac-
quiring information about the electrical and synaptic
properties of intact neurons in whole-mount prepara-
tions. This has the advantage of preserving much of the
neural circuitry that exists in vivo. Intracellular record-
ing involves the use of sharp glass microelectrodes
(<0.5 pm tip diameter) filled with electrolyte solution,

Focal Stimulating Ele ctrode

§ .

32V 05ms
Fig. 2.1 Representation of the types of information that
can be obtained from an intracellular electrophysiological
recording. Impaling a neuron with a microelectrode allows
the investigator to measure voltage changes across the cell’s
membrane. Voltage changes in response to current injected
through the recording electrode (right trace) can be used
to determine the membrane input resistance and the tonic
versus phasic nature of the neuron. A separate stimulating
electrode placed near the interganglionic fibers can activate
synaptic inputs to the cell (bottom trace). Pharmacological
manipulation of the neuron can occur by placing compounds
directly in the bathing solution, by pressure-ejecting
compounds near the recording site via a pressure microejection
electrode (top trace), or by a more controlled local release via

typically KCL The fine tip of the electrode is used to
impale individual neurons in an intact whole-mount
preparation, so that the voltage difference between the
electrode tip and a reference (ground) electrode in the
extracellular space is amplified (Fig. 2.1). Current can
be injected through the recording electrode to control
the membrane potential, thus allowing the investigator
to activate action potentials or change the membrane
potential of the cell. The types of information regard-
ing electrical properties of the neurons include the pas-
sive membrane properties of a neuron, such as resting
membrane potential and membrane input resistance,
as well as active membrane properties such as action
potentials and afterhyperpolarizations. In addition to

/ Recording elec trode filled

with neurobiotin

0.03nAl

an iontophoretic electrode. Because the recording electrode
can be filled with neurobiotin, which can be injected into

the cell, the cell can be identified microscopically (green
fluorescence). The cell’s morphology (Dogiel type I) and
projection pattern (orally projecting) can be determined.
Combining this with immunohistochemistry allows the
neurochemistry of the neuron to be identified. This particular
cell is immunoreactive for calretinin (red) but not nitric oxide
synthase (blue). By these combined techniques and comparison
with our knowledge of projection patterns and neurochemical
coding, we can establish that this neuron is a rapidly
accommodating (phasic), ascending excitatory motor neuron
that projects to the longitudinal smooth muscle, receives fast
excitatory synaptic input and expresses purinergic receptors.
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their use in the study of the electrical properties of a
given neuron, intracellular recording techniques can be
used to evaluate the types of synaptic input that a given
neuron receives. In studies of synaptic potentials in the
ENS, stimulating electrodes are placed on intergangli-
onic fiber bundles leading to the ganglion containing
an impaled neuron. Brief individual pulses of the
stimulating electrode are used to activate fast synaptic
responses, and trains of high-frequency pulses are used
to elicit slow synaptic responses. When intracellular
electrophysiological experiments are being performed,
the microelectrode can be filled with an ionic sub-
stance, such as neurobiotin or biocytin, and ionto-
phoretically injected into the cell. Once the recording
session is complete, the impaled cell can be visualized
and morphologically characterized. Furthermore,
single- or dual-labeled immunohistochemistry can
be performed on these preparations to determine
the neurochemicals expressed by the neuron that has
already been electrically and morphologically charac-
terized. With these combinations of information, it has
become possible to identify with certainty the neuronal
elements of intrinsic reflex circuits.

Intracellular recording techniques can also be used
to investigate the ionic currents that contribute to a
given neuron’s passive and active electrical proper-
ties. These investigations can involve ion substitution
or the use of ion channel blockers while measuring
membrane voltage. In addition, current recordings can
be obtained using the single-electrode voltage clamp
(SEVC) technique, which involves the use of a feedback
amplifier that uses alternating membrane potential
measurement and current injection.* Unfortunately,
because of the small tip size and high resistance of in-
tracellular microelectrodes it is difficult to pass current.
Therefore, ionic conductances with fast kinetics, such
as those contributing to the action potential, cannot
be controlled. The use of SEVC is therefore limited to
investigations of slower events, such as conductances
associated with prolonged afterhyperpolarizations or
slow synaptic responses.

Patch-clamp electrophysiology

In order to optimally obtain information related to
the individual ionic conductances that contribute to
the passive and active electrical properties of enteric
neurons and to identify the ion channels that are in-

volved, patch-clamp recording is the method of choice.
Patch-clamp recording involves the use of large-bore,
low-resistance micropipettes that are placed against a
neuronal cell membrane. Different configurations of
patch-clamp recording can provide different types of
information. In the whole-cell configuration, in which
the electrode is attached to the cell and the membrane
withintheelectrode poreisremoved, ensemble currents
from the entire cell are integrated. Isolation of classes
of ion channels is accomplished pharmacologically or
by utilizing unique biophysical properties of the ion
channel, such as its activation voltage. In cell-attached,
inside-out or outside-out patches, only channels that
are within the pore of the electrode provide currents
that are amplified and measured. In this manner, cur-
rents from individual ion channels can be measured
and the biophysical properties, such as single-channel
conductance, can be characterized.

Enteric ganglia are surrounded by a basement
membrane that prevents the formation of the high-
resistance seal required between the neuron and the
patch pipette. To overcome this obstacle, several ap-
proaches have been used. First, individual enteric
neurons can be isolated by enzymatic and mechanical
dissociation. These neurons can be studied with patch-
clamp recording techniques in the acutely dissociated
state, or after being maintained in primary culture
conditions for up to several days. When maintained
in culture, the isolated neurons form synaptic contacts
with one another. Another approach has been the en-
zymatic dissociation of an intact ganglionated plexus
from muscle layers and connective tissue. Recently,
enteric neurobiologists have used intact longitudinal
muscle—-myenteric plexus preparations that have been
lightly treated with proteases, followed by mechanical
scraping of individual ganglia to remove the basement
membrane.’ This approach leaves neurons and their
networks relatively intact and still allows the seal for-
mation required for patch-clamp electrophysiology.
Although treatments needed to prepare neurons for
patch clamp likely alter the properties of the neurons,
most electrical and synaptic properties of these neu-
rons are maintained.

The electrical properties of individual neurons are
determined by the integrated contribution of many
ion channels, and changes in the neurophysiological
properties of enteric neurons involve discrete changes
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1 Extracellular recording techniques are used
for investigations of electrical activity in
extrinsic afferent and preganglionic nerve fibers
innervating the gut in response to physiological
and pharmacological stimuli.

2 Intracellular recording techniques are used for
investigations of enteric neurons in preparations
that include intact neural circuits. Electrical,
synaptic and pharmacological properties can.be

Applications of electrophysiological approaches

readily investigated.

3 Patch-clamp recording techniques are well
suited for investigations of ionic conductances
in enteric neurons under controlled electrical
and pharmacological conditions. Patch-clamp
studies typically involve acutely dissociated or
cultured neurons, but can be conducted in intact
preparations.

in ionic conductances. Therefore, the design of effec-
tive therapeutics for the pathological ENS requires the
identification of these molecular targets, and patch-
clamp electrophysiological studies will play a central
role in elucidating what ion channels are involved and
how they are affected by certain pathophysiological
and pharmacological conditions.

Imaging

Physiology is typically the study of when biological
events occur, whereas anatomy is the study of where
biological structures or molecules are. New imaging
techniques have been useful for defining both the ‘when’
and ‘where’ of active neural networks. These techniques
use fluorescent molecules that shift their spectral prop-
erties (the wavelengths of light that the molecule absorbs
and emits) with altered cellular events. By measuring the
ratio of one fluorescent state to the other over time
within a given region, the kinetics of an event can be
measured. By measuring those changes simultaneously
in a multitude of defined regions, the biological events
can belocalized to groups of cells or to individual cells, or
even at the subcellular level. The broad range of imaging
techniques available will be discussed below according to
the biological events they are used to study. For a general
overview of neuronal imaging techniques, the reader is
referred to recent reviews.*®

Calcium

Calcium is the most highly regulated ion in biologi-
cal systems. In neurons, increases in intracellular Ca**
levels mediate neurotransmitter release, modulate ion
channel activity, or stimulate gene expression. While
Ca? entry into the cell through the plasma membrane

causes a current that can be detected using electrophys-

. iology, Ca?* mobilization (the release of calcium from

intracellular stores) is not detectable electrophysi-
ologically. To study these events, fluorescent probes
that change their spectral properties with bound Ca*
were developed to measure concentrations of intracel-
lular free Ca?*. Initially, these dyes were used to study
whole-cell calcium levels in individual neurons. In
this configuration, simultaneous electrophysiological
recording and dynamic Ca’* imaging have been used
to determine the role of calcium mobilization and
mitochondrial reuptake in the excitability of enteric
neurons. Importantly, these contributions to neuronal
excitability cannot be directly examined by electro-
physiology alone. More recently, Ca®* indicator dyes
have been used to record Ca®* signals simultaneously
in multiple neurons, and to record neurons together
with other cells such as interstitial cells of Cajal and
smooth muscle cells. This approach will be very valu-
able in future efforts to resolve issues concerning neural
networks and communication between motor neurons
and smooth muscle. This approach is limited, however,
by the fact that not all changes in neuronal excitability
involve intracellular Ca**. Some neurons exhibit little
detectable change in Ca?* even with ongoing electrical
activity.

Voltage

Voltage-sensitive dyes can be used to measure changes
in membrane voltage optically. This is an exciting ad-
vance because these voltage changes reflect the excit-
ability of the neurons being investigated and, unlike
intracellular neuronal recording, several neurons can
be evaluated simultaneously. New generations of volt-
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age-sensitive dyes have important characteristics, such
as rapid kinetics and large signal-to-noise ratios, that
allow them to provide accurate monitoring of rapid
membrane potential changes, such as action poten-
tials and fast synaptic inputs. The ability to track these
electrical events in many neurons allows the accurate
determination of the spread of excitability and basic
understanding of network connections (Fig. 2.2).
Although the approach has not been used in the
ENS, voltage changes in single neurons can be imaged
optically by injecting the voltage-sensitive dye directly.
This approach allows the precise measurement of volt-
age changes in processes that are too small or fragile for
electrode recording, and has been used in cerebral and
cerebellar neurons. In enteric neurons, it would be use-
ful to resolve electrical integration of inputs in neural
processes of individual neurons, especially the vast,
branching processes of AH cells (see below).

Fluorescence resonance energy transfer
Fluorescence resonance energy transfer (FRET) is a
technique that is based on the principle that signal
transduction occurs by the reorganization of intracel-
lular molecules, such that two molecules will be in close
proximity only when signal transduction pathways are
active. Using the properties of FRET, the fluorescent
emission of one molecule is used to excite the second.
This relatively new technique has yet to be used in en-
teric neurons but has been used successfully in other
neural networks to identify network activation of sig-
nal transduction pathways, such as protein kinases A
and C.° FRET depends on genetic manipulation, such
as the incorporation of DNA encoding fluorescent pro-
teins into the sequence encoding signaling molecules.
For this reason, its use is often limited to mice, and as
enteric neurobiologists shift to murine studies this is
likely to become a valuable approach.
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Fig. 2.2 Example of an experiment using optical imaging of
the voltage-sensitive dye Di-8ANEPPS in the guinea-pig ileum
myenteric plexus preparation. Multiple nerve cells within the
ganglion, visualized in the image as black rings where the dye
is incorporated into the membrane, can be simultaneously
imaged over the same time course. Overlaid on the image is
the 464 diode hexagonal array. Each trace is the condensed
signal of one diode over time and reflects the response
following a single-pulse electrical stimulation of the nerve

fiber to the left of the ganglion. The four expanded traces on
the left correspond to the like-colored traces in the array. From
top to bottom, the traces are of a compound action potential
from the stimulated fiber tract (in magenta), action potentials
and fast EPSPs from cells at the bottom (in pink) and middle

of the ganglion (in red), and a subthreshold fast EPSP from a
cell at the top of the ganglion {in brown). The scale is for all
expanded traces. Figure by courtesy of Drs Michael Schemann
and Michal Ceregrzyn, Munich, Germany.
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Applications of imaging approaches

1 Calcium imaging techniques are used to
investigate signal transduction mechanisms
in enteric neurons that involve changes in
intracellular calcium concentrations. This is
the only approach that can be used to evaluate
calcium mobilization from intracellular stores. It
allows the collection of data from several neurons
simultaneously.

2 Voltage imaging techniques are used to
investigate enteric neurons in intact preparations,
such as human tissue samples, that are difficult to
study with intracellular electrodes. This technique
allows the collection of data related to synaptic
and pharmacological responses from several
neurons simultaneously.

Electrical and synaptic properties of
enteric neurons

Most of our knowledge of the physiological properties
of gut neurons comes from intracellular electrophysi-
ological studies of the guinea-pig small intestine. Over
the past decade and a half, a concentrated effort has
been made to characterize enteric neurons in other
gastrointestinal regions in the guinea-pig and enteric
neurons in other species, including the human. Recent
efforts have been made to characterize enteric neu-
rons in mice because of the great potential for genetic
manipulation in this species. The combination of all
of these studies indicates that, with some exceptions,
defining characteristics of enteric neurons are shared
in different regions of the gut and between species. Two
primary classes of neurons, AH and S, have been identi-
fied,'™"! and the major features of myenteric AH and S
neurons are described below (Fig. 2.3).

AH neurons
It has become clear that AH neurons act as multifunc-
tional elements in the afferent limb of the intrinsic re-
flex circuitry. The AH neurons of the myenteric plexus
and submucous plexus have been identified definitively
as intrinsic primary afferent neurons in the guinea-pig
ileum, as they respond to mucosal stimulation (me-
chanical, electrical and chemical) and are activated by
stretching. In addition to acting as first-order afferent
neurons, AH neurons can serve as interneurons since
they form interconnected, self-reinforcing networks
that act to synchronize motor events in the bowel.

AH neurons are multipolar (Dogiel type IT morphol-
ogy) and have many long processes extending to other

ganglia and to the mucosa. The neurochemical charac-
teristics of these neurons indicate that they are choliner-

- gic, and most are immunoreactive for tachykinins and

the calcium-binding protein calbindin. In the resting
state, AH neurons have a more negative resting mem-
brane potential and lower excitability than S cells. AH
neurons are phasic, meaning that they typically do not
fire repetitively, and their action potentials are followed
by an afterhyperpolarization that lasts several seconds.
This prolonged afterhyperpolarization is the defining
characteristic (AH = afterhyperpolarization). In addi-
tion to the inward Na* and outward K* conductances
that are typical of most neuronal action potentials, the
action potential of AH neurons is also characterized
by a shoulder on the repolarizing phase of the action
potential that is due to an inward Ca?* conductance. It
is this influx of Ca*, and the subsequent release of Ca**
from intracellular stores, that activates the long-lasting
afterhyperpolarization. Conductances that contribute
to the active properties of AH neurons are schematically
represented in Fig. 2.4.

AH neurons provide tachykininergic slow excitatory
synaptic input to one another, and these signals form the
basis of the self-reinforcing network mentioned above.
One of the puzzles concerning the synaptic properties of
AH neurons is that evoked fast excitatory postsynaptic
potentials (fEPSPs) are rarely detected despite the fact
that AH neurons are cholinergic and express nicotinic
acetylcholine receptors. The inability to detect fEPSPs
may be due to the experimental limitations of intracellu-
lar electrophysiology, as the membrane potential is being
monitored at the cell body and synaptic contacts are out
on the processes. When fEPSPs are detected in these neu-
rons they are almost always entirely cholinergic.
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neurons, AH neurons (left column) and
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It is likely that S neurons serve as interneurons, excit-
atory motor neurons and inhibitory motor neurons,
on the basis of their neurotransmitter phenotypes
and projections. S cells are either unipolar with short
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/
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processes emanating from the cell body (Dogiel type
1 morphology) or have a single axon and several fila-
mentous dendritic processes (filamentous morphol-
ogy). The various subpopulations of S cells in the
guinea-pig enteric nervous system can be sorted on the
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Active currents in AH neurons
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Fig. 2.4 Schematic diagram of the principal ionic currents
that contribute to the active membrane properties of AH and
S neurons. Cylinders represent classes of ion channels. in AH
neurons, a depolarization causes the activation of voltage-
gated Na*, Ca?* and K* ion channels. The calcium that enters
through these ion channels activates a potassium current,
which contributes to the repolarization and causes the release
of calcium from intracellular stores. This calcium-induced
calcium release, in turn, opens calcium-activated cation and
potassium channels. The calcium-activated potassium current is
responsible for the prolonged afterhyperpolarization, which,

in turn, opens hyperpolarization-activated cation channels.
This sequence of events is active upon initiation of each action
potential. Modulation of each contributing current can alter
the excitability of AH neurons, and the reflexes in which the
AH neurons participate. In S neurons, the active currents
presently identified include the voltage-gated Na* and K*
channels that contribute to the action potential. Both AH

and S neurons also express inward-rectifying K* channels that
are active during periods of hyperpolarization beyond the K*

equilibrium potential.
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basis of unique projections and neurochemical coding
patterns. These neurons can exist in several states of
excitability: those that exhibit regular spontaneous ac-
tion potentials in the absence of input whose firing rate
can be modulated by increases or decreases in mem-
brane potential; those that do not exhibit spontaneous
action potentials but fire action potentials repetitively
throughout a depolarizing current pulse (tonic neu-
rons); those that exhibit action potentials only at the
onset of a depolarizing current pulse (phasic neurons);
and those that do not respond to any changes in mem-
brane potential (silent 'neurons). In contrast to AH
neurons, S cells have an action potential that is com-
pletely composed of inward Na* and outward K* con-
ductances, and the action potential is not followed by
a prolonged afterhyperpolarization. The conductances
that are active in S neurons are represented in Fig. 2.4.

S neurons receive both fast and slow excitatory syn-
aptic inputs. Almost all S neurons exhibit fast EPSPs,
and this defining characteristic was used to name these
cells (S = synaptic). These potentials are mediated
mainly by acetylcholine acting at nicotinic acetylcho-
line receptors, but some cells also have a proportion
of the EPSP mediated by ATP acting at purinergic P,X
receptors. A much smaller proportion of EPSPs in S
neurons are also mediated by serotonin (5-HT) acting
at 5-HT, receptors. Only a proportion of S neurons
(50-70%) receive slow excitatory synaptic inputs, and
these are mediated by tachykinins or serotonin.

Enteric reflex circuitry

The normal physiology of the gastrointestinal tract
relies on the precise coordination of the enteric neu-
ral reflexes that regulate motor activity, secretion and
blood vessel diameter. Enteric neurobiologists have
determined the individual neurons involved in reflex
circuitry by using retrograde labeling techniques to
determine the projection patterns of neurons that were
then characterized further by intracellular recording
and/or immunohistochemistry. Also, recording cham-
bers that allow separation of the preparation into oral
and aboral regions allow pharmacological manipula-
tion of parts of the circuitry. In addition, evaluation of
the responses of individual neurons to stimuli such as
distension and mucosal stroking has been critical in the
identification of intrinsic primary afferent neurons.

Despite their varied functions, enteric motor, se-
cretory and vasodilatory reflexes share common ele-
ments.>>"*> All of these reflexes can be initiated by the
release of paracrine substances from enteroendocrine
cells in the mucosal epithelium that are activated by lu-
minal mechanical and chemical stimuli. These paracrine
compounds, which include serotonin and cholecystoki-
nin, initiate activity in submucosal and myenteric AH
neurons. In addition to mucosal stimuli, these reflexes
can be initiated by stretching of the muscularis. AH
neurons, as well as a small population of S neurons, are
stretch-sensitive and respond to distending stimuli. At
the efferent end of the reflexes are motor neurons that
contract or relax smooth muscle, dilate blood vessels,
and/or stimulate mucosal secretion. The submucous
plexus is composed largely of primary afferent and
motor neurons, whereas the myenteric ganglia house
afferent neurons, motor neurons and a variety of inter-
neurons, which can spread reflex signals along the gut in
the oral and aboral directions. These reflex circuits are
represented schematically in Fig. 2.5.

Pathological changes in
neurophysiology

Collectively, the reflexes described above coordinate
the effector functions of the gut, including the muscle
contractions and relaxations that propel and mix the
luminal contents, direct absorption and secretion and
provide local control over blood supply to aid digestion
throughout the gastrointestinal tract. Clearly, there are
many stages in these precise reflex activities that can
be modulated to alter gastrointestinal function. In ad-
dition to being influenced by paracrine compounds
and neurotransmitters, enteric neuronal activity can
be modulated by many substances that are present
during intestinal inflammation, including histamine,
prostaglandins, leukotrienes, interleukins, proteases
and serotonin.

Changes in the electrical properties of enteric neu-
rons have been demonstrated in a number of models
of infectious and allergen-induced enteritis and in
immune-mediated inflammation. AH neurons, which
project to the mucosal layer, where the inflammatory
response is typically centered, undergo the most dra-
matic changes. AH neurons are depolarized and are
hyperexcitable in Trichinella spiralis-induced enteritis
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Fig. 2.5 Schematic illustrations of enteric reflex pathways that
are involved in propulsive motor activity, mucosal secretion
and vasodilation. Each of these reflexes can be initiated by
mucosal activation of intrinsic primary afferent neurons via
release of paracrine substances from enteroendocrine cells,
or by circular muscle stretch. For propulsive motor activity,
reflex initiation is followed by activation of ascending and
descending interneurons. These stimulate excitatory motor
neurons oral to the stimulus, causing contraction, and
inhibitory motor neurons aboral to the stimulus, causing
relaxation. The resulting pressure gradient causes the net

and in allergen challenge following milk sensitiza-
tion.'*'® In these conditions, the neurons are able to
fire repetitive action potentials and have a smaller
afterhyperpolarization. In TNBS (trinitrobenzene-
sulfonic acid) colitis, which is a model of an immune-

‘e
propulsion of the luminal contents in an aboral direction. For
secretory and vasodilatory reflexes, reflex initiation in the
submucous plexus causes the local activation of secretomotor
and vasomotor neurons. Recently, a long descending
vasodilator reflex was discovered (by Vanner and colleagues),
which is mediated by interneurons in the myenteric plexus.
Extrinsic primary afferent neurons can contribute to secretion
and vasodilation reflexes after noxious stimuli. During periods
of intestinal distress, alteration in the physiology of the

neurons involved in these reflexes can contribute to disordered
motor, secretory and vasodilatory function.

mediated inflammatory response, the AH neurons
are hyperexcitable but maintain a normal resting
membrane potential.”® The differences between these
models in the changes in electrical properties of AH
neurons suggest that the mechanisms leading to al-
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tered AH neuronal function differ in these types of
inflammation.

Synaptic activity is also augmented in infectious
and immune-mediated intestinal inflammation. As
described above, fast excitatory synaptic input to AH
neurons is relatively rare under normal conditions.
However, in both TNBS colitis and Trichinella spiralis
enteritis, fast EPSPs in AH neurons are frequently en-
countered and they are larger.'”'8 In TNBS colitis, both
fast and slow excitatory potentials are enhanced in S
neurons.”” These findings suggest that inflammation
leads to facilitation of synaptic transmission in enteric
ganglia, possibly through a presynaptic mechanism.

Neurophysiological changes in enteric neural
circuitry such as those described above are likely to
contribute to the alterations in bowel function that are
commonly associated with gastrointestinal inflamma-
tion. Similar alterations in gut function are also com-
mon symptoms of functional disorders such as irri-
table bowel syndrome. As animal models of functional
disorders, such as those involving postinflammatory
time points, are developed, enteric neurobiologists will
be able to resolve sites of altered neuronal function in
the enteric neural circuitry. As we gain a more compre-
hensive understanding of the sites and mechanisms of
neuroplasticity in inflammatory and functional disor-
ders, it is quite possible that novel therapeutic targets
will be identified.
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CHAPTER 3

Gut-to-Brain Signaling:

Sensory Mechanisms

Klaus Bielefeldt and GF Gebhart

Introduction

Intrinsic and extrinsic sensory neurons provide infor-
mation about visceral distension, which generally corre-
sponds to the volume of luminal contents, the chemical
composition and temperature of ingested material and
its movement along the mucosal surface of the gut. This
input generates signals that regulate intestinal motility,
blood flow, secretion and absorption and is thus critical
for normal digestion. Most of these stimuli, however, are
processed within the enteric nervous system and are thus
not perceived. Similarly, much of the sensory informa-
tion carried by extrinsic afferents serves homeostatic
functions and does not reach the brain areas involved
in conscious sensation. If we perceive changes within
the gastrointestinal tract, either as innocuous or painful

stimuli, our ability to discriminate the location and type
(modality) of a given stimulus is poor. This is due to the
low density of visceral innervation and the polymodal
character of visceral afferents, which typically can be
activated by several stimulus modalities. Afferent path-
ways converge within spinal cord and supraspinal areas,
resulting in referral of visceral stimuli, especially painful
stimuli, to somatic sites, such as the right shoulder in a
patient with acute cholecystitis. Finally, intense visceral
stimulation often triggers strong autonomic and emo-
tional responses. In the following sections, we will sum-
marize current understanding and emerging concepts
related to visceral sensation, principally discomfort and
pain.

As already discussed in Chapter 1, the anatomical
basis of gastrointestinal innervation is quite complex,

Gastrointestinal tract sensory pathways

Intrinsic primary afferent neurons (IPANs)

+ Located within the submucosal and myenteric
plexuses.

« Activate enteric reflexes that regulate motility,
secretion and blood flow.

Extrinsic primary afferent neurons (EPANSs)

Vagal afferents:

+ Activated by mechanical (low-intensity), thermal
and chemical stimuli.

+ Cell bodies in nodose ganglion and central
terminals in brainstem nucleus tractus solitarius.

« Input to brainstem and higher centers that regulate

autonomic function are generally not perceived.
+ Contribute to chemonociception and autonomic
and emotional responses to painful stimuli.

Spinal afferents:

¢ Activated by low- and high-intensity mechanical
stimuli.

« Cell bodies in dorsal root ganglia and central
terminals in superficial dorsal horn of spinal cord.

* Generally polymodal (i.e. respond also to chemical
and thermal stimuli).

+ Convey information about painful stimuli.

24
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with intrinsic primary afferent neurons in the sub-
mucosal and myenteric plexuses and a dual extrinsic
primary afferent innervation. While we have gained
significant insight into the structure and function of
the sensory innervation of the gut, surprisingly little
is known about interactions between extrinsic and
intrinsic sensory pathways and the contributions of
intrinsic afferents in conscious sensation.

Mechanosensation and the
gastrointestinal tract

The volume of hollow viscera changes frequently due to
the ingestion, propulsion and expulsion of the luminal
contents. Filling of any compartment within the gas-
trointestinal tract may trigger conscious sensation and
—if the intraluminal pressure exceeds a value of around
30 mm Hg — discomfort or even pain. Therefore, con-
trolled distension of hollow viscera is an appropriate
mechanical stimulus to study sensory mechanisms.
Studies in human volunteers demonstrate that intra-
luminal pressures below 10 mm Hg typically elicit no
or only vague sensations. When the pressure exceeds
30 mm Hg, the stimulus becomes unpleasant or pain-
ful. The quality of the sensation depends in part on the
length of the balloon or bag used to distend the organ.
Because of the low density of innervation, spatial sum-
mation plays an important role in sensations from
the gut, explaining why high, very localized pressures
along the gut are not normally associated with con-
scious sensation. Animal experiments with a variety
of experimental approaches have allowed us to better
define pathways and mechanisms mediating mechani-
cal sensation in the gastrointestinal tract.

High- and low-threshold
mechanoreceptors

By isolating a nerve, teasing it into small filaments and
placing it on a recording electrode, it is possible to
study the action potential firing of a single nerve fiber
(axon). Distension of the esophagus activates vagal
afferents, located within the muscle layer, as mucosal
application of local anesthetics does not abolish this
response. Studies in the esophagus and stomach have
demonstrated that these vagal afferents appear to fall
into a similar functional category: they have a low acti-
vation threshold and stimulus response functions that

encode intensities into the noxious range. Activation
in response to muscle contraction (tension) or small
volume changes (stretch) is certainly consistent with
the role of the vagus nerve in regulating the normal
function of the proximal gastrointestinal tract. Inter-
estingly, two distinct populations of mechanoreceptive
afferents can be identified in the spinal visceral afferent
innervation. One group is activated by low-intensity
stimuli, analogous to vagal afferents, whereas the sec-
ond group, which comprises about 20-30% of the
spinal afferents, responds to distending pressures ex-
ceeding 30 mm Hg. High-threshold mechanosensitive
fibers have been found in spinal afferents innervating
the stomach (Fig. 3.1), esophagus, gallbladder, urinary
bladder, colon and uterus. The parallel between human
data showing a pain threshold above 30 mm Hg intra-
luminal pressure and the functional characteristics of
high-threshold fibers suggest that these high-threshold
mechanoreceptors function as nociceptors and me-
diate acute pain in response to noxious mechanical
distension.

To examine whether spinal or vagal pathways mediate
information about noxious mechanical stimulation of
the stomach, we studied behavioral changes in response
to noxious gastric distension. As expected, noxious
intensities of gastric distension led to cessation of the
normal exploratory behavior, which persisted after
vagotomy and was abolished by splanchnic nerve
resection. Thus, consistent with the potential role of
high-threshold mechanoreceptors as nociceptors,
behavioral data demonstrate that spinal pathways
primarily mediate painful mechanical stimuli.

Mucosal mechanoreceptors

The most common and subtle mechanical stimulus
along the gut is due to movement of the luminal con-
tents, which deforms the mucosa. While this informa-
tion is not consciously perceived, recent studies provide
important insight into sensory mechanisms within the
gastrointestinal tract. Nerve activity can be recorded in
vitro when a hollow viscus and its nerves are dissected
and placed in an appropriately designed recording
chamber. The lumen can be exposed and subjected
to defined stimuli. Gentle stroking of the mucosa trig-
gers a rapidly adapting barrage of action potentials
in some fibers, whereas high-intensity probing or
stretching activates other fibers. Mucosal mechanore-
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Fig. 3.1 Stimulus—response function of spinal afferents
innervating the rat stomach. Whereas the majority of fibers
are activated at distension pressures less than 10 mm Hg (a),

a small population only responds to intragastric pressures
exceeding 30 mm Hg (b). The insert summarizes the stimulus~
response functions for low-threshold (LT) and high-threshold
(HT) gastric splanchnic fibers. imps, impulses.

ceptors respond to very low-intensity, subtle mucosal
stimuli and are potentially important in the regulation
of blood flow, secretion or absorption. However, their
physiological role is not fully understood.

Enteroendocrine cells, serotonin and
mucosal mechanosensation

Stroking of the mucosa also triggers release of serotonin
(5-HT) into the lamina propria of the epithelium and,
to a lesser degree, the lumen of the gut. Serotonin is a
monoamine neurotransmitter derived from the amino
acid tryptophan. Most of the serotonin in the body is
found within the gut, the specialized enteroendocrine

cells being the most abundant source. Intrinsic and
extrinsic nerves within the gastrointestinal tract express
5-HT receptors, which in other experiments have been
shown to be activated by 5-HT. Thus, 5-HT could func-
tion as one signal transmitting information about mu-
cosal changes to afferent neurons. Consistent with this
hypothesis, mechanical and chemical stimulation trig-
gers 5-HT release from a cell line derived from human
enteroendocrine cells. The most convincing evidence for
a role of 5-HT in transducing mechanical stimulation
comes from experiments demonstrating that mucosal
stimulation does not elicit responses of submucosal
neurons in the presence of 5-HT receptor blockers. The
activation of these intrinsic primary afferent neurons
by mucosally released 5-HT triggers enteric reflexes
and alters secretion or muscle contraction. While a
similar mechanism has not yet been directly shown for
extrinsic afferents, 5-HT clearly affects vagal and spinal
pathways and modulates gastric emptying, contributes
to the gastrocolic reflex, and may be involved in trigger-
ing nausea. On the basis of these observations, several
investigators have proposed a model according to which
enteroendocrine cells and 5-HT play a pivotal role in the
activation of intrinsic and possibly also extrinsic visceral
afferents by mechanical and/or chemical stimulation
of the gastrointestinal mucosa (Fig. 3.2). However, this
concept needs to be extended to include other signal-
ing molecules, as enteroendocrine and other epithelial
cells release a variety of mediators that can affect nerve
function.

Chemosensation and the
gastrointestinal tract

The intestinal tract is continually exposed to changing
luminal contents that contain different nutrients or
even potentially noxious substances, such as high pro-
ton concentrations. While such alterations in luminal
contents evoke neural responses and trigger changes
in motility or secretion, we know relatively little about
chemosensation within the gut. Duodenal infusion of
nutrients or hypertonic saline relaxes the stomach and
alters thresholds for discomfort and pain induced by
gastric distension in healthy volunteers. When tested in
animals, instillation of nutrients or hypertonic solutions
into the duodenum activates vagal afferents. This may be
due to direct activation of nerve endings located within
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Fig. 3.2 Role of enteroendocrine cells and 5-HT in activating
intrinsic and extrinsic sensory gastrointestinal neurons.
Mucosal mechanical or chemical stimuli trigger release of 5-HT
from enteroendocrine cells (EC) and other mediators from EC
and other cells within the mucosa. The resulting increase in
bioactive mediators in the lamina propria can activate intrinsic
and extrinsic neurons, leading to changes in motility, secretion
and sensation.

the mucosa or indirectly mediated by serotonin and/or
other signaling molecules released by enteroendocrine
or other cells. Using the single-fiber recording technique
described above, acid-sensitive afferents have been iden-
tified in the esophagus, stomach and duodenum. In ad-
dition, by injecting a retrograde label into the intestinal
wall, one can identify and selectively study the properties
of the sensory neurons that innervate that area of the
gastrointestinal tract. Using this approach, we recorded
proton-gated currents in gastric neurons from nodose
ganglia, the primary sensory ganglion of the vagus nerve,
and T9-T10 dorsal root ganglia (Fig. 3.3), thus demon-
strating that these neurons express ion channels that are
directly activated by acid.

While vagal fibers are found within the mucosa,
most spinal afferents terminate in the outer layers of
the gut. The proximity of vagal endings to potentially
noxious luminal stimuli raises the question of whether
vagal fibers convey chemonociceptive information.
Consistent with this hypothesis, instillation of high acid
concentrations into the stomach activates only vagal
and not spinal pathways (based on the expression of
c-Fos, an immediate early gene that is transcribed after
intense peripheral stimulation). The importance of the
vagus is further supported by recent data showing that
vagotomy, but not splanchnic nerve resection, abolishes
the behavioral response to intragastric administration of
acid. Thus, both spinal and vagal pathways are involved
in gastric nociception. Accumulating evidence suggests
that gastric spinal afferents convey mechanonociceptive
information to the spinal cord, and that gastric vagal
afferents convey chemonociceptive information to the
brainstem and contribute to the autonomic and emotive
response to noxious stimulation.

Specificity of gastrointestinal
afferents

Appropriate discrimination of sensory information
requires specific information about the location and
modality of a given stimulus. Functional studies of
gastrointestinal afferents have demonstrated that
many fibers have more than one receptive field. Thus,
peripheral visceral nerve terminals branch out and can
collect information from different areas within a vis-
cus, conveying the information along a single primary
sensory neuron axon to the central nervous system.
Importantly, the central terminations of visceral affer-
ents typically diverge widely within the spinal cord, es-
tablishing synaptic contacts with several second-order
neurons in different spinal segments. In addition, most
visceral afferents are polymodal, i.e. respond to more
than one stimulus modality, such as stretch and heat
or chemical stimulation. This corresponds with clini-
cal observations about the poor ability of patients to
localize visceral pain and the unreliable discrimination
of stimulus types, such as the sensation of heartburn
during esophageal distension.
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Fig. 3.3 Acid-sensitive ion currents recorded from gastric
afferent neurons. Acid triggers transient inactivating inward
currents in gastric dorsal root ganglion (DRG) sensory neurons
(left). In contrast, only about half of the gastric nodose sensory
neurons exhibit similar transient currents; the remaining half
exhibit only a sustained current (right).

Visceral sensation and disease

Pain is a common symptom in patients with gastro-
intestinal diseases. Up to 25% of the adult population
in the USA experiences abdominal discomfort or pain

within a year and about 5-15% seek medical help. In
about half of the cases, no structural or biochemical
abnormality can be identified with appropriate clini-
cal tests, leading to the diagnosis of functional diseases
such as non-cardiac chest pain, non-ulcer dyspepsia or
irritable bowel syndrome. Interestingly, patients with
such functional disorders of the gastrointestinal tract
experience pain or discomfort at lower distension pres-
sures than healthy individuals, suggesting that changes
in mechanosensation may contribute to their problem.
Similarly, many patients with typical reflux symptoms
do not have signs of esophageal injury (non-erosive
reflux disease), raising the question of whether chemo-
sensation is altered and is at least in part responsible for
their symptoms.

Considering the pain associated with acute or
chronic inflammation of the gastrointestinal tract,
most experimental approaches investigating the pos-
sible contribution of changes in visceral afferents to
pain syndromes study the effects of inflammation or
inflammatory mediators and cytokines.

Sensitization of visceral afferent
pathways

Acute or chronic visceral pain typically decreases ex-
ploratory behavior and triggers aversive reactions in
experimental animals. However, observation of such
behavioral changes is variable and subjective, and
has limited sensitivity in detecting changes in visceral
sensation. A component of the aversive response — the
contraction of abdominal wall or other muscle groups

Sensitization

Sensitization of peripheral visceral sensory neu-

rons is defined by:

« increase in the number of action potentials
triggered by a stimulus

« decrease in stimulus intensity required for action
potential generation

+ lowering of the threshold for action potential
generation

Sensitization of peripheral visceral sensory neu-
rons may be associated with:

« increase in transmitter release at central synapses

* change in transmitters released at central synapses

« enhanced response (increased excitability) of
postsynaptic neurons

Sensitization of central visceral sensory neurons is

associated with:

+ increase in response magnitude of central neurons

« increase in size of area of referred sensation

« increased excitability of spinal and supraspinal
neurons
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— can be monitored and quantified by recording
electromyographic (EMG) activity in anesthetized or
awake animals. This visceromotor response is a supra-
spinal reflex mediated within the brainstem and per-
sists after decerebration. Visceral distension typically
triggers a progressive increase in EMG activity when
intraluminal pressure exceeds 20 mm Hg. Inflamma-
tion shifts this stimulus-response curve to the left,
consistent with the development of hypersensitivity
(Fig. 3.4).

Interestingly, the enhanced response to mechanical
stimulation can persist for up to 6 weeks; long after re-
pair of the initial injury, suggesting that inflammation
can cause lasting changes in visceral sensation. Such
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Fig. 3.4 Inflammation sensitizes responses to gastric distension
(GD). The visceromotor response to gastric distension was
quantified as EMG activity recorded from neck muscles in
control animals and after induction of gastric ulcers (a) or

mild gastritis (b). Inflammation shifted stimulus-response
curves to the left, consistent with the development of gastric
hypersensitivity.

changes may explain the persistence of symptoms after
acute infections, such as postinfectious non-ulcer dys-
pepsia or irritable bowel syndrome. The hypersensitiv-
ity is not restricted to mechanical stimuli, as responses
to acid are similarly enhanced.

Changes in the properties of extrinsic primary sen-
sory neurons (peripheral sensitization) and processing
centers at various levels within the spinal cord and/or
brain (central senmsitization) both play a role in the
development of visceral hypersensitivity. Using differ-
ent techniques, several investigators have studied the
contribution of primary afferents. Recordings from
single afferent fibers in vivo or in vitro demonstrate
that sensory neurons can be acutely sensitized. Bra-
dykinin, prostaglandin E,, platelet-activating factor,
histamine and other inflammatory mediators activate
a subset of visceral afferents and in many cases en-
hance their response to subsequent mechanical stimu-
lation (Fig. 3.5). Similarly, experimentally induced
inflammation increases nerve responses to visceral
distension or chemical stimulation.

Mechanisms of peripheral sensitization

On the cellular level, sensitization translates into in-
creased excitability of a given afferent neuron; that
is, lower stimulation intensity is needed to trigger an
action potential, and/or a given stimulus triggers more
action potentials. This is consistent with experimental
results obtained in isolated neurons innervating the
gastrointestinal tract. Stimulation of gastric sensory
neurons with depolarizing current injections triggers
action potentials. When cells obtained from animals
with gastric ulcers are studied, the same stimulus elicits
more action potentials (Fig. 3.6), reflecting an increase
in neuron excitability.

Voltage-gated ion channels that are activated during
depolarization form the basis of the action potential.
The rapid upstroke is primarily due to the opening
of sodium channels, with sodium influx into the cell
and depolarization, while potassium channel opening
causes potassium efflux and restoration of the negative
membrane potential. Recent studies show that the ex-
pression of voltage-gated channels in visceral sensory
neurons changes during inflammation. While sodium
currents are increased and are more easily activated,
potassium currents decrease, consistent with enhanced
neuron excitability. Amitriptyline and x-opioid ago-
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Fig. 3.5 Inflammatory mediators activate
gastric vagal afferent fibers. While the
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Fig. 3.6 Gastric ulcers increase the excitability of gastric
sensory neurons. Depolarizing current injections trigger a short
burst of action potentials in spinal gastric afferent neurons
(control). When sensory neurons from animals with gastric

ulcers were examined, the same stimulus intensity triggered
significantly more action potentials (gastric ulceration).

fibers, intra-arterial injection of platelet-
activating factor (PAF) significantly
increased firing.

nists have been used with some success in patients with
functional bowel disorders. Interestingly, some K-opi-
oid agonists and tricyclic antidepressants use-depend-
ently block voltage-gated sodium channels, which may
contribute to their antinociceptive effects (Fig. 3.7).
While these results suggest that these channels are in-
teresting targets for pharmacological therapies, thelack
of specific agents with low affinity for sodium channels
in other areas, such as the central nervous system and
the heart, currently limits its clinical application.
Multiple mechanisms probably lead to changes in
neuron excitability during inflammation. Neurons ex-
press receptors for many inflammatory mediators, such
as prostaglandins, histamine and serotonin, which can
activate intracellular second-messenger cascades that
in turn change the properties of ion channels (Fig. 3.8).
Inaddition, some of these mediators and growth factors
change the expression of ion channels and other pro-
teins, thus leading to long-lasting alterations in neuron
properties. One of these factors is nerve growth factor
(NGF), which increases in gastrointestinal inflamma-
tion in humans and in animal models of inflammatory
diseases. NGF regulates the expression of ion channels
and causes functional changes that are similar to those
seen during inflammation. Blocking the effects of NGF
with neutralizing antibodies blunts the development of
visceral hypersensitivity, further supporting the role of
this mediator in the development of pain syndromes.
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Fig. 3.7 Drugs used clinically affect inward, excitatory currents
in visceral sensory neurons. Sample tracings show that the
k-opioid agonist U50,488 (10 pM) and the tricyclic
antidepressant amitriptyline (10 uM) inhibit voltage-
dependent sodium currents in visceral sensory neurons.

Serotonin and visceral
hypersensitivity

Asdescribed above,5-HT released from enteroendocrine
cells plays an important role in activating sensory
neurons. Mast cells are another potential source of 5-HT,
as well as tryptase, histamine and other inflammatory
mediators. Like enteroendocrine cells, mast cellsare often
found in close proximity to neurons. Enteroendocrine
and mast cell numbers increase during inflammation
and release more bioactive mediators. Interestingly,
greater numbers of mast cells and enteroendocrine cells
within the mucosa have also been reported in patients
with functional bowel diseases. In experimental animals,
inhibition of mast cell degranulation or administration
of 5-HT receptor antagonists blunts responses to
noxious visceral stimulation, supporting a possible role
of this pathway in the sensitization of visceral afferents.
Despite these promising data, the contribution of 5-
HT to human physiology and visceral pathophysiology
is less clear. This is probably due to the multiple effects

of 5-HT on different serotonin receptors at different
sites within the body, including smooth muscle, intrin-
sic nerves, extrinsic afferents and various processing
sites within the central nervous systemn. Moreover, few
5-HT agonists and antagonists are available that selec-
tively act on one member of the seven distinct families
of serotonin receptors, all of which contain several
subtypes. The reuptake through specialized transport
systems is important in terminating the effects of 5-HT.
Many antidepressant drugs interfere with this process
by blocking the specific transporter. However, sero-
tonin reuptake inhibitors do not consistently affect vis-
ceral sensation in humans. Alosetron, a selective 5-HT,
receptor antagonist, blunts the response to noxious
colorectal distension in rats. While this agent showed
some promise in women with diarrhea-predominant
irritable bowel syndrome, concern about drug-in-
duced ischemic colitis led to temporary removal of this
agent from the US market. Tegaserod, a 5-HT, receptor
agonist, has recently been approved for the treatment
of patients with constipation-predominant irritable
bowel syndrome. It enhances the peristaltic reflex and
accelerates colonic transit. While it also blunts visceral
sensation, this effect may be indirectly mediated by
changes in muscle tone.

Central modulation of visceral
sensation

Information flow through visceral afferent pathways
is modulated by inhibitory and facilitating influences
from higher centers within the brain. Stress affects
these modulatory circuits and may alter responses
to visceral stimulation. Acute and chronic stress or
stressful life events during periods with high neuronal
plasticity, such as early postnatal life, enhance reac-
tions to visceral distension in experimental animals.
The similarly enhanced startle response points to
hypervigilance (increased responsiveness to a variety
of stimuli independent of their nature or location),
which may also contribute to symptoms in patients
with functional bowel disease.

Conclusion

Visceral distension and other stimuli activate affer-
ent pathways that are important in the regulation of
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Fig. 3.8 Diagram of mechanisms of activation and sensitization
of visceral sensory neurons. G protein-coupled receptors
(GPCRs) and voltage/ligand-gated ion channels are synthesized
in neurons and inserted into the cell membrane, where they
are acted upon by extracellular and intracellular influences.
Mediators such as bradykinin, substance P and serotonin (5-
HT) act at bradykinin, neurokinin and 5-HT GPCRs (e.g. 5-HT4
receptors), respectively. In consequence, intracellular coupling
of the heterotrimeric Byand o G proteins activate second-
messenger cascades that can lead to gene transcription and
local activation of kinases and phosphorylation (P) of ion
channels. For example, bradykinin phosphorylates the capsaicin

normal intestinal function and provide the basis for
conscious sensation of visceral phenomena and pain.
Convergence of different stimulus modalities from
more than a single receptive field onto a second-order
neuron in the central nervous systern and divergence
of that sensory information at the level of the spinal
cord and higher centers contribute to the poor localiza-
tion and discrimination of visceral stimuli. Both vagal
and spinal pathways contribute to unpleasant visceral
sensations, such as the pain, fullness and discomfort
experienced by patients with organic and functional
diseases of the gastrointestinal tract. Peripheral pro-
cesses, such as inflammation, and central modula-
tory pathways can alter the function of visceral afferent
inputs and contribute to the development of visceral
hypersensitivity.
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and Ca? ions are activated by ATP (e.g. P2X receptors) protons
(H*), lipid mediators (e.g. HPETE), stretch/tension and 5-HT (e.g.
5-HT3 receptors). Finally, cytokines and growth factors acting

at their receptors can influence gene transcription as well as
modulate the activity of other receptors. When tissue is insulted,
mediators, growth factors and cytokines in the extracellular
environment increase in concentration, activate their respective
receptors and contribute to processes of sensitization, typically
associated with an increase in action potentials generated by

a stimulus and a reduction in stimulus intensity to generate an
action potential.

Selected references

1 Berthoud H-R, Lynn PA, Blackshaw LA. Vagal and spinal
mechanosensors in the rat stomach and colon have
multiple receptive fields. Am J Physiol Regul Integr Comp
Physiol 2001; 280: R1371-81.

2 Bielefeldt K, Ozaki N, Gebhart GE. Experimental ulcers
alter voltage-sensitive sodium currents in rat gastric
sensory neurons. Gastroenterology 2002; 122: 394-405.

3 Gebhart GE Kuner R, Jones RCW, Bielefeldt K. Visceral
hypersensitivity. In: Handwerker HO, ed. Hyperalgesia:
Molecular Mechanisms and Clinical Implications. Seattle
(WA): IASP Press, 2004.

4 Grundy D. Speculations on the
relationship for vagal and splanchnic afferent endings
supplying the gastrointestinal tract. ] Autonom Nerv Syst
1988; 22: 175-80.

structure/function



CHAPTER 3 Gut-to-Brain Signaling: Sensory Mechanisms 33

Hillsley K, Grundy D. Sensitivity to 5-hydroxytryptamine
in different afferent subpopulations within mesenteric
nerves supplying the rat jejunum. J Physiol (Lond) 1998;
5309:717-27.

Holzer P. Sensory neurone responses to mucosal noxae
in the upper gut: relevance to mucosal integrity and
gastrointestinal pain. Neurogastroenterol Mot 2002; 14:
459-75.

Kirkup AJ, Brunsden AM, Grundy D. Receptor and
transmission in the brain—gut axis: potential for novel
therapies. 1. Receptors on visceral afferents. Am ] Physiol
2001; 280: G787-94.

Lamb K, Kang YM, Gebhart GF, Bielefeldt K. Gastric
inflammation triggers hypersensitivity to acid in awake
rats. Gastroenterology 2003; 126: 1410-18.

Mayer EA, Collins SM. Evolving pathophysiologic models

10

11

of functional gastrointestinal disorders. Gastroenterology
2002; 122: 2032-48.

Ness TJ, Gebhart GF. Colorectal distension as a noxious
visceral stimulus: physiologic and pharmacologic
characterization of pseudaffective reflexes in the rat. Brain
Res 1988; 450: 153-69.

Ozaki N, Gebhart GE. Characterization of mechanosensitive
splanchnic nerve afferent fibers innervating the rat stomach.
Am ] Physiol 2001; 281: G1449-59.

Pan H, Gershon MD. Activation of intrinsic afferent
pathways in submucosal ganglia of the guinea pig small
intestine. ] Neurosci 2000; 20: 3295-309.

Sengupta JN, Gebhart GE Mechanosensitive afferent
fibers in the gastrointestinal and lower urinary tracts. In:
Gebhart GF, ed. Visceral Pain, Progress in Pain Research and
Management, Vol. 5. Seattle (WA): IASP Press, 1995: 75-98.



CHAPTER 4

Brain-to-Gut Signaling:

Central Processing

Anthony R Hobson and Qasim Aziz

Iintroduction

The ability to dissociate the specific neurophysiological
mechanisms of aberrant gastrointestinal sensory pro-
cessing in patients with functional gastrointestinal dis-
orders (FGID) has been the aspiration of an increasing
number of gastrointestinal researchers. Improved access
to state-of-the-art brain imaging techniques, previously
the reserve of specialist neurology centers, has vastly
increased our understanding of the central processing
of gastrointestinal sensation and pain. In addition, the
solid foundation based on this understanding of normal
physiology has allowed us to investigate the effects that
peripheral stimuli and psychological modulation have
on central gastrointestinal sensory processing.

The predominant reason why FGID patients seek
medical attention is chronic, episodic gastrointestinal
pain. Heightened perception of gastrointestinal sensa-
tion (visceral hypersensitivity) is commonly observed
in patients with FGID, and studies using mechanical

and electrical stimulation have reproducibly demon-
strated that these patients have lower gastrointestinal
pain thresholds than healthy subjects.?

The pain experience is a multifaceted process that
involves a complex interaction between sensory—dis-
criminative, affective and cognitive dimensions.* Affer-
ents capable of encoding a wide range of sensory events
transmit information from the periphery to the brain.
This input passes via the brainstem nuclei and midbrain
structures to the cerebral cortex, where the activation
of sensory—discriminative areas provides information
about the site and intensity of sensation. Further pro-
cessing occurs in limbic structures, allowing sensation to
be judged in light of current physical and psychological
context and the memories of similar past experiences. An
emotional response is thus generated and cognitive judg-
ments are made about coping with the sensation. Assess-
ment of how this process becomes disturbed in FGID has
led researchers to develop new techniques to investigate
what has been called the visceral pain matrix.

Key points

1 While functional brain imaging studies have
shown that there are many similarities between
the cortical representation of somatic and
visceral sensation/pain, the subtle differences
demonstrated may help to explain some of the
unique characteristics of visceral pain.

2 The visceral evoked potential allows an increase
in the intensity of a reported sensation to be
correlated with an objective, neurophysiological

measure, thus reducing the inherent response bias
commonly encountered in the clinical evaluation
of visceral pain.

3 Understanding of the mechanisms of pain in
functional gastrointestinal disorders will occur
only if we use brain imaging as a complementary
investigative tool in conjunction with
psychological, physiological, pharmacological and
biological profiling.

34
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Positron emission tomography

Advantages

* PET has excellent spatial resolution (2-5 mm) and
allows the operator to tag important biological
molecules that bind to targeted receptor groups.

Disadvantages
+ PET scanners are expensive and not readily

available for most research groups.

+ Subjects undergoing PET studies are exposed to
a considerable dose of radiation, limiting serial
studies.

« PET also has poor temporal resolution (1 minute)
and requires group analysis from five or six subjects
to obtain meaningful results.

Central representation of
gastrointestinal sensory processing
in health

There are important anatomical and physiological dif-
ferences between the afferent innervations of the proxi-
mal and distal organs of the gastrointestinal tract. Proxi-
mal gut organs, such as the esophagus and duodenum,
develop from the foregut and are innervated jointly by
vagal and spinal afferents from the cervical and thoracic
spinal cord segments.’ In contrast, distal gut organs
such as the rectum develop from the hindgut and are
innervated solely by spinal afferents from the sacral spi-
nal cord.* Despite these differences, electrophysiological
studies in animals have shown convergence of afferent
pathways from multiple visceral organs onto single cells
in both the cortex and the thalamus.>® Functional brain
imaging has greatly enhanced our ability to evaluate
gastrointestinal sensory-related cortical activity in

man. Techniques such as positron emission tomogra-
phy (PET) and functional magnetic resonance imaging
(fMRI) have allowed researchers to study the neuroana-
tomical representation of gastrointestinal sensory and
pain processing, and the following section outlines our
current understanding.

To date there have been approximately 30 studies of
the processing by the brain of gastrointestinal sensation
in health, and several studies have compared visceral and
somatic stimuli. This was first demonstrated by stimu-
lating the proximal (somatic) and distal (visceral) por-
tions of the esophagus.” It suggested that, unlike somatic
sensation, which has a strong homuncular representa-
tion in the primary somatosensory cortex (S1), visceral
sensation is primarily represented in the secondary
somatosensory cortex (52), whereas representation in
S1 is vague and potentially accounts for the poor local-
ization of visceral sensation in comparison with somatic
sensation.

Functional MRI

Advantages

« fMRI is totally non-invasive and is non-cumulative,
allowing subjects to be studied many times.

+ Single subjects may be studied with fMRI, although
data are usually pooled.

+ fMRI has comparable spatial resolution to PET,
but fMRI has better temporal resolution, of
approximately 1-3 seconds.

Disadvantages
+ fMRI limits the use of ferromagnetic material
inside the scanning environment.

+ Limitations sometimes exist when imaging deeper
brain structures, such as the brainstem and
thalamus, due to pulsation artifacts.

* The fMRI environment is extremely noisy
and claustrophobic in comparison with other
techniques, which can have an effect when studying
cognitive paradigms or when using a naive patient
population.

« fMRI is limited to activation studies, giving
no information regarding resting state,
neurotransmitters or receptors.
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However, in a manner similar to that of somatic
sensation, visceral sensation is represented in the
paralimbic and limbic structures, such as the insular,
anterior cingulate and prefrontal cortices.” These areas
are likely to mediate the affective and cognitive compo-
nents of visceral sensation. A recent meta-analysis of
these studies revealed that the esophagus is represented
in all of the major cortical pain regions (S1, S2, insula
and cingulate) in addition to the prefrontal cortex and
motor cortex.

In a further study, Strigo and colleagues compared
cortical activity generated by distension of the esopha-
gus and by thermal stimulation of the anterior chest
wall.® Using psychophysical measures, the two stim-
uli were matched for intensity. However, esophageal
stimulation was perceived to be more unpleasant than
cutaneous stimulation. The major differences in corti-
cal representation occurred in S1, the insula and the
prefrontal cortex. Interestingly, both esophageal and
chest wall stimulation activated S1 in the region associ-
ated with the homuncular representation of the trunk.
However, esophageal stimulation alone activated the
more lateral aspects of S1, often referred to as the gus-
tatory cortex. The authors concluded that this diffuse
representation of the esophagus in S1 was consistent
with the fact that visceral pain can be referred to the
skin but not vice versa.

An initially unexpected finding in this study re-
vealed greater activation of the anterior portion of the
insula (AI) to chest wall stimulation when compared

rectal

| anal

-pruximal esophagus

distal esophagus

to esophageal distension. Previous studies have shown
bilateral activation of the Al to be the most consistent
finding across all esophageal neuroimaging studies and
this area plays an important role in the emotional mod-
ulation of esophageal sensory processing.'° However,
Al isalso strongly activated by thermal stimulation and
the differences seen here may merely reflect the fact that
a higher number of somatic thermosensitive neurons
are present in this region when compared with visceral
specific neurons. Both visceral and somatic stimuli
produced bilateral activation of the posterior insula,
which is known to process somesthetic sensation, pro-
viding further evidence for the convergence of visceral
and somatic pain processing. In summary, metabolic
neuroimaging studies have revealed that esophageal
sensation and pain are processed in a manner broadly
similar to somatic pain processing, the main differ-
ences occurring in primary somatosensory and some
limbic regions.

fMRI has also been used to study the cortical rep-
resentation of anorectal stimulation. In a study by
Hobday and colleagues," rectal (visceral) stimulation
resulted in bilateral activation of the inferior primary
somatosensory, secondary somatosensory, Sensory as-
sociation, insular, peri-orbital, anterior cingulate and
prefrontal cortices. Anal (somatic) canal stimulation
resulted in activation of areas similar to those activated
by rectal stimulation, but the primary somatosensory
cortex was activated at a more superior level, and there
was no anterior cingulate activation.

Fig. 4.1 A representation of somatic
and visceral structures within the
somatosensory cortex. While the
visceral regions (distal esophagus
and rectum) are represented in the
lateral portion of S1, somatic regions
(proximal esophagus and anal canal)
are represented more medially.
These images are taken from group
functional MRI studies in eight healthy
subjects after non-painful balloon
distension.
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This study concluded that anal and rectal sensa-
tion resulted in a similar pattern of cortical activation,
including areas involved with spatial discrimination,
attention and affect. The differences in sensory percep-
tion from these two regions could be explained by their
different representations in the primary somatosen-
sory cortex. The fact that the anterior cingulate cortex
was activated only by rectal stimulation suggests that
the viscera may have a greater representation on the
limbic cortex than somatic structures. This may help
to explain the greater autpnomic responses evoked by
visceral sensation than by somatic sensation.!' Figure
4.1 shows a differential representation of somatic and
visceral structures in S1.

Activation of subcortical regions such as the thala-
mus and periaqueductal gray in response to gastroin-
testinal stimulation has been demonstrated in approxi-
mately 50% of brain imaging studies,® predominantly
in response to rectal distension. While the spatial reso-
lution of these imaging techniques is insufficient for
specific thalamic nuclei to be discerned, several authors
have suggested that the ventroposterior lateral nucleus
is the most commonly activated thalamic region.

Despite being few in number, these studies show
relatively good concordance, giving us confidence that
they are an accurate representation of gastrointestinal
sensory processing. While there are many similarities
between the cortical representation of somatic and
visceral sensation/pain, the subtle differences demon-
strated may help to explain some of the unique charac-
teristics of visceral pain.

Temporal dynamics of
gastrointestinal sensory processing
in health

While PET and fMRI have revealed many salient fea-
tures of pain processing, these techniques do not have
sufficient temporal resolution to map cortical activity
as it changes dynamically on a millisecond-by-mil-
lisecond basis. This is extremely important as differ-
ent components of pain processing occur in different
temporal time windows.'? Therefore, identifying the
sequence of activation of cortical structures within the
visceral pain matrix would not only give us important
information regarding the central conduction of the
visceral pain pathways but also allow us to dissociate
the functional relevance of specific cortical regions in
the temporally distinct stages of pain processing.

Magnetoencephalography (MEG) is a non-invasive
brain imaging tool that allows us to detect cortical neu-
romagnetic activity. The spatial resolution of MEG is
comparable to those of PET and fMRI. However, it also
has millisecond temporal resolution and can be used
to study both group and individual data.!® There have
only been four MEG studies to date that have recorded
cortical activity during experimental visceral sensa-
tion and pain.?% These studies showed that activity
in S1 and S2/posterior insula occurred approximately
70-190 ms after esophageal stimulation. Due to limi-
tations in previous MEG analysis techniques, further
information regarding other cortical structures was
not reported.

Magnetoencephalography

Advantages

+ Directly measures neuronal activity as opposed to
metabolic changes, which are secondary to neural
activity.

* Has a temporal resolution of milliseconds and is
totally non-invasive.

+ Studies take place in a quiet and pleasant
environment.

Disadvantages

* MEG is not widely available, systems being present
only in specialist centers.

+ MEG is generally not sensitive to deep, subcortical
sources.

+ The exquisite sensitivity of the MEG sensors
places some limitations on the equipment used to
generate stimuli.

» An anatomical magnetic resonance scan is needed
for each subject in order to co-register functional
data, which adds to the expense of the procedure.
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Fig. 4.2 Activation of the cingulate

cortex in a healthy female subject
after 50 painful electrical esophageal
stimulations. The tomographic

image in the center was generated
using SPM99. In order to extract the
temporal sequence of activation,
virtual electrodes (represented by
colored squares) were placed in the
cingulate cortex and signal averaging
was performed so that the evoked
response was generated. This showed

We have recently used a new MEG analysis tech-
nique, synthetic aperture magnetometry (SAM),
which allows us to record neural activity throughout
the cortex. These data reveal that, following pain-
ful esophageal stimulation, activation first occurs in
parallel within S1/S2/posterior insula approximately
80 ms after a stimulus. Activity is then seen in the mid-
anterior cingulate (96 ms), followed by perigenual
cingulate and anterior insula (115 ms). This temporal
delay in processing esophageal pain in different corti-
cal regions is consistent with the role of these areas in
processing different aspects of the pain experience.
Figure 4.2 shows the temporal sequence of activation
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that activity occurred earlier (110 ms)
in the mid-anterior cingulate than in
the perigenual portion (140 ms). This
may reflect the fact that these regions
process different aspects of the pain
experience.

within different regions of the cingulate cortex in one
female subject.

Electrophysiological evaluation of
visceral pain

While MEG is unlikely to become a widespread clinical
tool (there is currently only one system in the UK), it
has an additional advantage in that the recorded signal
represents the magnetic component of the electromag-
netic field generated by active cortical neurons. The
electrical component can be recorded from the scalp
using a simple electrophysiological technique known

Fig. 4.3 A representative esophageal evoked
response in a healthy male subject. The response
was obtained after 200 non-painful esophageal
electrical stimuli, acquired in four runs of 50 stimuli.
After acquisition, signal averaging was performed
to obtain the evoked response. A second trace is
superimposed to demonstrate reproducibility.
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as evoked potential (EP) recording. Therefore, extrapo-
lation of the MEG data to the EP data would allow us to
identify the cortical regions involved in the generation
of each EP component. Development of EP for use in
FGID has several advantages as the equipment required
is cheap (less than £10 000), available in the majority of
UK hospitals and can be used on individual patients, so
there is no need to rely on group data.

The first EP responses to stimulation of the gastroin-
testinal tract were recorded by Frieling and colleagues
1989.% Since then, researchers have endeavored to
establish the feasibility and reproducibility of visceral
EP recordings. Subsequently, it has been shown that EP
can be recorded in response to stimulation of virtu-
ally all regions of the gastrointestinal tract. Figure 4.3
shows a typical esophageal EP in response to electrical
stimulation in one male subject. The response has been
repeated on a second occasion to demonstrate repro-
ducibility.

In addition, recent studies have shown that the char-
acteristics of visceral EP correspond to known physi-
ological differences in their innervation and function.
For instance, despite the rectum lying distal to the
esophagus, the latency of the rectal EP components
is shorter and the response is elicited at significantly
lower stimulation intensities. This is entirely in keep-
ing with the role of the rectum as a sensory organ, with
the rich afferent innervation that is essential for the
maintenance of continence, while conscious sensations
rarely arise from the esophagus.

One of the major reasons for developing visceral EP
has been to develop an objective measure of visceral
sensation. In order to address this question, several
groups examined the effects of increasing the stimula-
tion intensity on the amplitude and latency of the vis-
ceral EP components. These studies have shown that, as
stimulation intensity and sensory perception increases,
there is an associated reduction in the latency and an
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Fig. 4.4 Effect of increasing
stimulation intensity on the rectal
evoked response. Each trace represents
the averaged response to 200 electrical
stimuli at five intensities ranging from
sensory threshold through to pain. It
can be seen that at sensory threshold
the response is not easily discernible
from the background brain activity.
However, as the stimulation intensity
increases, the latency of the evoked
potential components declines and
their amplitude increases. This allows
us to objectively correlate perceived
sensations with neurophysiological
measures. This trace was obtained

from a single healthy female subject. 200 ms
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increase in amplitude of the EP components (Fig. 4.4).
This phenomenon is common across all evoked po-
tential modalities and reflects the recruitment of an
increasing number of afferents. Visceral EP therefore
allows an increase in the reported sensation to be cor-
related with an objective, neurophysiological measure,
thus reducing the inherent response bias commonly
encountered in the clinical evaluation of visceral pain.
An example of these stimulus—response characteristics
can be seen in Fig. 4.4, which shows EP recorded after
electrical stimulation of the rectum.

MEG data reveal that the early component of the

esophageal EP response (P1) relates to activation of
brain regions involved in the sensory discriminatory
aspect of pain processing. The later components (N1,
P2) reflect an amalgamation of cortical activity in
regions that process both the sensory—discriminatory
and the cognitive/affective aspects of pain processing.
It is this activity which is related to the secondary pro-
cessing of esophageal sensation.

Proposed mechanisms of visceral
hypersensitivity in FGID

Several hypotheses have been put forward about the
mechanisms of visceral hypersensitivity in FGID. The
first is that gut primary afferents become sensitized
(peripheral sensitization) after an acute inflammatory
or infectious episode. Evidence to support this comes
from studies which have shown that, while treatment of
these conditions can appear successful, many patients
develop prolonged symptoms of pain after the original
insult has passed.'" New techniques are available to
study these processes in biopsies taken from patients
with chronic visceral hypersensitivity states without
evidence of overt inflammation, and have shown
demonstrable changes indicative of peripheral sensi-
tization.'® Therefore, peripheral sensitization may also
contribute to visceral hypersensitivity in FGID.

A secondary consequence of peripheral sensitization
is the development of an area of hypersensitivity in the
surrounding uninjured tissue. This phenomenon is
due to changes in the activity of spinal afferents and
is called ‘central sensitization’ Central sensitization is
sustained by the phosphorylation of N-methyl-p-as-
partate (NMDA) receptors expressed in dorsal horn
neurons. This leads to an increase in the excitability and

the receptive fields of the spinal neurons, and results in
recruitment and amplification of both non-nocicep-
tive and nociceptive inputs from the adjacent healthy
tissue.'s

We have recently developed an esophageal model
of central sensitization, which has shown that infu-
sion of hydrochloric acid (0.15 M for 30 minutes) into
the distal esophagus can induce a prolonged reduction
in pain threshold in the proximal, non-acid exposed
esophagus. We have also shown that this response is
exaggerated in patients with non-cardiac chest pain,"”
and that acid infusion into the duodenum can also lead
to reproducible reductions in esophageal pain thresh-
olds. Taken together, these findings provide compelling
evidence that central sensitization plays an important
role in the generation of visceral hypersensitivity.

The affective dimension of pain combines the degree
of unpleasantness perceived with the emotions and
cognitive appraisals associated with its present and fu-
ture implications. It has long been recognized that the
cognitive modulation of pain can have dramatic effects
on its perception. In FGID, a high incidence (50-80%)
of psychological disorders, such as heightened anxiety,
depression, somatization, dysthymia and panic disor-
ders, has been reported.'®

The role that attentional state plays in modifying
pain is the psychological variable that has been studied
most commonly. Experiments have shown that pain is
perceived as less intense when we are distracted from
it and, in most cases, more intense when we focus our
attention upon it. In FGID, it has been shown that
patients often selectively attend to sensations that
arise from the gut and it has been shown that this is
an important factor in sustaining symptoms. Reasons
why these patients selectively attend to gut sensations
include factors such as exposure to family iliness. The
anxiety associated with disease attribution will in turn
increase levels of arousal and attention, and this has
been shown to result in a greater awareness and poorer
tolerance of both experimental and endogenous gut
sensations.'

Evidence from neuroimaging

Using the neuroscience tools described in earlier sec-
tions, several groups have embarked on studies aimed
at modulating normal gastrointestinal sensory pro-
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cessing in health and comparing patterns of cortical
activity in normal subjects and subjects with FGID. The
following sections outline these findings.

The sensitization hypothesis

In our esophageal model of central sensitization, we
demonstrated that pain thresholds declined for up to
5 hours after acid infusion. However, these data relied
on subjective reporting of pain, and we were keen to
demonstrate objective evidence for changes in the sen-
sitivity of the central viscgral afferent pathway. In order
to achieve this, we recorded proximal esophageal EP
before and after acid infusion of the distal esophagus.
These studies revealed that, despite using the same in-
tensity of stimulation throughout the study, the latency
of the esophageal EP components reduced after acid,
indicating potentiation of the response. This change
in the sensitivity of the central afferent pathways
provides further evidence that peripheral and central
sensitization contributes to the development of visceral
hypersensitivity and may be important mechanisms
in FGID.

A recent study using fMRI in patients with irritable
bowel syndrome lends further credence to this hypoth-
esis. In this study, subjects received painful and non-
painful stimulation of both the rectum (distension)
and the foot (thermal). Comparison of group activa-
tion in FGID and control subjects revealed increased
activity throughout the pain matrix in response to
all stimuli in FGID. As increased activity was seen in
regions that process both the sensory discriminatory
aspects of pain processing (somatosensory cortex and
thalamus) as well as in regions that process the cogni-
tive and affective components (insula, anterior and
posterior cingulate, prefrontal cortex), the authors
proposed that this provided evidence that central af-
ferent transmission was enhanced in FGID.? It was
suggested that two major mechanisms may contribute
to this enhanced nociceptive input from ascending
spinal pathways. The first would be that tonic nocicep-
tive input from the bowel may lead to sensitization of
spinal dorsal horn neurons (central sensitization). The
second would be that descending facilitation from ‘on-
cell’ activity in the rostral ventromedial medulla region
of the brainstem may also contribute.

Descending modulation of spinal afferent transmis-
sion via brainstem activity can be both facilitatory and

inhibitory. Animal studies have shown that peripheral
inflammatory events engage two concurrent but op-
posing descending modulatory systems.?' This activ-
ity is mediated by the periaqueductal gray and rostral
ventromedial medulla, with the excitatory component
mediated via activation of NMDA receptors and the
production of nitric oxide, while the inhibitory sys-
tem is mediated via non-NMDA receptors.?' It has
been postulated that these systems interact with each
other and that the difference in activity between the
two determines the magnitude of hyperalgesia which
develops. An imbalance in this descending modulatory
system may well be a credible mechanism by which
visceral hyperalgesia develops and is maintained.
Further studies are required to investigate these pos-
sibilities with high-field fMRI techniques. In summary,
there is now a growing body of evidence to suggest
that the sensitization of gastrointestinal afferents is
an important mechanism in the generation of visceral
hypersensitivity.

The psychological hypothesis

Negative mood states, such as fear and sadness, are
often associated with abnormal sensory perception,
such as abdominal pain. In this study we examined the
effects of negative emotional context on the perception
of visceral sensations. It has been demonstrated that
human facial expressions (considered to be the pri-
mary means of conveying emotional valence regarding
a particular situation) depicting different emotions ac-
tivate different brain neuronal networks. We therefore
employed fearful and neutral facial expressions from
a standardized series to provide negative and neutral
emotional contexts, respectively, while healthy subjects
experienced phasic, non-painful esophageal stimula-
tion. We then compared the brain activation patterns
using fMRI."

These studies revealed that activation within the
right insular and bilateral dorsal anterior cingulate
cortex was significantly greater during esophageal
stimulation with fearful rather than neutral facial
expressions. These changes also correlated with behav-
ioral ratings for increases in anxiety and discomfort,
providing evidence for the modulation of neural re-
sponses and perceived discomfort during non-painful
visceral stimulation by negative emotional context.
These findings support the role of negative emotions as
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a mechanism of altered pain perception in functional
gastrointestinal pain disorders.

Several studies in FGID have shown abnormal pat-
terns of activation in limbic structures. This has shown
increased activation in some studies, but decreased
activation has also been demonstrated (for a review see
Derbyshire, 2003).2 This wide range of results probably
reflects the heterogeneity of the FGID population and
problems in the experimental design. For instance, the
mid-anterior cingulate cortex is known to be impor-

tant in sustained attention.?? Therefore, in an anxious,

patient population it is feasible that this region may be
activated in both control and stimulation conditions.
Thus, subsequent subtraction of the images may indi-
cate no activation in this region. This outlines one of
the many pitfalls that researchers may encounter when
using functional brain imaging in groups of FGID
patients.

To date, functional imaging studies have shown only
subtle differences in small groups of patients and con-
trols, and these findings are yet to be of any pathophysi-
ological significance. Current results are observations
only and studies are largely hypothesis-generating
rather than hypothesis-testing. Factors such as the vari-
ation in individual psychological circumstances have
yet to be taken into account, and the normal variation
in the brain activation patterns on repeated testing has
not yet been identified in healthy subjects. In summary,
we are still at a very early point in the development of
functional brain imaging for FGID. It is clear that ex-
perimental paradigms targeted at investigating specific
components of the cognitive and affective aspects of
pain processing will yield results which provide more
conclusive evidence of the importance of psychological
factors in FGID.

Future directions

While great advances have been made over the last
decade in our understanding of the central process-
ing of gastrointestinal sensation, the time has arrived
to develop pathophysiological models based on these
findings in order to tease out the role of psychologi-
cal factors and central sensitization. This will require
a multidisciplinary approach combining information
regarding the biological markers of peripheral sensi-
tization, physiological/neurophysiological profiling

and psychological/psychiatric assessment. Tests need
to be developed that are sufficiently robust to study
individual patients so that the novel visceral analgesic
and anti-hyperalgesic compounds currently in devel-
opment may be targeted to the specific mechanism of
visceral hypersensitivity. This approach will have great
benefits both for the well-being of patients and for
health-care utilization in the future.
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CHAPTER 5

Developmental Disorders

Virpi V Smith and Peter ] Milla

Introduction

Developmental disorders of the enteric nervous system
(ENS) clinically present with signs of intestinal obstruc-
tion without mechanical occlusion of the gut usually in
neonatal life or with constipation in infancy or later
childhood.** The abnormalities may be confined to a
variable length of the distal intestine or may affect the
entire gastrointestinal tract. The child may also present
with difficulty in swallowing and abnormalities in the
esophagus without intestinal involvement.

The mature ENS is composed of neural plexuses
situated in the submucosa (submucosal plexus) and
between the layers of the muscularis propria (my-
enteric plexus of Auerbach). The submucosal plexus
provides innervation to the mucosa and is involved
in secretion and sensation, whereas the myenteric
plexus is responsible for providing motor innervation
to the muscle coats and the submucosal plexus.’ These
plexuses are referred to as the ‘little brain’ since they are
capable of functioning independently from the ‘big’
brain, but they do communicate with each other and

the autonomic ganglia via the parasympathetic and
sympathetic nerves, and ultimately with the brain.®
The ganglia comprise neurons, glia and terminal
bundles of nerve fibers and morphologically resemble
the structure of the brain rather than the autonomic
ganglia. There are more neurons in the ENS than in the
spinal cord and the numbers of glial cells are greater
than those of neurons.® Neuronal density varies from
region to region of the gut.® The neurons in the ganglia
consist of inhibitory and excitatory motor neurons and
interneurons, which share a variety of neurotransmit-
ters, all of which are found in the brain. Throughout
the gastrointestinal tract there are also non-neural cells
derived from the mesenchyme ~ the interstitial cells of
Cajal, which generate and propagate slow waves.” The
interstitial cells are important modulators of com-
munication between nerves and muscle. The ENS is
particularly concerned with the propulsion of the gut
contentsin an ordered, physiologically effective fashion
and the control of secretion by the gut. In this chapter,
the development of the ENS and known developmental
defects will be discussed.

Key points

1 Development of the gut is controlled by
homeobox (Hox) genes.

2 Expression of these genes is coordinated in time
and space.

3 Knockouts of genes induce specific disorders of
development.

4 Development of the enteric nervous system
involves migration of neural crest cells into the
developing gut.

5 Among the key genes are Sox10 and Hox B5;
expression of the tyrosine kinase receptor c-ret is
also of critical importance.

6 Absence of c-ret or its ligand gdnf is associated
with reduced numbers of enteric neurons.

7 Defects in chromosome 10q 11.2, which specifies
the RET gene, are found in Hirschsprung’s
disease.

47
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Normal development of the ENS

The gastrointestinal tract first appears at 4 weeks
of gestation as a tube of stratified epithelium which
extends from the mouth to the cloaca. Three major
phases of development occur in the human gastroin-
testinal tract:®
« an early period of proliferation and morphogenesis
+ an intermediate period of differentiation when many
different and distinctive cell types appear
+ alater period of maturation resulting in a bowel ca-
pable of transporting luminal contents and digesting
and absorbing nutrients.
Three fundamental processes can be defined in the de-
velopment of the gut from its primitive origins:
+ regionalization of the gut tube along the ante-
rior—posterior axis to form the foregut (esophagus,
stomach, proximal duodenum, liver and pancreas),
the prececal gut (small intestine) and postcecal gut
(colon) :
radial patterning of the tube to achieve proper place-
ment of the functional components of the gut, such
as epithelium, nerve plexuses and muscle layers
+ continuous self-renewal of the epithelium from stem
cells or enteroblasts, which continues throughout
life.
The structure and function of the gut result from
a complex interplay between various cell types and
components, which are regulated by growth factors
and hormones together with immune and neural
inputs. The gut develops from three germ layers: (i)
the endoderm, which supplies the epithelial cells of
the mucosa; (ii) the splanchnic mesoderm, which
supplied the mesenchymal cell types, such as the
muscle layers; and (iii) the ectoderm, the origin of the
neural components.? In recent years, the importance
of the formation of endodermal mesenchymal cell
assemblages in generating form and in the cytodiffer-
entiation of the mucosa has been appreciated,’ as has
the establishment of the intrinsic nervous system of
the gut by neural crest cell migration and differentia-
tion.'” In the formation of the mucosa and the enteric
neuromusculature, adhesive and other interactions
between cells and the extracellular microenviron-
ment are crucial. The extracellular microenvironment
consists of a labile and developmentally regulated
group of interacting molecules. Some of these will

be located at the interface between endodermally and
mesenchymally derived cells, where they are capable
of directing specific cell behavior. Another group of
interacting molecules are found associated with the
extracellular matrix of the muscle coats of the gut, and
are implicated in morphogenetic steps in the migra-
tion, homing and differentiation of both neural cells
and smooth muscle cells. The development control
mechanisms required for these processes are now
beginning to be elucidated.

Developmental control regulatory genes
The above processes are controlled by a number of
genes known as developmental control regulatory
genes, which coordinate the control of many other
genes at the transcriptional level. Genes which all con-
tain the motif TAAT in their structure, known as ho-
meobox genes, control these processes. Hox genes are
particularlyimportant in regionalization of the gut and
Hedgehog signaling is important in endoderm-mes-
enchyme interaction.

Homeobox genes are a group of developmental
control genes implicated in the positioning and pat-
terning of organs in the embryo. These evolutionarily
conserved genes encode transcription factors which
self-regulate their own transcription or the transcrip-
tion of other downstream effector genes in develop-
ing embryos ranging from Drosophila to humans. A
group of genes which has been extensively studied is
the antennapedia class of homeobox genes, the so-
called Hox genes. Hox genes are evolutionarily highly
conserved and derived from a common ancestral
cluster, and are organized into four clusters, A, B, C
and D, on four separate chromosomes in mammals.
They comprise some 38 genes in total.'' The genes are
numbered 1 to 13 by virtue of their 3’ to 5" position
along each chromosome, the lowest number being
at the 3’ prime end and the highest number at the 5
end. A given gene may have up to three related genes
in equivalent positions on the other three clusters,
and the genes in such a group have sequence homol-
ogy with each other and form a so-called paralogous
group.'? Such paralogues can display equivalent ex-
pression domains and may therefore have common
functions during development, resulting in some
functional redundancy. It is significant that Hox
genes are expressed in precise patterns during early
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embryogenesis, particularly during critical periods
of fate specification within a given morphogenetic
field, such as a limb. The expression domains of the
various groups overlap to differing extents within
any particular field, leading to the concept that Hox
genes have a combinatorial mode of action.” Along
the body axis, these genes are generally expressed
with discrete rostral cut-offs which coincide with
either existing or emergent anatomical landmarks. It
has therefore been suggested that they serve to specify
component parts of the vertebrate body plan. This
is particularly clear in segmented structures such as
the branchial arches and the vertebral column." Sig-
nificantly, at least in these structures, the rostrocaudal
sequence of the cut-offs map quite precisely with the
3’ to 5" sequence of Hox genes within their respective
cluster and with the order in which these genes are
expressed. This phenomenon is known as spatial and
temporal colinearity.”” However, it is also clear that
non-overtly segmented structures, such as limbs and
internal organs, are also specified by Hox genes, and
thus Hox genes could be upstream regulatory genes
for the morphogenesis of the embryonal gut, and for
the migration and maturation of neural crest cells and
possibly splanchnic mesoderm.

Hox genes from the 5’ paralogous groups 12 and 13
are known to be involved in patterning of the hind-
gut.'s Hox genes from paralogous groups 4 and 5 seem
to be particularly good candidates for regulators of gut
neuromusculature, for at least the foregut and midgut,
since they are expressed in the developing hindbrain at
the level of rhombomeres 6-8, from where a propor-
tion of vagal neural crest cells migrate through the
branchial arches into the intestine and differentiate
into enteric ganglia."” In segmented structures such as
the branchial arches, the branchial Hox code defined by
the patterns of combinatorial Hox gene expression has
been interpreted as a developmental strategy whereby
positional specification made axially within the neural
tube is transmitted to the periphery via the migrat-
ing neural crest, and is seen as an integral part of the
mechanisms whereby the embryo develops an organ
such as a head and face or a gut.'®

Preliminary data on the expression of 3" Hox genes
in the gut of developing mouse embryos along the
length of the gut primordium shows nested expression
domains."

Further studies delineated different spatial, tempo-
ral and combinatorial expression patterns in different
morphological regions: foregut; prececal gut; cecum;
and postcecal gut.® Two dynamic gradients, rostral
and caudal, were coordinated with nested expres-
sion domains along the gut primordium. Region-
specific domains were present in the stomach and
cecum. The Hox gene transcripts in the mesoderm
of the gut primordium were spatially colocalized to
the same layer of outer mesoderm clearly preferred
by migrating neural crest cells and the developing
intestinal muscle coats. It was of particular interest
that, in the postcecal gut, the appearance of enteric
neuronal precursors was clearly preceded by the early
presence of Hox D4, C4 and C5 transcripts in this re-
gion of the gut primordium between E9.75 and E12.5.
This important study shows that specific spatial and
temporal combinations of Hox genes are involved in
the control of morphogenesis of the gut and that they
are expressed in the form of an enteric Hox code.”®
The code provides correct positional information for
migratory cells and for a permissive environment, the
differentiation of developing tissues — particularly for
the developing enteric neuromusculature. A few iso-
lated observations of transgenic mouse models also
suggest that Hox genes do indeed play an important
role in gut morphogenesis. A transgenic knockout of
Enx, Hox 11L?' causes increased innervation of the
hindgut and overexpression of Hox A4 is associated
with a megacolon.” Destruction of Hox C4 severely
affects the morphology of esophageal smooth muscle,
while knockout of Hox D13 affects anal sphincters.?
It is clear that this family of genes is of importance
within the genetic hierarchy of gut morphogenesis,
and the delineation of the genes that constitute the
human gut Hox code and of their spatiotemporal pat-
terns of expression is an essential and integral part of
understanding the molecular events underlying gut
dysmorphogenesis in humans (Figs 5.1 and 5.2).

Although a number of critical molecules in the
morphogenesis of the gut have been identified, it is still
unclear how the embryonic gut tube is regionalized at
the molecular level. It is very likely that it involves com-
plex interactions between Hox genes and other tran-
scription factors, such as Parahox genes (e.g. PdxI and
Cdx) and unclustered genes such as Sox, Enx and Nkx.
A recent study has also involved the Hedgehog family
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Fig. 5.1 Expression of Hox genes during the development of the gut from embryonal day 8.5-16.5. From Gastroenterology
1999;117:1341 (Pitera et al.). Redrawn with permission from Gastroenterology.

of cell signals, which are expressed in gut endoderm
but have their target genes in the mesenchymal layers.
Mice mutant for Sonic Hedgehog and Indian Hedgehog
show abnormalities of muscle, nerve, epithelium and
pancreas. Morphogenic abnormalities, including im-
perforate anus and malrotation, also occur.” How or
whether these morphogen signaling molecules interact
with Hox and other homeobox genes is at present not
clear, but Sonic Hedgehog misexpression leads to ecto-
pic Hox d13 expression in the chick hindgut.?

Endodermal-mesenchymal interactions
Cell signaling events between the endodermal (epi-
thelium) and mesenchymal layers are thought to play
a major role in the coordination of the fundamental
processes listed above.? Each of the intestinal endoder-
mal and mesenchymal tissue components exerts an ef-
fect on the development of its associated counterparts
and the contacts required to allow expression of the
reciprocal permissive interaction.”

Cell interactions between. embryonic endoderm
and stromal cells (mesenchyme) are a prerequisite
for intestinal morphogenesis and differentiation. Ob-
servations of the interactions between epithelial and
mesenchymal cells may have important implications
for the development of nerves and muscle layers of the
gut, where similar interactions between neural crest

cells and the mesenchyme have been observed in the
developing enteric neuromusculature.

Development of the enteric nervous
system

It has been known since the 1950s, following a series
of in ovo microsurgical ablations of the dorsal neural
primordium of chick embryos, that the ENS arises
from the neural crest.”® The neural crest arises on the
dorsal midline as part of the neural tube, which later
goes on to form the central nervous system. The neural
crest gives rise to enteric neurons and their support
cells, pigment cells and sympathetic nervous tissue, to-
gether with the adrenal medulla. More recently, much
smaller-scale ablations have suggested that the neural
crest between somites 3 and 5 is particularly impor-
tant for ENS development.”” The use of cell labeling
techniques in chicken quail chimeric embryos by Le
Douarin' confirmed that the enteric neurons arise
from the vagal neural crest and that they colonize the
gut in a rostrocaudal migration. However, some neural
crest cells appeared to arrive in the hindgut from the
lumbosacral level via a caudorostral wave of coloniza-
tion. More recent studies in mice confirm these avian
findings that the gut is colonized largely by vagal neural
crest cells, but that some cells in the hindgut appear
to have a lumbar—sacral origin.*>*' The most recent of
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Fig. 5.2 Whole-mount immunostaining for Hox B5 protein
expressed by neural crest cells in murine embryonal gut at
embryonic day 12.5, showing the advancing migration front
of neural crest cells. They have already colonized the stomach,
small intestine and cecum, but have not reached the large
intestine, which appears white.

these studies shows that in the mouse the enteric neu-
roblasts are derived from three distinct neural crest cell
lines which express the control gene Sox 10 and Hox B5
and the transmembrane tyrosine kinase receptor c-ret.
At the headfold stage embryo (E8.5) Sox 10 and c-ret
were expressed in neural crest cells, c-ret only being
expressed in rhombomere 4 of the hindbrain and
Sox 10 in rhombomeres 2 and 4. In contrast, Hox B5
first appeared later, at E9.5, and only occurred at the
level of rhombomere 7. The cells from the vagal neural
crest arrive at the gut by two pathways from the neural
crest, one a dorsolateral route in a cell-free extracellu-
lar matrix between the epidermis and the somites, and
a ventral route percolating through the sclerotomal

mesenchyme of the somites. In mice, the neural crest
cells reach the foregut after passing through branchial
arches 4 and 6. Cells expressing Hox B5 only appear to
arrive in the gut at the level of the stomach, most likely
following the ventral route, whereas the Sox 10/c-ret-
expressing cells appear to follow the dorsolateral route
and enter via the primitive esophagus. Cells expressing
these three genes coalesce together in the environment
of the gut and by E12.5 many primitive neuroblasts are
expressing all three genes (Fig. 5.3).

The foregut gives rise to the gut down to the duode-
num and, given the compressed scale of the gut com-
pared with the neural axis in these early developmental
stages, the vagal neural crest cells require virtually no
longitudinal movement to populate the gut down to
the level of the second part of the duodenum. Caudal
to this, the neural crest cells that have colonized the
foregut migrate longitudinally within the gut mes-
enchyme in a caudal direction, favoring the region
close to the serosal surface. The vanguard of cells
colonizing the gut primordium advance at the rate of
about 40 pm/hour* and the cells immediately behind
the vanguard are found just outside the developing
circular muscle layer; that is, they are already in posi-
tion to form the myenteric plexus.*® The cells that are
going to form the submucous plexus are not seen until
later, and it is not clear whether they are derived from
asecondary migration from local myenteric cells or are
a separate wave of immigrants. The sacral neural crest
cells migrate ventrally through the adjacent somites
before entering the hindgut at the cloaca near the stalk
of the allantois. They then migrate rostrally in the gut
mesenchyme layer. In the human, the vagal timetable
appears to start at around 3—4 weeks and is complete
by week 12. The presumed sacral input timetable is
unknown. Those vagal neural crest cells that migrate
and colonize the gut are committed to becoming neu-
roblasts or neuronal support cells (glioblasts). Dif-
ferentiation into neurons and glial cells appears not
to take place until they have reached their final resting
places in the gut. The further movement through the
gut mesenchyme, survival in the gut and differen-
tiation into mature cells are strongly influenced by
contacts with the microenvironment, which consists
of other cells in the mesenchyme, neural crest and the
extracellular matrix.** The extracellular matrix (ECM)
components provide directional clues for migrating
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Fig. 5.3a In situ hybridization for the tyrosine kinase receptor
Ret gene in a whole mount of murine embryonal gut at
embryonal day E12.5, showing that vagal neural crest cells
expressing the Ret gene have migrated as far as the cecum, but
the sacral neural crest contribution is restricted to the extreme
caudal region so that the colon appears pale.

neural crest cells and, together with neighboring cells,
provide some of the signals for crest cell differentia-
tion. In humans, for example, the appearance of neural
crest cells in the gut is preceded by expression of ECM
molecules, and these may play a role in migrational
cues® or promote neuronal growth.* Other factors,
such as glial-derived neurotrophic factor, ensure sur-
vival of committed neuroblasts.’” Several transgenic
knockout mouse models and naturally occurring
strains of mice with particular genetic abnormalities
have provided valuable evidence of some of the factors

o

Fig. 5.3b This shows a transverse thick section through a whole
mount of murine embryonal gut at embryonal day E13 in
which Ret gene expressing cells staining dark brown are found
just outside the developing circular muscle layer, that is, they
are in position to form the myenteric plexus. The cells that are
going to form the submucous plexus will appear later.

involved. Lethal spotted®® and piebald spotting mice
have defects in the endothelin signaling pathway
that result in an alteration of the microenvironment
in which the neural crest cells find themselves. This
curtails neural crest migration in the distal colon and
is associated with localized overexpression of extracel-
lular matrix molecules,* resulting in aganglionosis of
the hindgut.

The intrinsic properties of the neural crest cells them-
selves are also important for migration survival and
differentiation. Two knockout mouse models**' and
the human condition Hirschsprung’s disease now have
known genetic defects**** and provide very powerful
evidence for these intrinsic properties. The neural crest
cells express a transmembrane tyrosine kinase receptor
at the cell surface, the RET proto-oncogene. A transgenic
knockout model of Ret in the mouse® shows total ab-
sence of the ENS, suggesting that normal ENS migration
and/or the survival of migrating cells is dependent upon
the functional integrity of this tyrosine kinase receptor
and its ligand. We now know that the ligand for the Ret
tyrosine kinase receptor is glial-derived neurotrophic
factor and a knockout model of this gene shows a similar
lack of expression of enteric neurons.*' In Hirschsprung’s
disease, defects in chromosome 10q11.2**** which spec-
ify the RET gene have been found and the defects extend
all along the gene. It is of interest that other abnormali-
ties of the RET gene result in multiple endocrine neopla-
sia type 2A and 2B, but these only occur at specific sites.
In multiple endocrine neoplasia type 2B there is an as-
sociation with hyperplasia of enteric neurons, resulting
in enteric ganglioneuromatosis.* Abnormalities of RET
are found in some 30% of patients with Hirschsprung’s
disease, and in families with Hirschsprung’s disease
there is incomplete penetrance of the genetic abnormal-
ity. While abnormalities of RET appear to account for
a moderate proportion of patients with Hirschsprung’s
disease, other neural crest cell abnormalities, such as the
provision of GDNE, only account for a very small pro-
portion of patients with Hirschsprung’s disease. A series
of experiments* have suggested that glial-derived neu-
rotrophic factor is required for the survival and differen-
tiation of the vagal neural crest cells once they arrive in
the gut, and some have suggested that the lumbar—sacral
outflow into the gut is largely of cells which will become
glial cells producing factors such as glial-derived neuro-
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trophic factors, to ensure the survival of the migrating
cells once they arrive in the hindgut.

Thenumber of vagal neural crest cells colonizing the
gut also seems to be important, since a gross reduction
in the number leads to the development of the ENS in
the rostral levels of the gut but its complete absence at
caudal levels.?? However, this information also suggests
that perhaps there is some specification of different
segment identity for potential enteric neurons before
they leave the vagal neural crest, and this may be de-
pendent upon the correct microenvironment in the
gut primordium during the process of rigration and
ultimately differentiation. It has been suggested that
spatially restricted differential expression of homeo-
box-containing regulatory genes along the hindbrain
may be responsible for this.

Summary
For normal gut development, interactions of all three
germ layers — the endoderm, the splanchnic mesoderm
and the ectoderm — are crucial. After an early period
of proliferation and morphogenesis, an intermediate
period of differentiation is followed by a later period
of maturation, resulting in a bowel capable of trans-
porting luminal contents and digesting and absorbing
nutrients. These different periods are controlled by
a variety of developmental control genes. Develop-
mental control genes encoding morphogens such as
Hedgehog and BPM4 are particularly necessary for the
initial phase and homeobox genes such as Hoxand Cdx
for the later periods.

Itisimportant to note that ENS development does not
arrest at birth. For a period of at least 2-5 years neural
circuits and neurons themselves continue to mature.

Known developmental disorders of
the enteric nervous system

Known defects of the development of the ENS may
be familial, where a distinct pattern of inheritance is
known, and there can also be sporadic cases, in which
there are distinctive clinical and morphological find-
ings.* A number of neuropathic motility disorders,
including those that present with slow transit consti-
pation in later childhood and adult life,* may be due
to developmental defects, but at present this remains
unclear. These conditions include familial visceral
neuropathy without extra-intestinal manifestations,*
familial visceral neuropathy with neuronal internucle-
ar inclusions* and familial visceral neuropathy with
neurological involvement.*

Hirschsprung's disease

First described by Harald Hirschsprung in 1887,% this
is by far the commonest developmental disorder of the
ENS. It occursin about 1 in 4500 live births, and results
in a distal aganglionic segment of bowel of variable
length. There is a male predominance of 3.8:1. Inabout
75% of patients the abnormal segment is restricted to
the rectosigmoid colon. In a small minority (about
5%) the condition may be more widespread, involv-
ing the whole colon (total colonic aganglionosis) or
even the entire gastrointestinal tract.*? In about 7% of
those with the short-segment disease there is a familial
tendency, increasing to about 21% in patients with
total colonic aganglionosis. Most patients present in
the first few days of life, 95% failing to pass meconium
in the first 24 hours of life. Five percent may present
later with constipation and 30% with symptoms of an

Hirschsprung'’s disease

1 Commonest developmental disorder of the ENS.

2 Male/female ratio is 3.8:1.

3 Incidence is 1 in 4500.

4 Caused by failure of migration of neural crest
cells into gut.

5 Results in narrowed aganglionic distal segment.

6 Genetic basis involves defects in both RET and
SOX 10.

7 Diagnosis by suction rectal biopsy, which shows
hypertrophic nerve trunks and increased acetyl
cholinesterase-positive fibers in the muscularis
mucosae and lamina propria and absence of
enteric neurons.

8 Treatment is resection of aganglionic segment
and anastomosis of colon to the rectal stump.
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enterocolitis. Fewer than 1% are not diagnosed until
adult life.”

Pathogenesis

The loss of innervation of the distal segment of bowel
is due to failure of colonization of the bowel by neural
crest cells in early embryonic development. The re-
sulting lack of neurons, with loss of inhibition of the
enteric musculature, results in a contracted segment of
gut and loss of the recto-anal sphincteric reflex. The
normal ganglionic bowel is dilated, tapering to a nar-
rowed aganglionic distal bowel.*

Genetic factors

The genetic mechanisms for Hirschsprung’s disease
appear to be multifactorial. A number of signaling
systems, such as the RET/GDNF (glial-cell line de-
rived neurotrophic factor)?”4424* and the endothelin
systems®*® are implicated (see above) but mutations
in other genes, such as SOX 10°® and as-yet undefined
genes, may be required for the Hirschsprung pheno-
type. In familial cases, in all families so far studied
RET has always been involved, but mutations in at
least two other genes are required for expression of the
phenotype.* Hirschsprung’s disease may also be associ-
ated with Waardenburg syndrome, Smith-Lemli-Opitz
syndrome, Down syndrome and multiple endocrine
neoplasia syndrome type 2A (MEN 2A).% The latter
association ties up with the RET abnormalities encoun-
tered in Hirschsprung’s disease as well as in MEN 2A.
The former suggests that there may a relevant locus
on the X chromosome resulting in the Hirschsprung

phenotype.

Diagnosis

The most reliable diagnostic tool is a suction rectal
biopsy, which must contain mucosa, muscularis mu-
cosae and a sufficient amount of submucosa.” If even
one submucosal neuron is present in an hematoxylin/
eosin-stained section the diagnosis of Hirschsprung’s
disease can be excluded. The submucosa contains large
hypertrophic nerve trunks instead of neurons in clas-
sical Hirschsprung’s disease. Staining for acetyl cho-
linesterase activity reveals an increase in thick knotted
fibers criss-crossing the muscularis mucosae even in a
neonate. In an older baby there is also an increase in
these fibers, which run not only vertically but also in a

horizontal direction in the lamina propria of the mu-
cosa. These nerve trunks or acetyl cholinesterase-posi-
tive fibers, however, may not be evident in rare cases of
total colonic aganglionosis. Thus, if total colonic agan-
glionosis is suspected, numerous serial sections must
be examined to identify any possible neurons which
may be present, particularly if the biopsy may have
been taken from the physiologically hypoganglionic
distal rectum (Fig. 5.4).

Treatment

Hirschsprung’s disease is treated by surgical resec-
tion of the abnormal aganglionic segment followed
by pulling through the normal ganglionic bowel,
which is anastomosed to a rectal stump. Proximal to
the aganglionic segment there is a variable length of a
transitional zone before the bowel becomes fully gan-
glionic. This segment shows some hypertrophic nerve
trunks but occasional neurons can also be identified. It
is important that the hypoganglionic transitional zone
is also removed. A variety of surgical procedures® (e.g.
Duhamel, Swensson and Soave) exist for this, but the
details of these procedures will not be discussed here.
Until recently, the practice has been that, after the ini-
tial diagnosis has been made on a suction rectal biopsy,
seromuscular biopsies are taken for frozen sections at
laparotomy to establish the extent of aganglionosis. A
stoma is then formed and the definitive surgery is per-

Fig. 5.4 Section of rectal mucosa showing acetyl cholinesterase
positive thick nerve fibers criss-crossing in the muscularis
mucosae. Acetyl cholinesterase positive fibers are also seen in
the lamina propria and these fibers run horizontaily as well as
vertically. The submucosa shows the presence of nerve trunks
with an absence of enteric neurons.
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Other disorders of ENS development

Familial visceral neuropathy associated with

multiple endocrine neoplasia

« MEN 2A may be associated with aganglionosis.

« MEN 2B may be associated with transmural
intestinal ganglioneuromatosis.

* RET gene abnormalities detected in both.

Sporadic visceral neuropathies
+ Both hyper- and hypoganglionosis are reported.

X-linked intestinal neuropathy

+ Linkage to chromosome Xq28.

Use of the term ‘intestinal neuronal dysplasia’ is not
recommended since it appears non-specific and
there is no consensus on diagnostic features.

formed at a later stage. This is known as a staged pro-
cedure. Now a number of centers prefer to perform a
so-called primary pull-through without the need for a
stoma. This procedure is often done laparoscopically. In
our experience the results after a primary pull-through
are comparable to those after a staged procedure.

Familial visceral neuropathy associated
with multiple endocrine neoplasia

The multiple endocrine neoplasia type 2 syndromes
may be associated with involvement of the gastroin-
testinal tract. These include MEN 2A, MEN 2B and
isolated medullary thyroid carcinoma.’®%¢' These
conditions are inherited as autosomal dominant
traits and are a consequence of mutation of the gene
encoding the RET tyrosine kinase receptor. In most
patients, disorders of gastrointestinal motility are the
first manifestations of the disease, but the presentation
is variable both in severity and in time, some patients
presenting in early infancy (very like Hirschsprung’s
disease) and others not until adult life. There is nearly
always colonic dysfunction present and the most usual
presentations are either with chronic constipation,
episodes of functional obstruction or mimicking
Hirschsprung’s disease. In all the patients the authors
have studied,®" evidence of medullary thyroid carci-
noma has been present from very early on, either as
clumps of malignant cells in situ within the thyroid
gland or as an overt tumor.

Pathogenesis

MEN 2A and 2B are associated with neuropathic dys-
motility as a consequence of the development of either
aganglionosis, as in some cases of MEN 2A,% or trans-
mural intestinal ganglioneuromatosis, in MEN 2B.5'In

both conditions this may cause severe constipation or
episodes of obstruction.

Genetic factors

RET is extremely important in the development of the
ENS as Ret null knockout mice do not develop neurons
within the gut. There is now good evidence to show that
Ret is not only important for the colonization of the
primitive gastrointestinal tract by neural crest cells, but
also in the migration of these cells down the length of
the gut and their further differentiation.”” In MEN 2A
and isolated medullary thyroid carcinoma there is ab-
normality of the RET gene between codons 619 and
638, the cystine-rich region of the gene, which resultsin
the development of medullary thyroid carcinoma with
or without pheochromocytoma.® This is thought to be
due to changes in the dimerization of RET following
ligand binding. In about 5% of patients with MEN 2A,
Hirschsprung’s disease is also present.”

In MEN 2B there are germ-line mutations M918T or
A883F of the RET proto-oncogene* and there is always
involvement of the gastrointestinal tract with transmu-
ral intestinal ganglioneuromatosis. Eventually, medul-
lary thyroid carcinoma inevitably develops.®!

Diagnosis

Transmural intestinal ganglioneuromatosis is a serious
condition that one should be aware of. The appearance
is of a striking proliferation of neural tissue (neurons,
supporting cells and nerves), which appears as a thick
band of nerve tissue with mature nerve cells embedded.
The hyperplastic nerve fibers are accompanied by large
ganglionic nodes containing numerous glial cells with
a normal or increased quantity of neurons.*! Ganglio-
neuroma in the submucosa of a suction rectal biopsy
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Fig. 5.5 Hematoxylin- and eosin-stained sections showing typical appearances of intestinal ganglioneuromata occupying the
entire submucosa (a) and the myenteric plexus (b). MM, muscularis mucosae. CM, circular muscle. LM, longitudinal muscle.

may also be an indication of transmural involvement.
This abnormality of the ENS is present along the entire
gastrointestinal tract and the hyperplastic neurons may
be seen within the mouth or anal canal (Fig. 5.5).

Suspicion of ganglioneuromatosis warrants further
screening for medullary carcinoma of the thyroid and
pheochromacytoma. Frequently in patients in whom
there are only collections of cells in situ within the
gland, screening investigations such as CT scanning
of the thyroid and calcitonin determinations have not
been helpful, and molecular investigations to exclude
multiple endocrine neoplasia type 2B (MEN 2B)
should be undertaken.® It is only when there is a
considerable mass of C-cells present that the normal
screening investigations become positive.

Treatment

Functional intestinal obstruction and intractable
constipation in these patients is usually widespread, in-
volving also the small bowel. Ileostomy usually works
well, but in our experience closing it results in obstruc-
tive symptoms.*!

Monitoring the calcitonin concentrations and
scans for adrenal and thyroid masses is not sufficient.
Microscopic medullary thyroid carcinoma can be
present without raised calcitonin concentrations even
with pentagastrin stimulation or without identifiable
masses on imaging. It is for this reason, together with
the lack of a satisfactory radiotherapeutic or chemo-
therapeutic treatment, that prophylactic thyroidec-
tomy®' is recommended, together with continued

surveillance of the adrenal glands for evidence of
pheochromacytoma.

Sporadic visceral neuropathies

Neuropathic dysmotility may also be produced by
having too few myenteric neurons (hypoganglionosis)
as well too many (hyperganglionosis) or none at all
(aganglionosis). The conditions that cause these states
are nearly always congenital, though both hypogan-
glionosis and aganglionosis may result from acquired
disorders in which there is destruction of neurons. As
these conditions are defined by the numbers of neurons
present, it is clear that a reliable means of assessing neu-
ronal density is required. Neuronal density is affected
by the age of the patient, tissue freshness and intestinal
dilatation as well as by the disease process. It is therefore
important that a standardized technique for assessing
neuronal density is used.® A full-thickness sample of
intestine at an appropriate site is required, which needs
to be greater than 1 cm in length. Preferably, neurons
should be counted in sections cut longitudinally along
the long axis of the bowel rather than transversely. If
sections are cut transversely, they should be at least
30 pm apart to avoid counting each neuron more than
once. There are few published studies, especially in
children, but Smith® reported a mean neuronal density
of 3.6 neurons per millimeter for the jejunum, 4.3 per
millimeter for the ileum and 7.7 per millimeter for the
colon, with no significant difference between trans-
verse and longitudinal sections.
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Myenteric hypoganglionosis

Infants affected by this condition usually present as if
they have Hirschsprung’s disease, but also with recur-
rent episodes of diffuse functional obstruction and
neuropathic dysmotility.>* The cause of the condition
is unknown and so far no genetic factors have been
identified.

Diagnosis

Baseline data for normal myenteric neuronal density
are available in different regions of the gut.® Isolated
hypoganglionosis is a disorder in which there are
reduced numbers of myenteric neurons. The ganglia
are small, often containing only one or two neurons,
and are far apart from each other. The circular muscle
coat appears to be hypo-innervated, with a reduced
number of varicosities, as shown by immunostaining
for neural markers (e.g. 5100, PGP9.5, N-CAM and
synaptophysin) or in frozen tissue by assessing acetyl
cholinesterase activity. In addition, in the small bowel
mucosa fibers are also reduced or absent. The extent to
which the bowel is involved may not be easy to deter-
mine, since seromuscular biopsies do not contain suf-
ficient length of the plexus for meaningful assessment
of the normal density.

Treatment

If an isolated segment of affected gut can be identi-
fied then resection is the treatment of choice, with
ultimately a definitive pull-through procedure if it is
a terminal segment. If the gut is diffusely involved, a
decompression ileostomy may reduce the number of
episodes of obstruction.

Myenteric hyperganglionosis

Presentation of infants with this condition is very vari-
able, from Hirschsprung-like to simply constipated.®
The symptoms seem to be due to neuropathic dys-
motility.

Genetic factors

It is not know what causes myenteric hypergangliono-
sis, although Enx (Hox 11L1)-deficient mice develop
myenteric neuronal hyperplasia and megacolon.”

Diagnosis
Myenteric hyperganglionosis is defined as a disorder

in which the myenteric neuronal density is increased.®
This may be accompanied by other features, such as an
increase in fine vertical acetyl cholinesterase-positive
fibers in the lamina propria without an increase in the
muscularis mucosae. Ectopic neurons may be present
in the muscularis propria or lamina propria of the mu-
cosa. Those with mild submucous hyperganglionosis
have sometimes been reported to suffer from intestinal
neuronal dysplasia, a term which has been used over
the last 30 years to describe quantitative and qualita-
tive abnormalities of enteric ganglia.®>%*** The term was
originally used to describe abnormalities of both the
myenteric and the submucous plexus. However, over the
last 20 years or so diagnosis has largely been dependent
on suction rectal biopsy and, thus, changes in the sub-
mucous plexus and the mucosal innervation.>%¢ The
term has raised confusion and controversy among clini-
cians and pathologists. It appears to affect all age groups,
though it is mostly seen in infants with chronic consti-
pation and was first considered to be a developmental
defect of the submucous plexus. Part of the problem has
been the lack of agreed criteria and the confusion has
been further compounded by the use of the histological
description as a clinical diagnosis.** No studies have
shown correlation between morphological features of
intestinal neuronal dysplasia and symptoms or long-
term outcome.® Nevertheless, surgical procedures have
been recommended on the basis of the histological di-
agnosis. In one prospective study of rectal biopsies, the
inter-observer variation between centers was enormous
and close to that which might occur by chance.*’” In this
study, 377 biopsies from 108 children aged 4-15 years
were assessed by three experienced pathologists for a
number of agreed histological features and a final di-
agnosis.” Complete concordance was obtained for the
diagnosis of Hirschsprung’s disease, but in only 14% of
the remainder was there concordance. Assessment of the
clinical symptoms 1 year after biopsy furthermore dem-
onstrated that the diagnosis of intestinal neuronal dys-
plasia had no prognostic value for the outcome in these
individuals. It seems, therefore, that ‘intestinal neuronal
dysplasia’ describes neither a specific histological entity
nor a clinical entity and remains controversial. Because
there is no consistent consensus of the clinicopatho-
logical phenotype of intestinal neuronal dysplasia, it is
safer to discard this term and describe the exact features
encountered in the biopsy. In our opinion, the diagnosis
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cannot be made on suction rectal biopsies. Myenteric
hyperganglionosis exists as an isolated finding, but can
also be present in the bowel proximal to an aganglionic
segment in Hirschsprung’s disease.

Treatment

Patients with myenteric hyperganglionosis behave
clinically like patients with Hirschsprung’s disease. Re-
section of the abnormal segment is indicated, provided
it is possible to identify the extent of the hypergangli-
onic segment. Ileostomy works well in these patients,
and if the small bowel is not involved ileoanal anasto-
mosis may be possible.

X-linked intestinal neuropathy

This condition was identified in a large Italian kindred
in whom affected children presented in the neonatal
period with intestinal obstruction, pyloric stenosis,
malrotation and a short small intestine.*® It maps to
Xq28. The obstruction is due to a neuropathic dys-
motility as a consequence of abnormality of myenteric
neurons. The neurons have a degenerative appearance,
being condensed on ultrastructural examination.
They have irregular neurofilaments on silver staining,
although care should be exercised in the interpretation
of silver staining in babies under 1 year of age,” since
young babies do not generally have argyrophilic nerve
cells. The chromosomal regions linked to the condition
is rich in genes, and so far no specific candidate has
been identified in these patients. L-1CAM is a neuronal
adhesion molecule mapping to Xq28 and is responsible
for isolated and syndromic forms of hydrocephalus,
but we have been unable to find any mutations in this
gene in this kindred.

Miscellaneous neurodevelopmental
defects

Some neuropathic disorders of the gut have presented
as congenital defects which are poorly understood, yet
clearly identified abnormalities of the ENS are pres-
ent.

Glial cell hyperplasia

This is diagnosed when there appears to be an increase
in neural tissue. In these patients, the myenteric plexus
is noted to be almost continuous,® but there is no hy-
perganglionosis.

Immaturity of enteric neurons

In children, most myenteric neurons measure 20—
23 um in diameter, occasional neurons measuring
30 um,*%>%° whereas in adults most neurons measure
30 um and some larger neurons in excess of 40 um
can also be seen. In neonates, most neurons measure
815 um and only rarely are larger neurons detected.
Immaturity of myenteric neurons is diagnosed if the
neuronal size is inappropriately small for the age of the
child.**** What causes this arrest in neuronal growth is
not known. It is also unclear if some patients improve
with time.:
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CHAPTER 6

Inflammation

Giovanni Barbara and Roberto De Giorgio

Clinical scenario

The alimentary tract harbors the largest collection of
immune cells of the human body and a wide repertoire
of functionally distinct classes of neurons, known as
the enteric nervous system (ENS). Morphological
and functional studies indicate extensive interplay
between these two systems (Fig. 6.1). The association
between gastrointestinal inflammation and disturbed
gut motility and sensory perception has long been
recognized. This paradigm applies to common dis-
eases, such as reflux esophagitis, celiac disease, acute
infectious gastroenteritis and inflammatory bowel
disease (IBD). In addition, evidence is now emerging
that immune and inflammatory mechanisms partici-
pate in the pathophysiology of a subset of functional
bowel disorders. The inflammatory reaction may

Fig. 6.1 Electron micrograph showing
association between nerve fibers
(arrows) and immune cells, including
a macrophage (M) and a plasma

cell (PC), in the colonic mucosa of

an IBS patient. Note the proximity
(<5 um) between immune cells and
nerve trunks. Calibration bar =5 um.
Reproduced with permission from
reference 73.

affect mainly mucosal nerve endings and/or enteric
ganglia. Clinical phenotypes which arise in this sce-
nario span a wide spectrum, ranging from mild forms
of irritable bowel syndrome (IBS) to end-stage gut
failure. Several factors may account for this variability
in clinical expression: (i) the etiology (e.g. infective,
paraneoplastic); (ii) the patient’s genetic background;
(iii) the predominant localization of the immune re-
sponse (mucosal innervation versus enteric ganglia);
(iv) the type and severity of immune cells and media-
tors involved; (v) the duration of the disease and the
existence of comorbid conditions (e.g. psychiatric
disorders).

This chapter deals with the impact of inflamma-
tion and immune activation on functional syndromes
characterized by sensorimotor dysfunction, focusing
mainly on IBS and enteric neuropathies.
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Basic mechanisms: inflammation-
induced neuroplasticity in the ENS

The ENS is extremely receptive to a variety of stimuli
originating from the gut. Enteric neurons are able to
elaborate this information into integrated responses
which initiate reflex activity controlling motility, epi-
thelial secretion/absorption, blood flow and mucosal
immunity. Abnormal stimuli (e.g. infectious, inflam-
matory and enteroendocrine) may generate long-last-

ing structural and/or functional phenotypic changes
in the enteric neural network. Pioneer studies showed

that inflammatory-induced gut sensorimotor dysfunc-
tion could be blunted by suppression of the immune/
inflammatory reaction, thus demonstrating a cause—
effect relationship.'! Further studies have clarified the
relative role played by different inflammatory cells
(e.g. T cells, macrophages, mast cells), their mediators
(e.g. cytokines, prostanoids, proteases, neuropeptides,
neurotrophins) and receptors (e.g. tyrosine kinase
receptors, proteinase activated receptors) in several
structural and functional aspects of gut sensorimotor
function.”® These include effects on the growth and
contractile properties of smooth muscle cells, neu-
rotransmitter content and release and related receptor
expression, as well as neurophysiological properties of
intrinsic (enteric) and extrinsic sensory neurons.>?
Concerning neuroplasticity, recent attention has
been focused on nerve growth factor (NGF), a member
of a family of tissue-targeted neurotrophic molecules,
which exerts a significant role in neuroimmune signal-
ingin the gastrointestinal tract. NGF, released by differ-
ent cellular sources, including enteroglial cells as well
as mast cells and other immunocytes, acts by binding
through high-affinity receptors, mainly tyrosine kinase
receptor A (TrKA).? Typical examples of NGF-induced
neuroplastic changes in the gut include the increase
in calcitonin gene-related peptide and substance P
content in intrinsic and extrinsic nerves, along with
the protective effect of this neurotrophic factor in ex-
perimental colitis in rats.? These data are in agreement
with findings indicating that the TrKA gene is markedly
upregulated in colonic tissue of patients with IBD.’
Animal models have been instrumental in the study
of the impact of intestinal inflammation and immune
activation on the sensorimotor apparatus of the gut.
These studies provide the biological basis for consider-

ing intestinal inflammation as a putative mechanism
in the pathophysiology of a subset of patients with
gut disorders ranging from IBS to chronic intestinal
pseudo-obstruction.? Accordingly, animal models re-
sembling human functional bowel disorders are now
available for research. For example, a postinfective IBS
model has been proposed. In selected strains of mice
(e.g. NIH Swiss), transient nematode infection evoked
intestinal muscle dysfunction which lasted long after
the expulsion of the parasite from the gut and resolu-
tion of the acute mucosal inflammatory process.® These
long-term neuromuscular abnormalities were sus-
tained by active synthesis of inflammatory mediators
(i.e. cyclooxygenase-2 derived products) within the
neuromuscular tissue.” Animal models testing the ef-
fect of inflammation in gut motor failure include, for
example, infection with the nematode Schistosoma
mansoni® and bowel transplantation.’

Mucosal inflammation and IBS

In search of a biological basis for IBS

IBS, the most common disorder encountered by gastro-
enterologists, is responsible for reduced quality of life
and a considerable economic burden on society.'° IBS
is characterized by chronic and recurrent symptoms of
abdominal pain associated with changes in bowel habit
for which there is no identifiable underlying structural
basis.!" Both central and peripheral mechanisms are
thought to contribute to IBS symptom perception,
including psychosocial factors, abnormal motility and
enhanced perception of sensory stimuli arising from
the gut wall. Emerging fields of investigation, includ-
ing genetics, gut infection, immunity, neuroplasticity
and endocrinology, support the hypothesis that detect-
able biochemical or structural changes underlie bowel
sensorimotor dysfunction in some IBS patients. The
following paragraphs will be restricted to the putative
role of immunological changes in the pathophysiology
of IBS and will deal only marginally with postinfectious
IBS, which is covered in detail in Chapter 15.

Inflammation and IBS: clinical basis

Several studies show low-grade mucosal inflamma-

tion:

+ conflicting data concerning importance of different
cell types;
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increased T cells, mast cells and macrophages re-
ported;

* 10% of patients meeting Rome II criteria for IBS have

microscopic colitis; and
« mast cell activation may be important in mediating
abdominal pain. ‘ ‘

Observations in the clinical setting have provided the
rationale for considering gut mucosal immune activa-
tion as a putative pathophysiological factor in IBS.
Firstly, patients in remission from IBD develop IBS-like
symptoms with a prevalence higher than expected.'>'?
Secondly, a low-grade inflammatory response, albeit
undetectable macroscopically or with conventional
histology, has been shown in the intestinal mucosa of
patients with unspecific or postinfective IBS. Nonethe-
less, conflicting and negative results have also been
published. For example, there is no agreement on the
type of immunocytes infiltrating the gut mucosa'*'®
and on the presence of increased inflammatory cells in
similar regions of the colon.'*'® Also, one recent study
failed to demonstrate any effect of a systemic steroid
treatment on symptoms of postinfectious IBS."” While
we await further investigation in this field, these con-
flicting results should be viewed in the light of the dif-
ficulty in assessing the gastrointestinal immune system
and testing the hypothesis of a cause—effect relation-
ship between low-grade mucosal inflammation and
symptom generation. Indeed, the gut mucosal immune
system is a rather complex structure to study because
of its uneven distribution along the longitudinal axis of
the alimentary tract and its substantial variability with
age'® and gender.” Continuous stimulation by luminal

antigens, causing a sort of controlled physiological in-
flammation, acts as background noise that confounds
any clear cut identification of subtle changes in mucos-
al immunocytes in IBS. Neuroplastic changes, which
probably occur after a long-term mucosal inflamma-
tory response, may lead to disappointing results when
testing the efficacy of immunosuppressive agents in
IBS."” Finally, the wide variation in the methods used in
this field makes it difficult to compare results obtained
by different research groups. All these factors should
be taken into account when approaching the literature
on this topic.

Mucosal immunopathology and its
implications for gut sensorimotor
dysfunction

Table 6.1 provides a list of studies investigating the
presence of immune activation in IBS. Different
independent studies have shown that the intestinal
mucosa of IBS patients contains, on average, an in-
creased number of immunocytes.'*?® These comprise
mainly cells of the chronic immune response, such as
T cells,’¢ intraepithelial lymphocytes (IELs)" and
mast cells.'*'%?! However, isolated studies suggest
that a subgroup of IBS patients may also have a low-
grade acute inflammatory infiltrate (i.e. neutrophils)
in the colonic mucosa.'” One study indicates that this
low-grade inflammatory response can be detected in
roughly three-quarters of IBS patients.”® Increased
inflammatory cells, primarily mast cells, were found
to cluster particularly in the terminal ileum or right
colon." Based on the inflammatory profile, one study

Table 6.1 Putative causes and consequences of mucosal immune activation in IBS

Identified and putative

Mediators and cellular Cellular targets and

Clinical setting causes Immune activation source consequences

Postinfectious IBS Campylobacter, T cells, IEL, IL-1B8 (macrophages) Epithelial cells
Salmonella, Shigella, macrophages (T permeability,
other T secretion),

Unspecified IBS Genetic factors, stress,

bile acid malabsorption, (CD25%), IEL,
abnormal microflora, macrophages,
unrecognized food allergies neutrophils

Mast cells, T cells

ENS (abnormal
secretomotor reflexes),

Tryptase (mast cells),

histamine {(mast cells), iINOS

{macrophages) 4 IL-10 (T cells) primary sensory
afferents (visceral
hypersensitivity)

ENS, enteric nervous system; IEL, intraepithelial lymphocytes; IL, interieukin; iNOS, inducible nitric oxide synthase.
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suggests that IBS patients should be grouped into those
(about 50% of patients) with a predominant T-cell
(CD3*) component and those with additional evidence
of increased mast cells and neutrophils (about 40%).
Whether these two categories have significant implica-
tions for clinical or pathophysiological aspects has yet
to be determined. On the other hand, it is interesting
to note that about 10% of patients fulfilling the Rome
criteria for IBS showed the typical mucosal abnormali-
ties of lymphocytic colitis,'® indicating that symptom-

based criteria alone are insufficient to identify this .

particular form of organic bowel disease. Postinfec-
tious IBS is an established cause of low-grade inflam-
mation in at least a proportion of IBS patients. In one
study, rectal inflammatory cells remained increased in
patients who developed chronic IBS symptoms after
acute gastroenteritis, whereas these cells normalized in
asymptomatic patients.”? However, recent data in pa-
tients with Campylobacter infection demonstrate also
that asymptomatic patients may not return to normal
rectal lamina propria T cells 3 months after infection.?
Increased rectal IELs have been reported for 3 months,
and in some cases up to 1 year, after infection with
Campylobacter.”

The identification of features of immune activation
and specific mediator release may be of importance in
understanding the mechanisms underlying disturbed
neuromotor function in IBS (Table 6.1). Increased
expression of CD25, a marker of T-cell activation, has
been described recently in the colonic mucosa in IBS.'
Although this is probably correlated with increased
T-cell cytokine production, this has yet to be studied
in IBS. On the other hand, increased expression of the
proinflammatory cytokine interleukin (IL)-1B has
been shown in the rectal mucosa of postinfectious IBS
patients.” The source of IL-1B in the rectal mucosa in
this condition remains undetermined. However, newly
recruited calprotectin-positive macrophages are likely
candidates.” These findings are of importance in the
light of the demonstration that impairment of enteric
nerve function in the Trichinella spiralis model of in-
testinal inflammation is macrophage-dependent.”
Furthermore, IL-1f, like other proinflammatory cy-
tokines (e.g. IL-6 and tumor necrosis factor-a), has
been implicated in the generation of visceral hyperal-
gesia, presumably by the direct activation of sensory
nerve endings.” Macrophages are also an important

source of nitric oxide,” which may perturb gastroin-
testinal function® and contribute to prolonged visceral
hyperalgesia.”® Preliminary studies suggest that the
inducible isoform of nitric oxide synthase is increased
in the colonic mucosa of non-specific IBS, and that its
increase is'associated with stressful life events.*

A number of considerations lead to the hypothesis
that mast cells play a role in the altered sensorimotor
function observed in patients with IBS.>! In addition
to the increased number of mast cells detectable in
the colonic'#'*and ileal* mucosa of IBS patients, mast
cells lie in close proximity to mucosal innervation in
the human intestine.’>*® Furthermore, animal studies
indicate that mast cell activation increases the excit-
ability of enteric*** and primary afferent neurons,*
leading to visceral hypersensitivity’”” and abnormal
gut motor function.”® We have recently demonstrated
ultrastructural features of increased mast cell activa-
tion in the colonic mucosa of IBS patients (Fig. 6.2).'
Accordingly, mast cells released an increased amount of
specific mediators, including tryptase and histamine.'
It is known that mast cell tryptase, which signals to cells
via proteinase-activated receptors (PARs),* induces
activation of the subtype PAR-2 located on enteric
nerves and visceral afferents, evoking neuronal hyper-
excitability.>**% In addition to tryptase, histamine can
also activate visceral afferents® and enteric neurons*
binding to histamine-1 (H)} or H, receptors.**
Taken together, these data indicate that tryptase and
histamine are candidate mediators for disturbed gut
sensorimotor function in IBS.

Correlation between clinical features and
immunopathology

A few studies have attempted a correlation between
patients’ clinical features and immunopathological
findings (Table 6.2). The increase in colonic IELs was
more pronounced in patients with long-lasting disease
(more than 5 years) and in younger patients (under
35 years). These age-dependent changes appeared
to be specific for IBS since they were not identified
in healthy controls. Conversely, the type of onset of
IBS symptoms, i.e. acute (suggestive of an infective
origin) versus gradual onset, was not correlated to IEL
numbers." One recent study demonstrated that some
mucosal immunological features of IBS are gender-
dependent. Accordingly, the number of CD8* T cells
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Fig. 6.2 Electron micrograph showing the typical appearance
of a degranulating (arrowheads) mast cell (MC) close (<5 pm)
to a nerve fiber (arrows) in the colonic mucosa of an IBS
patient. Calibration bar = 5 pm. Reproduced with permission
from reference 16.

in the colonic mucosa of IBS patients was higher in
males than in females. Conversely, the number of
mast cells was higher in female than in male patients.'®
These findings are in line with the well-known data
showing that the immune system is different in males
and females* and with the described influence of
gonadal steroids in these gender-related differences.*
This feature is relevant because of the documented
gender-related differences in IBS pathophysiology and
symptormn referral.*

Concerning bowel habit, patients with diarrhea-
predominant IBS showed an increased number of
IELs and CD3* T cells compared with patients with
constipation-predominant IBS. In contrast, mast cell
numbers were higher in constipated IBS patients in
one study,’” whereas they were similarly increased in
both constipation- and diarrhea-predominant IBS pa-
tients in another study.’® It is not known why increased
mast cells may be involved in such contrasting bowel
habit. Although mastocytosis is often accompanied
by diarrhea, due to increased neuronal secretomotor
function,* mast cells may also evoke enteric neuron
functional impairment in constipated patients due to

erratic contractile colonic motor activity, which de-
lays colonic transit. Colonic mast cells have also been
implicated in the pathophysiology of abdominal pain
perception in IBS.” In this line, we demonstrated that
both severity and frequency of perceived abdominal
painful sensations were correlated with the presence of
activated mast cells in proximity to nerve endings in the
colonic mucosa (Fig. 6.3).'

Putative causes of immune activation
Previous infectious enteritis is now a recognized
etiological factor in IBS (see Chapter 15) and the
cause of immune cell infiltration and activation in the
rectal mucosa in at least a subgroup of IBS patients
(Table 6.1).7

At present there is limited evidence for genetic predis-
position to IBS.*-*° However, large-scale testing showed
abnormalities of genes controlling down-regulation
(i.e. IL-10 and transforming growth factor-B, alleles
and genotype frequencies) of inflammation in IBS.*

Allergic reactions to foods and to other luminal anti-
gens evoke inflammatory cell infiltration (i.e. mast cells
and eosinophils) and activation in the gastrointestinal
mucosa.’®>* Food allergies continue to be a confound-
ing factor in IBS because of the lack of sensitivity and
specificity of diagnostic tests.>*

Stress is believed to contribute to patients’ consulta-
tions and probably to visceral hypersensitivity and gut
motor dysfunction in IBS." It is still debatable whether
stress alone is a cause of low-grade inflammation in the

Table 6.2 Association between clinical features and
immunopathological findings in IBS

Clinical features Immune activation

Age (<35 years) |IEL
Gender
Female Mast cells
Male Mast cells, CD8* T cells
Disease duration (>5 years) IEL
Bowel habit
Diarrhea |EL, CD3*, mast cells

Constipation Mast cells

Abdominal pain Mast cells in proximity to ENS

IEL, intraepithelial lymphocytes.
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Abdominal pain severity score
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Fig. 6.3 Correlation between severity (a) and frequency (b) of
abdominal pain and the number of mast cells per field located
within 5 um of nerves in the colonic mucosa of patients with

bowel. However, stress may contribute to the increased
activation of mucosal inflammatory cells, especially
mast cells. Stress-induced release of corticotropin-re-
leasing factor (CRF) may be responsible for mast cell
activation and mediator release. In support of these
data, recent experimental work has shown that acute
stress modulates mast cell histamine content in the gas-
trointestinal tract via IL-1 and CRF release in rats.” This
is of particular relevance since CRF infusion in IBS pa-
tients evokes an exaggerated colonic motor response.>
Preliminary data suggest that stressful life events are as-
sociated with increased inducible nitric oxide synthase
expression in colonic biopsies.*® Furthermore, nerves
may also play a role in the activation of mucosal mast
cells in IBS. We have demonstrated an increased rate
of degranulation of mast cells that are close to colonic
nerves in IBS, suggesting that neuropeptides (e.g. sub-
stance P, calcitonin gene-related peptide) or NGF may
participate in the increased rate of degranulation.’

Abdominal frequency score
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Number of mast cells < 5 pm from nerves

irritable bowel syndrome (r = 0.75, P = 0.001 and r = 0.70,
P = 0:003, respectively). Reproduced with permission from
reference 16.

Another putative mechanism that may play a role
in low-grade inflammation in IBS relates to bile acid
malabsorption, which has been shown to occur in
some IBS patients.”” Bile acids may irritate the ileal and
colonic mucosa. It is probable that abnormalities of
enteric microflora represent luminal irritants involved
in excessive stimulation of gut lymphoid tissue (G Bar-
bara and R De Giorgio, unpublished observations) and
play a role in IBS pathogenesis.®® However, confirma-
tory studies are awaited.

inflammatory neuropathies of the
enteric nervous system

Pathological and clinical features

In addition to the intrinsic and extrinsic nerves sup-
plying the gastrointestinal mucosa, enteric ganglia may
be a target of inflammatory/autoimmune reactions.
These forms of enteric neuropathy, also referred to

Key points

1 Commonest lesion is inflamation of myenteric
plexus.

2 Cellular infiltrate may be lymphocytic or
eosinophilic.

3 Associated loss of ganglion cell bodies.

4 Ganglionitis may be primary or secondary to
other diseases.

5 Antineuronal antibodies may disrupt normal
function by blocking neurotransmission.
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as enteric ganglionitis or plexitis, are characterized by
a dense and composite inflammatory infiltrate of lym-
phocytes, plasma cells, monocytes and other elements
located within myenteric (Auerbach’s) and/or submu-
cosal (Meissner’s) ganglia/plexuses and/or throughout
the axonal processes supplying the alimentary tract. >
Myenteric ganglia appear to be more commonly in-
volved than submucosal ganglia, raising the interesting
hypothesis that myenteric neurons express peculiar
constitutive antigens that are preferentially targeted by
the immune system. Furthermore, the inflammatory/
immune infiltrate within enteric ganglia is commonly
associated with neuronal degeneration up to complete
loss of neurons (i.e. acquired aganglionosis).”> As a
result, the inflammatory/autoimmune injury to the
enteric ganglionated plexuses and nerves causes gut
dysfunction, including dysmotility and delayed transit,
at any level of the gastrointestinal tract. Depending on
the segment involved by the inflammatory neuropa-
thy, clinical manifestations range from achalasia (or
esophageal and lower esophageal sphincter dysmotil-
ity)** and gastroparesis®® up to intestinal pseudo-ob-
struction, colonic inertia and/or megacolon, 5636577071

Enteric ganglionitis can be classified into primary
and secondary forms. The former are also termed ‘idi-
opathic’ as the search for underlying disorders respon-
sible for inflammatory changes of the ENS is negative
(Table 6.3).6%¢56772 The latter, in contrast, can occur in
the context of a variety of diseases listed in Table 6.4.
Primary and secondary ganglionitis do not appear to
differ histopathologically (e.g. inflammatory infiltrate
within enteric ganglia) and clinical manifestations
(e.g. severe dysmotility syndromes).”” Both primary
and secondary forms of enteric inflammatory neu-
ropathies are rarely encountered in clinical practice.
Nevertheless, there is renewed interest for these condi-
tions for at least two reasons: (i) ganglionitis and/or
axonitis is a peculiar form because of the selectivity
of the immune reaction against the ENS, which opens
new perspectives to better understand mechanisms of
neurodegeneration; and (ii) early diagnosis of a mo-
tility disorder related to an underlying ganglionitis/
axonitis is important because it may allow appropriate
immunosuppressive treatment, which often results in
a significant amelioration of patients’ clinical condi-
tion.

Table 6.3 Idiopathic enteric ganglionitis: clinical and pathological findings

Dysmotility type Pathology

Inflammatory infiltrate

Four female patients with CIPO”

One female and one male patient with
CIPOS?

One male patient with gastroparesis®>

Two female patients with colonic inertia
and megacolon; one male with CIPOS

Three female patients with CIPO”?

Lymphoid infiltrate in the lamina propria,
muscularis propria and myenteric plexuses;
absence of neuromuscular degeneration

Enteric ganglionitis (mainly myenteric) with

neurodegeneration up to aganglionosis in
both cases

Enteric ganglionitis (mainly myenteric) with

neurodegeneration and reduced
SP-containing nerves in the muscularis
propria

Enteric ganglionitis (mainly myenteric) with

neurodegeneration up to aganglionosis in
all cases

Enteric ganglionitis (mainly myenteric)
without overt neurodegeneration in each
case

Polyclonal T and B lymphocytes

Predominance of T cells (with CD4* and
CD8*)

Predominance of T cells (with CD4* and
CD8*)

Predominance of T cells (with CD4* and
CD8*)

Predominance of eosinophilic infiltrate

CIPO, chronic intestinal pseudo-obstruction.
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Type of disease Example

Table 6.4 Diseases associated
with enteric ganglionitis. CNS,

Paraneoplastic

Infectious

Autoimmune disorders of the CNS
Connective tissue disorders Scleroderma

Immune-mediated disorders of the
gastrointestinal tract

Small cell lung carcinoma; lung carcinoid;
neuroblastoma; thymoma
Chagas’ disease; CMV infection

central nervous system; CMV,
cytomegalovirus; IBD, inflammatory
bowel disease

Encephalomyeloneuropathy.

IBD (ulcerative colitis and Crohn’s disease)

Although enteric ganglionitis is a condition usually
associated with severe gut disorders, recent findings
raise the possibility that ENS inflammation underlies
the wide spectrum of gut sensorimotor abnormali-
ties.>"7>7* In this respect, a minimal inflammatory in-
filtrate (mainly composed of lymphocytes) was found
in the myenteric plexus of full-thickness jejunal speci-
mens collected from patients with severe IBS.”” Further
research in this field is now awaited. Whether the sever-
ity of immune response within enteric ganglia or other
factors (e.g. the individual genetic background influ-
encing the immune system) are relevant for clinical
phenotypes (IBS/functional syndromes versus severe
abnormalities of gut motility) remains unresolved.

Cellular mechanisms

Two major histopathological forms of enteric gan-
glionitis have been described, the lymphocytic and the
eosinophilic type. Both these pathological entities have
been mainly identified in patients with severe abnor-
malities of gut motility.

Lymphocytic ganglionitis

The immunohistochemical examination of cases with
this type of ganglionitis shows a significant compo-
nent of CD3* T lymphocytes surrounding ganglion
cell bodies that are mainly confined within the my-
enteric plexus (i.e. myenteric lymphocytic ganglio-
nitis). The vast majority of these T cells belong to the
T-helper (CD4*) and T-cytotoxic/suppressor (CD8*)
subclasses of lymphocytes and are distributed with a
similar ratio (1:1 instead of the normal 2:1) (Fig. 6.4),
implying a predominant T-cytotoxic activity that
probably targets constitutively present proteins or
de novo-expressed antigens on the surface of enteric

neurons.®$3656771 The presence of a prominent com-
ponent of T-cytotoxic cells has been also reported by
Clark and colleagues in specimens from patients with
achalasia related to ganglionitis.” The infiltration of
T cells detected in cases of lymphocytic ganglionitis
is accompanied, although to a lesser extent, by other
immunocytes, including CD790-expressing cells, in-
dicating the presence of mature B lymphocytes.*>¢7!
The role of B lymphocytes is far from being elucidated.
However, the evidence of circulating antineuronal an-
tibodies in patients with enteric ganglionitis provides
a conceptual basis that supports the idea that these
lymphocytes contribute to the immune response by
synthesizing and releasing immunoglobulins directed
against antigens expressed by enteric neurons (see also
below: Humoral mechanisms: antineuronal antibod-
ies). Furthermore, other immunocytes that have been
occasionally reported in cases of lymphocytic ganglio-
nitis include CD68* cells, whose role, however, is still
unclear.

The molecular mechanisms leading to immune
cell recruitment within enteric plexuses in cases of
lymphocytic ganglionitis are not fully clarified. As we
will discuss below, the expression of de novo antigens,
changes in the molecular structure of proteins brought
about by infectious agents, molecular mimicry, and
loss of self versus not-self function by the immune
system may all be claimed as potential factors trig-
gering an immune/inflammatory response within en-
teric ganglia. In addition to these putative mechanisms,
chemokines, whose expression can be modulated by
the inflammatory process during ganglionitis, may
play an important role in facilitating the movement
of lymphocytes into enteric ganglia. In an attempt
to identify a role for chemokines, we investigated
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Fig. 6.4 Micrograph showing a dense population of CD4*

(a) and CD8* (b) T lymphocytes (red-brown color) widely
dispersed throughout myenteric neurons (arrows) of the left
colon of a 20-year-old man with chronic idiopathic pseudo-
obstruction. Alkaline phosphatase anti-alkaline phosphatase
immunohistochemistry. Calibration bar = 25 um. c.m., circular
muscle. l.m., longitudinal muscle. Reproduced with permission
from reference 67.

the expression of RANTES (regulated upon activa-
tion normal T-cell-expressed and secreted), MCP-1
(monocyte chemoattractant protein-1) and MIP-1a.,
(macrophage inflammatory protein-la) either in
small bowel or colonic specimens obtained from pa-
tients with idiopathic lymphocytic ganglionitis, and
found that only MIP-10o was detected in immune cells
and in neuronal and non-neuronal cells within en-
teric ganglia.”” The evidence that MIP-1a is expressed
within enteric ganglia supports the concept of active
recruitment of immune cells (mainly T lymphocytes)
into the enteric neuronal microenvironment in inflam-
matory neuropathies.’

Eosinophilic ganglionitis

This form of ganglionitis has recently been reported in
studies in humans and laboratory animals. Schiappiand
colleagues were the first to demonstrate an inflamma-
tory neuropathy characterized by a prominent infiltra-
tion of eosinophils in enteric ganglia of three children
with functional intestinal obstruction.” In one of these
cases there was intense neuronal expression of IL-5, a
molecule able to exert a powerful chemoattractive ef-
fect on eosinophils, suggesting active recruitment of
these cells into the ENS microenvironment. In contrast
to lymphocytic ganglionitis, the eosinophilic form
does not appear to be associated with neuronal cell
damage, indicating that eosinophils evoke neuronal
dysfunction rather than degeneration. In agreement
with these observations, we have recently observed a
similar histopathological pattern in an adult patient
with an Ogilvie’s syndrome (or acute colonic pseudo-
obstruction) (G Barbara and R De Giorgio, unpub-
lished) (Fig. 6.5).

Data on animal models of gut inflammation con-
firm the general features of eosinophilic ganglionitis
in humans and provide a basis for better understand-
ing of how granulocytes (mainly eosinophils and neu-
trophils) alter enteric neuron function. Bogers and
colleagues infected mice with Schistosoma mansoni,
a nematode known to evoke mucosal ileitis, granulo-
mas and diffuse inflammation of the neuromuscular
layer with eosinophilic and neutrophilic ganglionitis
of the myenteric plexus.” Like the patients previously
described, infected mice bearing eosinophilic gan-
glionitis did not show significant neurodegeneration,
as reflected by the low number of apoptotic neuronal
cells found in this experimental model. These data
are of considerable importance because they describe
one of the few available models of experimental
eosinophilic ganglionitis, which may be useful in elu-
cidating the mechanisms leading to enteric neuron
dysfunction.

Humoral mechanisms: antineuronal
antibodies

In addition to the activation of immunocytes, patients
with inflammatory neuropathies develop a significant
humoral response with a wide array of circulating an-
tineuronal antibodies. These autoantibodies, which may
be identified in cases of idiopathic and secondary (e.g.
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paraneoplastic syndrome) lymphocytic ganglionitis,
target different antigens expressed by enteric neurons.
Whether antineuronal antibodies have a pathogenetic
role in ENS damage is still debated (see below). Howev-
er, their detection is nowadays considered useful in the
diagnosis of gut dysmotility associated with underlying
ganglionitis. %67%%% Since enteric ganglia are protected
by a blood—enteric barrier, which shares similarities
with the blood-brain barrier, it is questionable how
circulating antibodies can get into an environment
as sheltered as that of the ENS. The answer to this is
unknown, although it may be suggested that the activa-
tion of the immune system results in disruption of the
blood—enteric barrier, which facilitates entry of the im-
munocytes into the ENS microenvironment. This pos-
sibility is supported by the histopathological findings in
enteric ganglionitis. Thus, the alteration or loss of the
blood—enteric barrier makes it possible that specific
antineuronal antibodies may reach their targets.”
Antineuronal antibodies are directed against a
variety of molecules expressed by central and enteric
neurons, including the RNA-binding protein Hu (anti-
Hu, also called type-1 antineuronal nuclear antibodies,
ANNA-1), Yo protein (an antibody targeting a Purkinje
cell cytoplasmic antigen), P/Q- and N-type Ca** chan-
nels, and ganglionic type nicotinic acetylcholine recep-
tors.® These antineuronal antibodies can be found in
the sera of patients with gut motor disorders associated

Fig. 6.5 Representative
photomicrograph of a case of
eosinophilic ganglionitis. The patient
was a 60-year-old man operated on for
an acute intestinal pseudo-obstruction
(Ogilvie’s syndrome). Note that the
inflammatory infiltrate within the
myenteric plexus of the right colon
was mainly composed of eosinophilic
granulocytes. Hematoxylin—eosin
staining. Original magnification, x200.

with paraneoplastic syndromes, although they can also
be identified in cases of idiopathic ganglionitis®*¢” and
dysautonomia.®

The Hu antibodies, which include immunoglobulin
(Ig) Gbindingseveral molecules of the Hu family (HuC,
HuD, HuR and Hel-N1), are the most common type of
antineuronal antibody identified in enteric ganglioni-
tis.®28 The Hu antigens are RNA-binding proteins that
share sequence homology with the embryonic-lethal
abnormal vision (ELAV) proteins of Drosophila. The
ELAV/Hu proteins have an important role in neuronal
development, maintenance and survival,* and there-
fore their inhibition by specific autoantibodies may
lead to degeneration and loss in several types of central
and peripheral neurons, including the ENS. It has been
suggested recently that interaction between IgGs and
the Hu system of enteric neurons determines the neu-
ronal degeneration that accompanies gut dysmotility
in paraneoplastic syndromes.

In addition to anti-Hu, autoantibodies directed
against anti-voltage-gated Ca®* channels (mainly P/
Q- and N-type) can be detected in patients with Lam-
bert—-Eaton myasthenic syndrome related to small-cell
lung carcinoma.®*® In addition, the anti-N-type Ca?*
channel antibodies may evoke dysfunction of the ENS
in patients with paraneoplastic dismotility.®58!

Antiganglionic acetylcholine receptor antibodies
have been identified in patients with idiopathic or
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secondary (including paraneoplastic syndrome asso-
ciated with thymomas or small cell lung carcinoma)
dysautonomic diseases with gastrointestinal involve-
ment.* Vernino and colleagues® found antiganglionic
acetylcholine receptor antibodies in 16% of patients
with dysautonomia, whereas 4% of these cases had
autoantibodies blocking receptor function. The titers
of these autoantibodies correlated with the severity of
autonomic dysfunction, and the decrease or disappear-
ance of the circulating antibodies was associated with
the improvement of autonomic function. Interference
of these antibodies with nicotinic receptors leads to
functional impairment of ENS reflexes, thus contribut-
ing to the pathogenesis of gastrointestinal dysmotility
and related symptoms.®

Anti-Yo antibodies have been 1dent1ﬁed in patients
with paraneoplastic cerebellar degeneration related
to gynecological or breast cancer. Anti-Yo antibodies
have also been detected in rare cases of paraneoplas-
tic gastrointestinal dysmotility as a manifestation of
ovarian carcinoma.® The molecular target of these au-
toantibodies is the Yo antigen, which has recently been
redefined as cerebellar-degeneration-related (cdr) pro-
tein. The Yo/cdr is a transduction signal protein which
inhibits c-myc transcriptional activity. Therefore,
abrogation of Yo/cdr function may evoke neuronal
degeneration via the activation of apoptosis.”’

In addition to the examples described above, in
which circulating antineuronal antibodies with de-
fined molecular targets appear to contribute to neu-
ronal dysfunction, it is likely that antisera directed
against neuronal proteins may also occur as a result of
neuronal degeneration in patients with enteric gangli-
onitis.®#

Finally, non-selective, functionally active autoanti-
bodies directed to type-3 muscarinic receptor (M3),
which can be expressed by different tissues, including
the lacrimal and salivary glands, bladder detrusor and
intestinal smooth muscle as well as enteric neurons,
have been identified in patients with gastrointestinal
symptoms related to scleroderma and Sjogren’s syn-
drome.?°

Functional role of antineuronal antibodies
in motility disorders

Antineuronal antibodies may have a direct role in
disturbing gastrointestinal motility. Early findings

indicated that purified anti-Hu/ANNA-1 antibodies
from patients with paraneoplastic dysmotility af-
fected the peristaltic reflex via a selective alteration of
the ascending excitatory pathways.®' Recent data from
our laboratory indicated that sera of patients with high
titers of anti-Hu antibodies induced apoptosis in vitro
when exposed either to the SH-Sy5Y neuroblastoma
cell line or to isolated myenteric neurons.”? Apoptosis
in both neuroblastoma cells and enteric neurons was
associated with the expression of activated pro-apop-
totic messengers, including caspase-3 and apaf-1, sug-
gesting that anti-Hu antibodies may affect directly the
intrinsic innervation of the gut via mitochondria-de-
pendent or -independent mechanisms. This immune-
mediated neuronal dysfunction may contribute to gut
motility disorders in several clinical settings, including
paraneoplastic syndromes. The evidence that anti-Hu
antibodies evokes neuronal apoptosis in vitro does not
necessarily imply that this event invariably occurs in
vivo. However, it is conceivable that disruption of the
enteric microenvironment, for example as a result of
immune cross-reactivity between tumoral antigens
and neuronal proteins in paraneoplastic syndromes
(see below, Molecular mimicry), may allow autoan-
tibodies to target enteric neurons at any level of the
alimentary tract.

Other in vitro studies support the concept that an-
tineuronal antibodies are functionally significant. For
instance, sera of patients with circulating antibodies
reduce the neuromuscular function of rat intestinal
muscle strips.”® Similarly, Goldblatt and colleagues®
showed that the anti-M3 antibodies found in patients
with scleroderma and Sjégren’s syndrome are function-
ally active and responsible for gut dysmotility via direct
inhibition of enteric cholinergic neurotransmission.
Interestingly, the sera of these patients had no effect on
tachykinergic neurotransmission mediated via neuro-
kinin receptors. Both M3 stimulation and neurokinin
receptor stimulation were dependent on activation of
L-type voltage-gated Ca?* channels, and had specific in-
teraction with muscarinic receptors.” Recently, Lennon
and colleagues devised an in vivo experimental model
of acquired neuronal nicotinic acetylcholine receptor
disorder in which rabbits immunized against the o,
subunit develop signs related to severe dysautonomia,
with impairment of gastrointestinal motility, dilated
pupils with abnormal reflex to light, and urinary bladder
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dysfunction. These data are of clinical relevance because
they emerge as a paradigm for paraneoplastic neurologi-
cal autoimmunity observed in patients with small-cell
lung carcinoma and circulating antibodies to ganglionic
nicotinic acetylcholine receptors.*

Taken together, these data support the concept
that antineuronal antibodies may impair gut motility
directly as a consequence of direct abrogation of the
function of key molecules, G-protein-coupled recep-
tors and channels.

Putative pathogenetic mechanisms
leading to enteric ganglionitis

Several mechanisms are claimed to play a pathogenetic
role in enteric ganglionitis {Table 6.5). For the sake of
clarity, it is important to point out that these mecha-
nisms apply to the case of lymphocytic ganglionitis,
whereas the recruitment of eosinophils into enteric
ganglia remains poorly understood. Perhaps each of
the mechanisms underlying lymphocytic ganglionitis
may be associated with a specific clinical setting. In
this context, we suggest that viral antigens expressed by
infected enteric neurons may be related to idiopathic
cases of ganglionitis; damage of enteric glia is possibly

Table 6.5 Putative mechanisms leading to enteric ganglionitis

Mechanism Example

Viral infection (herpes virus,
cytomegalovirus)

De novo expression of
antigens in the ENS

Disruption of ENS
microenvironment

Glial cell damage

Immune cross-reactivity to
onconeural proteins {e.g.
paraneoplastic syndromes)
or sequence homology
with antigens expressed
by exogenous noxae (e.g.
Trypanosoma cruzi)

Molecular mimicry

Autoimmune aggression to Loss of self vs not-self

CNS/ENS neurons recognition from the

immune system

CNS, central nervous system; ENS, enteric nervous system.

associated with the ganglionitis found in some cases of
IBD; molecular mimicry is relevant to ganglionitis in
paraneoplastic syndromes and in patients affected by
Chagas’ disease; finally, autoimmunity may target both
central and enteric neurons as a result of the loss of im-
munological tolerance against self-antigens.

De novo expression of antigens in the ENS

This mechanism is based on the ability of some infec-
tious agents (i.e. neurotropic viruses) to have their
antigens expressed by infected enteric neurons. The de
novo expression of viral antigens may elicit an immune
response leading to ganglionitis.

Several types of neurotropic viruses have been as-
sociated with gut dysmotility through an intragangli-
onic immune response secondary to the infection of
enteric neurons.”* Robertson and colleagues” used
in situ hybridization histochemistry in esophageal
specimens of patients with achalasia to test the pres-
ence of DNA viruses, including herpes simplex type 1,
cytomegalovirus and varicella zoster. Varicella zoster
DNA was found in three out of nine of the patients
investigated. The DNA of the other two viruses was
never detected. The way in which the varicella zoster
virus determines neuronal degeneration and loss in the
esophagus remains poorly understood. Recently, both
latent and lytic infections of varicella zoster have been
demonstrated to occur in isolated guinea-pig enteric
neurons,” implying that this rather common virus
may also have a pathogenetic role in inflammatory
neuropathies affecting the small bowel. Debinski and
colleagues used the polymerase chain reaction to assay
viral DNA in specimens of the small and large intestine
of 13 patients with chronic idiopathic pseudo-ob-
struction.” Viral DNA was identified in three patients:
two were positive for Epstein—Barr virus and one for
cytomegalovirus. Interestingly, the case who turned
out to be positive for Epstein—Barr virus ¢cDNA in
myenteric neurons showed histopathological features
of ganglionitis.” Finally, Sonsino and colleagues de-
scribed a case of chronic idiopathic pseudo-obstruc-
tion associated with cytomegalovirus infection of the
myenteric plexus.'®

Disruption of ENS microenvironment
As mentioned previously, the ENS is sheltered by a
blood-enteric barrier which prevents damage of neural
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cells by exogenous noxious agents. Glial cells are among
the key players in this protective system. Indeed, enteric
glia, the astrocyte-like cells wrapping around neural
elements of the gut, exert a critical role in ENS mainte-
nance and survival. In vitro studies have demonstrated
that primary cultures of enteric glial cells are actively
stimulated by proinflammatory cytokines, as reflected
by c-fos mRNA expression,' and that these cells can
synthesize and release IL-6 after IL-1[} stimulation.'®
Remarkably, mice with selective ablation of enteric glia
develop severe enteritis with a dense inflammatory in-
filtrate localized mainly in the mucosa, but also in the
muscularis externa.''” The reduction in glial cells is
associated with a progressive decrease in the neuronal
population.'®'* According to these results, it is pos-
sible to postulate that, at least in some cases, changes
in enteric neurons may be secondary to disruption of
enteric glia.

Molecular mimicry

Chagas’ disease, the parasitic infection induced by
Trypanosoma cruzi, and paraneoplastic syndromes are
disorders in which ganglionitis may occur as a conse-
quence of a molecular mimicry.

The gastrointestinal tract is affected in cases of
paraneoplastic syndromes related to small-cell lung
carcinoma, thymoma and gynecological and breast
tumors.>**49861% The reasons for an immune response
directed against the ENS in the context of paraneoplas-
tic syndrome remain largely undefined, although it is
likely that onconeural antigens (i.e. proteins shared by
tumor cells and enteric neurons) represent the trigger
leading to both antineuronal antibody generation
and inflammatory/immune infiltrate within enteric
ganglia.®? Typical target molecules of paraneoplastic
syndromes with gastrointestinal involvement are the
Hu and Yo (or c¢dr2) proteins, along with transmitter
G-protein-coupled receptors and channels (see above,
Functional role of antineuronal antibodies in motility
disorders).

Trypanosoma cruzi, a parasite transmitted to hu-
mans by triatomine insects (beetles of the family
Reduviidae, the kissing bugs), is responsible for Cha-
gas’ disease, which is an endemic disorder in South
America, especially Brazil.!®'® [n addition to cardiac
and urinary system involvement, patients with Chagas’
disease often demonstrate severe motor dysfunction

of the gastrointestinal tract. Gut abnormalities such
as achalasia (mega-esophagus), megaduodenum and
megacolon and involvement of extrahepatic biliary
tract represent possible end-stages of the progressive
degeneration and loss of the intrinsic innervation of
the digestive system.,!0¢-1%

The underlying enteric ganglionitis is probably the
result of molecular mimicry leading to immune cross-
reactivity between the parasite and enteric neurons.
In particular, the Trypanosoma cruzi flagellar antigen
Fl-160, a 160-kDa surface protein, mimics a 48-kDa
protein expressed by mammalian axons and myenteric
neurons.'” The immune-mediated damage contrib-
utes to the complete loss of enteric neurons, leading to
acquired aganglionosis, an extreme condition in many
ways identical to that documented in idiopathic cases
of progressive enteric ganglionitis.

Autoimmune aggression against CNS/ENS
neurons

This mechanism has been postulated to occur in cases
of CNS involvement (e.g. encephalomyeloneuropathy)
with extension to the ENS. Indeed, the interesting
report of Horoupian and colleagues dates back to
the early 1980s, describing the case of a patient with
concomitant disease of the CNS who developed severe
gut dysmotility as a consequence of a florid lympho-
plasmacellular infiltrate to the enteric ganglia.''® The
presumed pathogenesis was ascribed by the authors
to a possible autoimmune disorder that targeted both
central and enteric neurons. Since the CNS and ENS
share embryological, morphological, neurochemical
and functional features,'"'='™ it is likely that underly-
ing autoimmune aggression, due to loss of self versus
not-self function, may lead to central and enteric
neurodegeneration. Further research is need to clarify
the occurrence of pure autoimmune mechanisms in
patients with enteric ganglionitis.

Conclusions

Increasing evidence indicates the relevance of neu-
roimmune interactions in the pathogenesis of dis-
turbed sensory and motor function of the gut. This
occurs as a result of the effects induced by a number
of mediators on the structure and function of the
intrinsic and extrinsic sensory neural network. Al-
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though the spectrum of clinical conditions related to
activation of an inflammatory/immune response is
rather wide, a low-grade inflammation targeting nerve
processes of the mucosa is usually associated with mild
diseases, such as IBS. In contrast, inflammatory-medi-
ated damage of the ENS is more commonly linked
to severe disorders characterized by motility failure.
Understanding the mechanisms of this neuroimmune
crosstalk will help to better define the pathophysiology
of these syndromes and foster new pharmacological

targets for the better management of patients with gut,

sensorimotor abnormalities. Evidence of a biological
basis underlying at least subsets of functional gastroin-
testinal disorders is emerging, with basic and clinical
implications.
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CHAPTER 7

Stress and the Gut:

Central Influences

Heng Y Wong and Lin Chang

Introduction

Stress is an inevitable component of life that threatens
an organism’s state of well-being. From a teleological
viewpoint, the ability to respond appropriately to stress
underpins the ability of an organism to adapt to its
environment and survive. Examples include the ability
to respond quickly to the threat of a predator, which
determines an animal’s survival and is the basis of the
‘fight or flight’ response; the rapid expulsion of noxious

visceral contents, which aids in the removal of an inter-
nal stressor; and stress-induced arousal as an adaptive
mechanism that allows an organism to detect subtle
changes in a hostile environment. However, in many
functional disorders it is the inappropriate reaction to
stressors that gives rise to pathological states.

Stress encompasses a diverse range of stimuli and
may be physical or psychological. Physical stress acts
peripherally and may be external (exteroceptive), as in
the case of somatic pain, or internal (interoceptive),

Key points

1 The emotional motor system (EMS) comprises
the amygdala, hypothalamus and periaqueductal
gray.

2 The EMS is a central network involved in the
coordination of autonomic, neuroendocrine and
pain modulatory outputs to the gut in response to
physical and psychological stressors.

3 Psychological stress, particularly early life stress,
may play a role in an individual’s susceptibility to
developing functional gastrointestinal disorders
(FGID) by altering the subsequent expression of
noradrenergic and serotonergic systems, and the
hypothalamic—pituitary—adrenal axis.

4 Physical and/or psychological stress also plays a
role in the exacerbation of symptoms in FGID.

5 Activation of central stress circuits within the
EMS contributes to stress-enhanced visceral
hyperalgesia, gut motility and mucosal
inflammation.

6 Physical and psychological stress can enhance gut
pain perception, motility and immune function
in health and in FGID.

7 Altered activation of central stress circuits,
particularly in the periaqueductal gray and
anterior cingulate cortex, may play a role in the
pathophysiology of FGID.

8 The effects of stress on the gut are mediated
by a number of neurotransmitters, including
norepinephrine, serotonin and corticotropin
releasing factor.

9 Non-gastrointestinal chronic stress-sensitive pain
disorders often coexist with FGID and may share
common alterations of central stress circuits.

10 Subregions of an anatomically defined area of the
brain (e.g. anterior cingulate cortex) may be very
different functionally, and care must be taken in
interpreting functional brain imaging studies.
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as in the example of an endotoxin in or trauma to the
gastrointestinal tract. On the other hand, psychological
stress, considered a form of exteroceptive stress, medi-
ates its effects centrally.

The central influence of stress on the gastrointes-
tinal tract is manifold. Firstly, the central perception
of a visceral event in the gastrointestinal tract and the
central control of motor activity and inflammation are
modulated by both physical and psychological stres-
sors. It is important to differentiate between acute and

chronic stress. Although individuals with functional

gastrointestinal disorders (FGID) may respond ab-
normally to an acute stressor, it is sustained or chronic
stressors that lead to long-lasting alterations of central
stress circuits. Secondly, early stressful life events are
increasingly recognized to be a risk factor for the devel-
opment of FGID. Lastly, shared central effects of stress
may explain similarities in the clinical features of FGID
and other chronic pain disorders such as fibromyalgia
and interstitial cystitis.

This chapter will focus primarily on central stress
circuits, the role of stress in the susceptibility and
development of FGID, stress-induced modulation
of gastrointestinal function (sensory, motor and

inflammatory) and the effect of stress on other chronic
pain disorders.

Central stress circuitry: emotional
motor system

Any discussion of the central effects of stress on the
gastrointestinal tract mandates a description of the
emotional motor system (EMS), a network of struc-
tures in the brain that are hypothesized to integrate
the autonomic, neuroendocrine and pain modulatory
responses (including those of the gastrointestinal tract)
to central stressors associated with anger, anxiety and
other emotions (Fig. 7.1). The EMS conceptualizes a
neurobiological basis of stress sensitivity in FGID."?
The EMS comprises the amygdala, hypothalamus
and periaqueductal gray (PAG), and receives input
from visceral and somatic afferents as well as corti-
cal structures, particularly subregions of the anterior
cingulate cortex (ACC) and medial prefrontal cortex.
Inputs from the prefrontal cortex are primarily inhibi-
tory. There are three parallel outputs of the EMS, the
autonomic, neuroendocrine and pain modulatory sys-
tems, and these are mediated by the pontomedullary

Life Vigilance Emotional feelings
events attention arousal Fig. 7.1 The functional role of the
' z emotional motor system (EMS). The EMS
receives and integrates inputs from both
exteroceptive and interoceptive stressors,
and its major outputs to the peripheral
Stress E—— EMS Fom— Stress are the autonomic, sensory modulatory

(exteroceptive)

®

! - "4
Epinep 1r|r1{t//

Autonomic Sensory
response modulation

N

Gl pathophysiology |
symptoms

S

Neuroendocrine
response

4

—

(interoceptive)

and neuroendocrine responses. Feedback
from the gastrointestinal (G!) tract occurs
via neuroendocrine as well as visceral
afferent mechanisms. An important output
of the EMS to the forebrain occurs via

the ascending noradrenergic system and
mediates vigilance attention and arousal.
From Mayer EA, Naliboff BD, Chang L,
Coutinho SV. Stress and the gastrointestinal
tract. V. Stress and irritable bowel syndrome.
Am J Physiol Gastrointest Liver Physiol 2001;
280: G519~-24. Reproduced with permission
from the American Physiological Society.

Cytokines
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Psychological
stressor

Frontal
cortex

Fig. 7.2 Components of the emotional
motor system (EMS), together with
closely associated paralimbic structures
and ascending noradrenergic system
from the LC. ACC, anterior cingulate -
cortex; MCC, mid-cingulate cortex;
mPFC, medial prefrontal cortex;
DLPFC, dorsolateral prefrontal cortex;
PAG, periaqueductal gray; LC, locus

| ) Structures of EMS
Paralimbic structures modulating EMS |

Dorsal
pons

Vagal
complex

ceruleus; RVM, rostroventral medulla; [ :

o <= Ascending noradrenergic system
Pit, pituitary gland; Temp. cortex, L | Visceral
temporal cortex. stressor

nuclei (e.g. locus ceruleus, Barrington’s complex and
raphe nuclei), the hypothalamic—pituitary—adrenal
(HPA) axis and the PAG (Fig. 7.2).

The locus ceruleus (LC) is the main source of nor-
epinephrine in the brain and provides norepinephrine
input to the EMS and corticolimbic structures via the
ascending noradrenergic pathway.” This is thought to
provide the neurophysiological correlate of arousal
that occurs in situations of acute stress, such as that
experienced when one is awoken in the middle of the
night by the need to micturate, or by the sound of an
unwelcome intruder. Corticotropin releasing factor
(CREF) is another key neuroendocrine hormone in the
stress responsiveness of the EMS. It mediates many of
the peripheral effects of stress, and at the same time
has been reported to mediate stress-related behavioral
responses via CRF, receptors in the forebrain.*

Multiple feedback loops exist between the EMS and
structures providing input and output to the EMS. An
important example is the interaction between the LC
and the paraventricular nucleus (PVN), a subregion
of the hypothalamus. Activation of the LC results in
increased CRF release from the PVN, and CRF in turn
stimulates the LC complex, thereby establishing a posi-

tive feedback loop.! Positive feedback loops in isola-
tion are potentially unstable, and negative feedback
mechanisms, such as the inhibitory effect of cortisol
on the LC and PVN, provide stability to this system.
However, under pathological conditions of chronic
stress, the negative feedback mechanisms may break
down and down-regulation of glucocorticoid recep-
tors occur in certain regions of the brain, including
the LC and PVN.® The resulting hyperactivity of the
main components of the central stress response, the
HPA axis and the sympathetic nervous system (SNS),
is thought to manifest as hypervigilance and may also
have other central and peripheral effects that account
for many of the clinical features of FGID. Furthermore,
early life stress is thought to effect changes in the HPA
axis and LC, thus potentially making an individual
more vulnerable to developing functional disorders
(see below).

Alterations in EMS structures such as the amygdala
and PAG may be important clinically in irritable bowel
syndrome (IBS). For example, positron emission to-
mography (PET) studies evaluating regional cerebral
blood flow report greater activation of the dorsal pons
in the region of the PAG in healthy control subjects but
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greater activation of the dorsal ACC in IBS subjects
in response to rectal distension.® Furthermore, deac-
tivations of the amygdala have been demonstrated to
mediate antinociceptive effects in response to aversive
visceral stimuli.” Similarly, decreased prefrontal cortex
activity has been reported in post-traumatic stress
disorder and depression, which are conditions that
frequently coexist with IBS. These similarities suggest
that these commonly overlapping disorders may share
similar underlying central pathophysiological mecha-
nisms characterized by greater activation of limbicand
paralimbic brain regions (including the amygdala and ‘
ACC) which are part of the EMS and which may result
in facilitation of the perceptual response to a visceral
stimulus.

Classically, descriptions of the various brain regions
are based primarily on anatomical and cytoarchitec-
tural characteristics (e.g. Brodmann areas). However, it
is important to note that functional roles may not cor-
relate with the anatomically distinct areas. It is possible
for subregions within an anatomically defined area to
subserve entirely different functions. For example, the
ventral and dorsal subdivisions of the ACC have been
demonstrated to mediate different functions. Some of
the conflicting results from functional brain imaging
studies arose because the subdivisions of classically
described areas were not taken into account. Care must
therefore be exercised in interpreting the results of such
studies.

Risk factors

Pathological
stress

stressors

Trigger factors

Psychosocial

The role of stress in FGID

The association of psychological stress with the pres-
ence of bowel symptoms (e.g. nausea and vomiting,
diarrhea) in healthy individuals is a widely appreciated
phenomenon, and has been reported in a question-
naire-based study.® This finding appears to be accentu-
ated in and considered a hallmark of FGID. Stress and
psychological factors appear to play a major role in the
initial development and subsequent exacerbation of
FGID (Fig. 7.3). Numerous studies indicate that IBS
patients report more lifetime and daily stressful events,
including abuse, compared with medical comparison
groups or healthy controls.!*'

Stress and susceptibility to FGID

It has been postulated that, in the predisposed indi-
vidual, sustained stress can alter central stress respon-
siveness and increase vulnerability to the development
of FGID. IBS patients report more lifetime stressful
events, including severe abuse history'!' and early child-
hood adverse events, than controls.!? Similarly, adverse
childhood stressors may predispose individuals to de-
veloping functional dyspepsia and heartburn as sexual
abuse in childhood has been reported to be associated
with these disorders.'? It is currently assumed that early
life stress may interact with genetic predisposition to
determine the vulnerability of an individual to devel-
oping functional or affective disorders.

Perpetuating factors

Symptom-related
anxiety

-

FGID

Genetic —= @

T T

Early life Infection
experience Surgery
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Fig. 7.3 The role of stress in the development and symptom
exacerbation of FGID. In individuals with pre-existing
susceptibility (genetic programming, early life stressors),
chronic and sustained stressors may trigger the onset of
FGID. Subsequent stress may lead to symptom exacerbation
and perpetuation of the underlying pathology. From Mayer

patient

EA, Naliboff BD, Chang L, Coutinho SV. Stress and the
gastrointestinal tract. V. Stress and irritable bowel syndrome.
Am J Physiol Gastrointest Liver Physiol 2001; 280: G519-24.
Reproduced with permission from the American Physiological
Society.



CHAPTER 7 Stress and the Gut: Central Influences 83

The role of early life stress has been tested in rodent
models in which pups subjected to neonatal maternal
deprivation subsequently develop into adults that dis-
play features of IBS, i.e. stress-induced increase in co-
lonic motility, visceral hyperalgesia, somatic hypoalge-
sia and increased intestinal permeability when exposed
to an acute stressor.? These effects of neonatal stress on
the adult phenotype were abolished by infusion of an
intraperitoneal CRF antagonist, implicating a role of
the HPA axis in the pathophysiology of IBS.

The effects of early life stress may be mediated by al-
terations in the HPA axis and norepinephrine pathways
of the EMS. In rodent models of early life stress (e.g.
maternal separation), changes in HPA responsiveness
to stress have been reported and may be secondary to
decreased expression of glucocorticoid receptors in
the hypothalamus, hippocampus and frontal cortex."?
This has been replicated in human studies, in which
the presence of childhood stress predicts the level of
cerebrospinal fluid (CSF) CRF (see below).! Early life
stress from maternal separation has also been reported
to lead to decreased expression of the inhibitory pre-
synaptic o,-adrenergic receptor, but not the excitatory
postsynaptic o, -adrenergic receptor in the LC." As the
LC is closely associated with CRF-secreting neurons of
the PVN, alterations of o,,-adrenergic receptors can
modulate concomitant changes of the HPA axis. The
presence of parallel neonatal stress-sensitive mecha-
nisms would allow fine-tuning of the animal’s overall
response to stress.

In addition, the serotonergic system may be modi-
fied by early life stress. Prolonged maternal separation
in neonatal rats has been reported to result in the de-
velopment of stress-sensitive rats which have decreased
5-HT , mRNA compared with stress-resistant rats in
the dorsal raphe nucleus, a major source of serotoner-
gic projections to the forebrain.”® There is also some
evidence of reduced sensitivity of excitatory o, -adren-
ergic receptors in the dorsal raphe nucleus and inhibi-
tory presynaptic 5-HT |, receptors in the frontal cortex
following maternal separation.'®

The consequences of early life stress on the central
nervous system are further complicated by the differ-
ential effects of timing on the specific alterations. For
example, in non-human primates, exposure to neona-
tal stress at 10—12 weeks of age led to increases in CSF
CRF later in adulthood, while stressors at 18-20 weeks

caused decreases in CSF CREF levels. In humans, pre-
school stress (0-5 years of age) correlated positively
with CSF CRF in adulthood, whereas the correlation
was negative when the stress occurred in the preteen
years (613 years of age)."

Stress and the onset and exacerbation of
FGID symptoms

Chronic life stressors frequently lead to exacerbation
of symptoms in functional gastrointestinal disorders.
Stressful events are more likely to lead to abdominal
pain and change in stool pattern in IBS patients than
healthy controls and stress has been correlated with the
numbers of bowel symptoms, disability days and phy-
sician visits.!" Furthermore, the presence of sustained
psychological stressors before, during or after episodes
of bacterial gastroenteritis increases the probability of
patients developing postinfectious IBS (PI-IBS). With
regard to other FGID, the onset of pain in functional
abdominal pain syndrome (FAPS) is frequently associ-
ated with stressful events, such as the demise of a relative,
spouse or other important figure, and previous aversive
events, such as physical or sexual abuse, are frequently
seen in FAPS.”” It has been reported in a population-
based study that 64% of patients with gastro-esophageal
reflux disease (GERD) had exacerbation of symptoms
with stress,and GERD patients who are chronically anx-
ious and exposed to long periods of stress are more likely
to exhibit stress-induced symptoms exacerbation.' Sev-
eral studies reported an association between stress and
functional dyspepsia,'®'* while such an association has
not been demonstrated in other studies.”

Effects of stress on gastrointestinal
function

Visceral perception
Visceral perception of an interoceptive (or internal)
stressor is modulated by concomitant exteroceptive
(or external) stress and may be the neurophysiological
correlate of stress-related exacerbation of abdominal
pain/discomfort. For example, in healthy subjects the
application of an aversive stimulus (cold water stress)
was reported to reduce the perceptive and pain thresh-
olds to esophageal balloon dilatation.”'

A large proportion of patients with FGID have hy-
persensitivity to interoceptive stressors such as balloon
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inflation or peristaltic contractions. Extensive literature
supports the notion that 50-70% of IBS patients have
lower perceptual thresholds for pain and discomfort
in response to rectal or colonic balloon distension.'
When other measures of enhanced pain perception
(subjective ratings and viscerosomatic referral) were
grouped with discomfort thresholds during rectal bal-
loon distension, 94% of IBS patients showed evidence
of visceral hypersensitivity.?? Visceral hypersensitivity
has also been demonstrated in 34—65% of patients with

functional dyspepsia.”** Using combined measure- .

ments of pain perception, 87% of functional dyspepsia
patients had visceral hypersensitivity, although this
study was performed in a relatively small number of
patients.”

The modulation of visceral sensation by exterocep-
tive stress is greater in subjects with FGID than in
healthy individuals. Auditory stress has been associ-
ated with enhanced perception of rectal distension
in IBS patients.”> However, significant stress-induced
changes in visceral perception were not demonstrated
in healthy subjects. In another study, stress applied to
the sigmoid colon by repetitive noxious distensions
induced rectal hypersensitivity in IBS subjects but
not controls.?® The modulation of visceral sensation
by stress may be relevant therapeutically, as treatment
of IBS with the tricyclic antidepressant amitriptyline
resulted in reduced rectal pain perception only in the
presence of concurrent acoustic stress and not relaxing
music.”

Central mechanisms

There has been considerable debate on the localiza-
tion of visceral hypersensitivity (e.g. peripheral versus
central) in FGID but there is good evidence to sup-
port predominant central mechanisms. Firstly, IBS
subjects have an increased viscerosomatic referral area
in response to colonic distension compared with con-
trols. This suggests that visceral hypersensitivity does
not occur solely in the primary visceral afferents and
occurs at least in second-order neurons in the dorsal
horn of the spinal cord or cephalad. Secondly, the
insula is considered to function as the viscerosensory
cortex, but PET studies showed no difference in insula
activity in response to rectosigmoid distension in IBS
patients and healthy controls.® Moreover, IBS subjects
showed increased activity in the dorsal ACC and de-

creased activity in the ventral (perigenual) ACC as well
as the PAG.® The ventral subdivisions of the ACC and
PAG are thought to be integral parts of the subcortical
pain modulation systems, while the dorsal subdivision
of the ACC may be associated with attentional and
emotional modulation of pain.?® This suggests that
the enhanced perception of visceral stressors may be
due to altered attentional/emotional modulation of
the afferent input and deficient cortical activation of
pain inhibitory systems. This is in accordance with
classical theories of pain in which both sensory and
affective/cognitive components play important roles
in the experience of pain.

The clinical relevance of the central mechanisms of
visceral hypersensitivity is reflected in the medications
proven to be effective in the treatment of FGID. Cen-
trally acting medications, such as tricyclic antidepres-
sants, have been shown in large randomized placebo
controlled trials to be effective visceral analgesic agents
in FGID.” Alosetron is a selective 5-HT, antagonist that
is effective in relieving abdominal pain or discomfort
and urgency, and in normalizing bowel habits in fe-
male patients with diarrhea-predominant IBS. Until
recently, it was assumed that alosetron mediated its
effects via peripheral 5-HT, receptors on enteric neu-
rons, but recent evidence suggests that it also decreases
activity in frontal and limbic structures, including the
amygdala, infragenual cingulate cortex and medial or-
bitofrontal cortex, which are considered to be involved
in the modulation of pain and the autonomic nervous
system.

What are the neurophysiological correlates of stress-
induced visceral hyperalgesia? There is some evidence
that activation of the SNS plays a role in modulating
visceral sensitivity. Firstly, the LC/norepinephrine sys-
tem is activated during fear and acute stress, and acute
stress-induced increases in norepinephrine have been
reported in the amygdala, hippocampus and prefrontal
cortex.” Secondly, the perception of duodenal disten-
sion in healthy subjects was enhanced by sympathetic
activation that was induced experimentally by negative
pressure on the lower body.*>* Interestingly, the percep-
tion of somatic sensation was not enhanced during
sympathetic activation, which is consistent with the
observation that hypersensitivity in IBS subjects is
limited to visceral and not somatic structures. Lastly,
there is a substantial projection from the Barrington’s
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nucleus/LC complex to the PAG, a key region involved
in endogenous pain inhibition.?

Activation of central noradrenergic pathways can
modulate activity in cortical areas via the ascend-
ing noradrenergic system. Norepinephrine has been
shown to augment evoked activity while decreasing
spontaneous activity of the same neuron, thereby en-
hancing the signal-to-noise ratio in target organs. Such
enhancement of inputs has been reported in several LC
target areas, such as the cerebral cortex, hippocampus,
thalamus and midbrain.”’ In healthy subjects, the an-
ticipatory response to aversive rectal stimuli resulted
in widespread activation of the cortex (ventral part of
ACC, supraorbital) and brainstem (PAG, thalamus).®
In contrast, IBS patients overall had much smaller and
less widespread changes, with the exception of greater
activation of the dorsal ACC,® which was similarly
reported by Mertz et al** in a functional magnetic reso-
nance imaging study comparing brain activation pat-
terns in IBS patients and healthy controls in response
to rectal distension. This is consistent with enhanced
central norepinephrine activity in IBS, as similar pat-
terns of activation have been demonstrated in post-
traumatic stress disorder subjects, in whom there is
much evidence of heightened central norepinephrine
activity.”!

Taken together, the evidence suggests that the EMS
mediates the modulation of visceral perception to ex-
teroceptive stress, and may therefore play an important
role in stress-induced symptom exacerbation in FGID.
The modulation of visceral perception by psycho-
logical stress is consistent with the clinical observation
that psychotropic agents and psychological therapies
are effective in FGID. Moreover, physicians are well
acquainted with the beneficial and often remarkable
placebo effect in patients with FGID, with up to 70%
of IBS patients reporting symptomatic improvement
with placebo. A recent PET study reported that symp-
tom improvement with placebo in IBS patients was as-
sociated with activation of the orbitofrontal cortex and
deactivation of the dorsal ACC.*

Gastrointestinal motility

In addition to the modulation of visceral perception,
acute stress can also alter gastrointestinal motility. In
healthy subjects, both dichotic listening challenges
and cold pressor tests have been reported to increase

esophageal motility. Acute stress has also been reported
to alter gastric antral motility*® and duodenal phase-2
motor activity in healthy subjects.’” Anger has been
reported to increase colonic motility in healthy sub-
jects.®®

The effect of stress on gastrointestinal motility has
also been observed in IBS subjects but is quantita-
tively different from that in healthy controls. Duode-
nal phase-2 motor activity was decreased in both IBS
subjects and controls during acute psychological stress,
but the effect was less marked in IBS patients.”’ In ad-
dition, an anger-provoking psychological stressor led
to significantly greater colonic motility in IBS subjects
compared with healthy control subjects.?®

Stress-induced colonic motility in rats may be medi-
ated by ¢,-adrenoceptors as the o -antagonist yohim-
bine inhibits stress-induced defecation but not castor
oil-induced diarrhea.” In addition, the serotonergic
system may play a role, as 5-HT, , agonists were report-
ed to inhibit stress-induced fecal excretion specifically
and not 5-HT-induced fecal excretion.*

Central mechanisms

The EMS is thought to mediate the effects of acute
stress on gastrointestinal motility via the peripheral
effects of the autonomic nervous system. Barrington’s
nucleus (Fig. 7.4) is pivotal in this respect and merits
further discussion. It comprises a cluster of neuronal
cell bodies that is adjacent to and closely associated
with the LC to the extent that, in some animals, no
clear distinction can be made between the LC and
the equivalent of Barrington’s nucleus. In addition,
Barrington’s nucleus has reciprocal connections with
lumbosacral preganglionic parasympathetic neurons
(responsible for motor activity in the distal colon and
bladder), the dorsal motor nucleus of the vagus (DMV)
(responsible for motor activity in the proximal gut)
and other supraspinal areas, such as the bed nucleus
of the stria terminalis, the hypothalamus and corti-
colimbic structures.® Barrington’s nucleus comprises
a heterogeneous population of neurons that express
many different neurotransmitters, such as CRF and
excitatory amino acids. A large percentage of these
neurons co-localize with glucocorticoid receptors,
indicating the possibility that the stress responsiveness
of these neurons occurs via the HPA axis. This is sup-
ported by the observation that the central application



86 SECTION B Mechanisms of Functional GI Disorders

_Locus
Cortex < ceruleus
Limbic &~
nuclei ) - o ™
Barrington's ~ 3 e
nucleus ™

Upper GI
organs

Fig. 7.4 Barrington’s nucleus and its extensive ascending

and descending projections. Reprinted from Valentino RJ,
Miselis RR, Pavcovich LA, Pontine regulation of pelvic viscera:
pharmacological target for pelvic visceral dysfunctions. Trends
in Pharmacological Sciences 20: 253-60. Copyright 1999, with

of CRF mimics stress-induced increases in colonic mo-
tility and is inhibited by CRF antagonists. Moreover,
acute stress was shown to upregulate CRF expression
in Barrington’s nucleus and it reduced LC sensitivity to
CRF in animal models.? Hence, Barrington’s nucleus is
well poised, with its direct output to the distal colon, in-
direct output to the proximal gastrointestinal tract (via
the DMV) and stress-sensitive mechanisms, to mediate
the effects of acute stress on gastrointestinal motility.
Current functional imaging techniques do not have
the spatial resolution to detect changes in structures as
small as Barrington’s nucleus, but it is hoped that, with
future refinements in technology, its role in mediating
stress-related responses can be fully characterized.
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permission from Elsevier. Modified from Pavcovich LA, Yang M,
Miselis RR, Valentino RJ. Novel role for the pontine micturition
center, Barrington’s nucleus: evidence for coordination of
colonic and forebrain activity. Brain Research 784: 355-61.
Copyright 1998, with permission from Elsevier.

inflammation of the gastrointestinal tract
There is evidence that central stress can influence
immune or inflammatory responses in the gastroin-
testinal tract. This has been demonstrated for both
healthy individuals and patients with organic disease.
In medical students taking examinations, the immune
response to a hepatitis B vaccine was affected by the
level of stress and social support. In the gastrointestinal
tract, mast cell degranulation is induced by cold pain
stress in healthy subjects.*!

The importance of psychological stress in influenc-
ing mucosal inflammation in gastrointestinal disorders
is illustrated in postinfective (PI)-IBS, in which the
probability of developing PI-IBS is related to the pres-
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ence of concurrent psychological stressors at the time
of gastrointestinal infection. Mucosal abnormalities
such as increased permeability, intraepithelial lympho-
cytes and enteroendocrine cells have also been reported
in PI-IBS. Other evidence comes from the observation
that major stressful events were significantly associated
with subsequent exacerbation of inflammatory bowel
disease.**

Central mechanisms

The effect of central stress on inflammation occurs
largely through the HPA axis and the autonomic ner-
vous system. The anti-inflammatory effects of the HPA
axis are mediated by circulating glucocorticoids, while
the autonomic nervous system, particularly the SNS,
influences immune function via epinephrine secreted
by the adrenal medulla, or by direct innervation of pri-
mary and secondary lymphoid organs, where norad-
renergic nerve terminals interact directly with immune
cells.** Catecholamines and glucocorticoids have been
demonstrated to shift the mucosal immune system
towards a T-helper type-2 response.” The interaction
between the central nervous system and mucosal in-
flammation is bidirectional, as interleukin 6 stimulates
the release of CRFE.

Other chronic stress-sensitive pain
disorders

IBS is frequently associated with other chronic stress-
sensitive pain disorders, such as fibromyalgia and
interstitial cystitis. There is evidence that similar al-
terations in central stress circuits may account for the
frequent co-existence of these disorders. PET studies
performed in fibromyalgia patients during somatic
stimuli showed increased ACC activity similar to that
seen during rectal distension in IBS subjects. In another
study, IBS subjects had greater activation of the dorsal
aspect of the ACC in response to rectal distension com-
pared with IBS subjects with fibromyalgia. On the other
hand, IBS subjects with fibromyalgia rated chronic so-
matic pain more intensely than their abdominal pain,
and correspondingly their dorsal ACC showed more
activity in response to somatic pain compared with IBS
subjects.* Whilst common patterns of dorsal ACC ac-
tivity may account for the similarities between IBS and
fibromyalgia, the different sites of hyperalgesia could

conceivably be due to subtle alterations in attention to
specific afferent outputs from different target organs.
However, further studies are needed to clarify this hy-
pothesis. This model may also explain the change in
symptoms of IBS to those of functional dyspepsia and
vice versa over time that is seen in clinical practice.

In subjects with interstitial cystitis, there is also
evidence of alterations in the main components of
the central stress response, the HPA axis and the SNS.
Symptoms correlated with morning salivary cortisol
levels and both the adrenocorticotropic hormone
and the norepinephrine response to central CRF
were significantly different from controls. It has been
demonstrated that cats with interstitial cystitis have
increased central sympathetic activity, as their LC had
greater levels of tyrosine hydroxylase, the rate-limiting
enzyme in catecholamine synthesis, compared with
cats without interstitial cystitis.*” The efferent connec-
tions of Barrington’s complex to both the distal colon
and the bladder provide a common neuroanatomical
pathway for the concomitant dysregulation of colonic
and bladder function® in IBS and interstitial cystitis,
respectively.

Conclusion

Central circuits in the EMS and its associated structures
play a key role in regulating the stress responsiveness of
the gastrointestinal tract in terms of sensory, motor and
inflammation function. Early-life stress may be associ-
ated with greater vulnerability to the development of
FGID as well as other functional or affective disorders
via long-term changes in the HPA axis and the norepi-
nephrine system, which are the main components of
the central stress response. However, sustained physical
and psychological stress experienced later in life appear
to be associated with the onset and/or exacerbation of
FGID. Moreover, alterations in the central stress re-
sponse may explain the overlap of FGID with chronic
stress-sensitive pain disorders.
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CHAPTER 8

Stress and the Gut:

Peripheral Influences

Mulugeta Million and Yvette Taché

This chapter addresses:

* the biochemical coding of stress as it relates to
corticotropin releasing factor (CRF);

+ the patterns of gut motor alterations in response to
stress;

+ the peripheral autonomic pathways involved in
stress-related motility changes;

« new insight into the role of central and peripheral
CREF signaling pathways in stress-related inhibition
of gastric transit and stimulation of colon motor
and epithelial function;

+ the role of CRF receptors in stress-related
modulation of viscerosensibility.

Introduction

Stress represents a real or perceived threat to homeosta-
sis, from within or outside, that translates to endocrine,
behavioral, immune and autonomic responses, includ-
ing alterations of the gastrointestinal function. For over
a century now, the central nervous system has been
recognized for its ability to modulate gastrointestinal
functions. The butterflies that we feel in our gut dur-
ing strong emotions exemplify the impact of the brain
on the gut. Despite the early clinical investigations by
Cabanis, Beaumont and then Cannon, demonstrat-
ing that emotional stress influences gastric function,
neurosciences and gastroenterology developed as
separate fields for many years. The last two decades
have witnessed, however, an explosive growth in in-
terdisciplinary research related to brain—gut interac-
tions. Understanding of these interconnected systems
is emerging, particularly in relation with mechanisms
subserving stress-related alterations in gut function.
The autonomic nervous system, which is divided into
three major components — the parasympathetic, the

920

sympathetic and the enteric nervous system (ENS)
— provides a network for the rapid influence of stress
on the gastrointestinal tract.

Biochemical coding of the stress
response

Selye’s pioneer contribution in the 1930s was to estab-
lish the concept of stress as a qualitative commonality
of the endocrine (adrenal enlargement), gastric (ulcer
formation) and immune (thymus involution) re-
sponses induced by a wide variety of ‘nocuous agents.
Subsequent testing of this concept proved Selye’s
hypothesis, overall, to be qualitatively valid, although
direct measurements of endocrine and sympathetic ac-
tivities revealed quantitative differences in the patterns
of circulating adrenocorticotropic hormone (ACTH)
and epinephrine/norepinephrine changes depending
upon the stressful stimuli.!

A major step forward in the understanding of the
biological coding of stress came from the isolation
of the 41-amino acid peptide corticotropin releasing
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Activation of brain CRF, receptor

The activation of brain CRF, receptor is now viewed
as a major mechanism that initiates the repertoire
of endocrine (HPA activation), behavioral (arousal,

anxiety/depression), autonomic (sympathetic acti-
vation) and visceral (cardiovascular and gastrointes-
tinal) limbs of the stress response (Fig. 8.1).2

factor (CRF) by Vale and collaborators in the early
1980s. Soon after the characterization of CRF as one
of the major stimulants of the hypothalamic—pitu-
itary—adrenal (HPA) axis during stress, anatomical
studies revealed the widespread. distribution of CRF
immunoreactivity in brain areas outside those primar-
ily involved in the control of pituitary hormone secre-
tion. Simultaneously, a number of studies showed that
CREF injected into the brain is capable of reproducing
many stress-like effects independently of the activation
of the HPA (Fig. 8.1). These investigations supported
the notion that CRF in the brain may be a key compo-
nent of the multifaceted stress response. Subsequently,
novel mammalian CRF-related peptides, urocortin 1,
urocortin 2 and urocortin 3, and two cloned G protein-

coupled receptors, CRF, and CRE,, with distinct affin-
ity for CRF family ligands, were discovered (Fig. 8.1).
CREF displays higher affinity for the CRF, than for the
CRE, receptor, urocortin 1 has equal affinity for both
subtypes, while urocortins 2 and 3 are selective ligands
for the CRF, receptor. Additionally, potent, selective
CREF, antagonists and, more recently, CRF, receptor
antagonists have been developed and transgenic CRF
deficient or overexpressing mice have been generated.’
These pharmacological tools and animal models are
instrumental in advancing our understanding of the
role of CRF pathways in the orchestration of the bodily
stress response and the pathophysiology resulting from
dysregulation of the CRF system.>*
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Stress responses in the gut

Most psychological and physical stressors inhibit
motion and transit in the upper gut while stimulat-
ing them in the lower gut. Differences between the
upper and lower gut in the motility response to

stress are primarily due to differences in innerva-
tion and the local neural and chemical mediators
involved.

Only recently, the role of CRF, receptors has been ex-
amined with the advent of selective CRF, receptor an-
tagonists and CRF, knockout mice.? Evidence indicates
that these receptors may be important in dampening
stress sensitivity, although controversy exists whether
CRF, functions to enhance or impede the anxiety-like
behaviors induced by stress.? The biological actions
of CRF and CRF-related ligands and the overactivity
of CRF-CRF, pathways in various clinical conditions,
including anxiety/depression, have spurred interest
in potential uses of small CRF, antagonist molecules
that are active orally and cross the blood-brain barrier
(Fig. 8.1).%4

Patterns of gastrointestinal motor
alterations induced by stress

The vulnerability of the gastrointestinal tract to physical,
emotional or chemical aversive stimuli has been demon-
strated both in clinical and experimental settings.

In the esophagus, an association between esopha-
geal symptoms and behavioral abnormalities has been
reported. Earlier studies showed that 84% of patients
with contraction abnormality of the esophagus had
psychiatric diagnoses compared with 31% of those
with normal motility. Dichotic listening tasks increase
resting pressure in the upper esophageal sphincter of
healthy volunteers. However, existing evidence in-
dicates that the upper esophageal response to stress
in normal subjects is stimulus-specific and small in
magnitude, and does not translate into symptoms.
Psychological stress also induces only minor effects on
esophageal muscle and lower esophageal sphincters.’

In the stomach, different acute stressors inhibit gas-
tric motility and emptying across species (Table 8.1).
In humans, psychological (fear, stressful tests) and
physical (cold-pain immersion, intense exercise)
stressors cause a profound delay in gastric emptying
of caloric and acaloric meals, through inhibition of

gastric contractility and/or coordination. Likewise, in
experimental animals, a variety of stressors such as
restraint stress, operant avoidance, radiation, acoustic
stimulation, hemorrhage, swim stress, abdominal or
cranial surgery, anesthetics, immune challenges and
fear inhibit gastric motion and emptying of nutrient or
non-nutrient meals (Table 8.1). However, the pattern
of the gastric motility change is influenced by the du-
ration and type of stressor, test meal and species.*” For
instance, acute exposure to cold stress in rats and mice
causes gastric transit acceleration, the stimulus-speci-
ficity of the response lying in the activation of brain
medullary thyrotropin-releasing hormone, which pro-
duces pronounced gastric vagal activation.®

In the small intestine, studies in humans show that
cold-pain stress or active coping stress inhibits oroce-
cal transit. Acute psychological stress suppresses the
duodenal phase II migrating motor complex. In rats,
transit in the small intestine is also inhibited by acute
exposure to wrap restraint, cold water swimming or
ether, whereas phase III myoelectric activity is replaced
by irregular phase II activity (Table 8.2).

In the human large intestine, the pattern of change in
motility in response to various stressors is mainly stim-
ulatory (Table 8.2). Likewise, in experimental animals
acute water avoidance, conditioned fear to inescapable
foot shocks, tail shock, loud noise, open-field testing,
restraint at room temperature and cold environment
and immune challenge decrease colonic transit time,
induce defecation and diarrhea, and increase colonic
myoelectric spike activity.’

Stress and the autonomic nervous
system of the gut

The autonomic nervous system is the efferent limb
mediating the effects of stress on gastrointestinal
function. It is reciprocally connected with the brain
CRF/urocortin 1 system and transmits central signals



CHAPTER 19

Emerging Transmitters

Lionel Bueno

Many transmitters involved in the physiological func-
tioning of the gastrointestinal tract have been identi-
fied during the last 20 years. The hypothesis that their
release and/or the distribution of their receptors may
be altered in both inflammatory and functional bowel
disorders has recently emerged. In addition to sero-
tonin (5-HT), several other neurotransmitters, such
as tachykinins, corticotropin releasing factor (CRF),
nerve growth factor (NGF), proteases and glutamate,
may participate in alterations in enteric nervous sys-
tem functioning and brain—gut communications or
sensory signaling of the gut.

Peripheral versus central CRF in
initiating enteric nervous system
mediated gastrointestinal disorders

Corticotropin releasing factor is the primary media-
tor of the hypothalamic—pituitary—adrenal endocrine

limb of the stress response. In the late 1980s, CRF was
identified as an important factor involved at central
nervous system level in the effects of stress on gas-
trointestinal' and colonic? motility. More recently,
it has been shown that CRF participates in stress-
induced alterations of gut sensitivity’ and immune
reaction.*$

Centrally mediated effects

In several animal species, most of the gastrointestinal
motor effects of stress are suppressed by central ad-
ministration of a non-selective CRF antagonist, such
as o-helical CRF, | or CRF antibodies. For example,
slowing of gastric emptying induced by acoustic stress
is blocked by i.c.v. administration of both a-helical
CRE,, and CRF antibodies."> However, CRF does
not appear to be the only peptide involved at brain
level in the genesis of stress-induced slowing of gastric
emptying, and thyrotropin-releasing hormone plays

Three emerging transmitters

Corticotropin releasing factor

Many effects of stress on digestive functions are
linked to the central and peripheral release of this
neuromediator. Blockade of its receptor to prevent its
deleterious effects on visceral sensitivity is a relevant
target and selective antagonists are now available.

Nerve growth factor

This growth factor plays an important role in long-
term effects of stress and inflammation on the sen-
sory system and the mucosal barrier in relation to
mast cells. Further research is needed to confirm its

major role in the genesis of functional bowel disor-
ders such as irritable bowel syndrome, but antago-
nists for its receptors are not presently available.

Proteinase-activated receptor 2

This is a very promising target as it is widely distrib-
uted in the gastrointestinal tract. At colonic level, it
can be cleaved directly and subsequently activated
by luminal serine proteases (trypsin, bacterial pro-
teases), triggering alterations of the mucosal barrier
and subsequently hypersensitivity to distension
similar to that observed in irritable bowel syndrome.

248
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Mechanism of stress responses

Collectively, the evidence so far supports the notion
that activation of CRF receptors in the brain medi-
ates the dual actions of stress on parasympathetic
outflow to the gut. This is inhibitory in the upper

gut, acting through the decrease in gastric vagal
efferent activity, and stimulatory in the lower gut
(colon), acting through the activation of SPN.?

and resembles that of the stomach, but with a much
lower density.

The parasympathetic input to the colon originates
from cell bodies located in the sacral intermediolateral
column (sacral parasympathetic nucleus, SPN). The
efferent axons travel within the pelvic nerve and inner-
vate the pelvic plexus, and postganglionic fibers project
to the ENS of the distal colon and rectum (Fig. 8.2).
The SPN is synaptically linked to central autonomic
circuits through bulbospinal pathways. These include
the direct efferent projections from Barrington’s nucle-
us (formerly known as the pontine micturition center)
containing numerous CRF-immunoreactive neurons,
the subceruleus nucleus and the interconnected locus
ceruleus (LC) (Fig. 8.1)."" Paired animal models (in-
bred Fischer and Lewis rats), selected for their high
and low CREF response in the paraventricular nucleus
(PVN) of the hypothalamus, respectively, when ex-
posed to various stressors, show differential activation
of SPN after water avoidance stress.

The neurochemical identity of vagal fibers and
myenteric neurons receiving vagal input has been
characterized recently. Parasympathetic nerves com-
monly synthesize and release acetylcholine, adenosine
5’-triphosphate (ATP), nitric oxide (NO) and vasoac-
tive intestinal peptide (VIP). Vagal preganglionic fibers
end on serotonin-, VIP-, NO-, gastrin-releasing peptide
(GRP)- and GRP/VIP-containing myenteric neurons in
gastric myenteric ganglia. Using antibody against the
splice variant of the acetylcholine transferase (pChAT)
expressed selectively in the peripheral nervous system,
60-70% of the myenteric neurons in the gastrointestinal
tract were shown to be pChAT-positive and surrounded
by pChAT-containing fibers.'? These findings demon-
strated the prominent cholinergic vagal innervation
of the ENS.® How the various stressors influence para-
sympathetic transmitter release within the gut and what
type of myenteric neurons, in addition to cholinergic
neurons, are mainly affected by alterations in parasym-
pathetic outflow during stress remain to be defined.

Sympathetic nervous system

The main neurotransmitters/neuromodulators of
post-ganglionic sympathetic innervation of the gas-
trointestinal tract are norepinephrine, ATP and neu-
ropeptide Y (NPY). Opioid peptides are also widely
distributed in the sympathetic neurons, where their
role is mainly to exert a prejunctional inhibitory in-
fluence. The release or co-release of these substances
upon sympathetic stimulation varies depending on the
tissue and the parameters of stimulation. For instance,
low frequency and short bursts favor ATP release, while
longer stimulation favors the adrenergic component,
and NPY is released in response to high-frequency,
intermittent bursts of stimulation.” The sympathetic
nervous system also interacts with sensory motor and
vagal nerves that are in close proximity; NPY, norepi-
nephrine and opiate exert a prejunctional inhibitory
influence on cholinergic neurotransmission."?

The CRF system in the PVN and the sympathetic
nervous system are anatomically and functionally in-
terrelated and regulate each other’s functions. This is
exemplified by the connections between the CRF-con-
taining neurons in the PVN and the LC (A6 catechol-
aminergic neurons) in the brainstem. Water avoidance
and restraint as well as central injection of CRF induce
a CRF, receptor-mediated increase in the activity of A6
neurons and elevate circulating levels of epinephrine
and, more prominently, norepinephrine.'*'*Spontane-
ous hypertensive rats display high activation of neurons
and CRF gene expression in the PVN and Barrington’s
nucleus/LC, correlated with hyperstimulation of sym-
pathetic nervous system activity after restraint stress
compared with normotensive rats. Hence, the increase
in CRF gene expression in hypothalamic and pontine/
brainstem centers is generally viewed as a major factor
that governs the activation of catecholamine release in
the blood after stress exposure.'

The sympathetic nervous system also transmits neu-
ral signals to the immune system through dense inner-
vation of both primary and secondary lymphoid organs
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Fig. 8.2. Pontine and medullary parasympathetic efferent
innervation of the gastrointestinal tract in rats. Efferent fibers
from Barrington'’s complex project to the dorsal motor neurons
(DMN) in the brainstem and the sacral parasympathetic
nucleus (SPN). Axons from DMN provide vagal innervation to
the stomach and small intestine and, to a lesser extent, to the
cecum and proximal colon. The end target of vagal efferent
fibers is the enteric nervous system (ENS). Efferent output from
the SPN projects primarily through the pelvic nerve to the

and through postganglionic sympathetic neurons. In
particular, stress degranulates colonic mucosal mast
cells through sympathetic and muscarinic-dependent
pathways, leading to stress-related alterations in colonic
epithelial cell function.’® When activated, the sympa-
thetic nervous system also causes systemic release of
interleukin-1P and tumor necrosis factor 0. In keeping
with the crosstalk between the immune and neuroen-
docrine systems, interleukin-1p activates the brain CRF
pathways leading to the activation of the sympathetic
nervous system."” This may provide the biochemical
basis for the sustained visceral manifestations of stress.

Subceruleus

Distal colon

X
L!?Li:‘u Pelvic

| ganglion

pelvic ganglia, and postganglionic fibers innervate the ENS in
the distal colon. Stress activates the locus ceruleus/Barrington’s
complex, which has a unique ability to modulate the two
major parasympathetic preganglionic nucleus innervations

to the gut. Barrington’s nucleus, by its reciprocal connections
with the locus ceruleus, can also be influenced by or influence
the noradrenergic neurons in the locus ceruleus projecting to
the forebrain. Adapted from reference 11.

CRF signaling pathways and
autonomic-dependent inhibition of
gastric and small intestinal motor
function

Several studies have shown that CRF receptor antago-
nists injected centrally prevent the inhibition of gastric
emptying induced by various types of stressors, in-
cluding physico-psychological (restraint, forced swim-
ming), immunological (central or peripheral injection
of interleukin-1p), visceral (trephination, abdominal
surgery) and chemical (central injection of CRF)
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stressors.” With regard to the delayed gastric emptying
induced by surgery, a role of CRF, receptors was estab-
lished in mice with deletion of the CRF, receptor gene.
CRF, knockout mice did not develop postoperative
gastric ileus.’ By contrast, restraint stress-induced de-
layed gastric emptying was not altered by selective CRF,
antagonist but was blocked by CRF, antagonists.”” The
CREF receptor subtype involved in delayed gastric emp-
tying induced by various stressors needs to be further
characterized. Central CRF receptors are also involved
in restraint stress-induced inhibition of small intestinal
transit, although less information is available.’®

The increases in ACTH, corticosteroid and B-en- -

dorphin secretion induced by the brain CRF activation
during restraint stress do not play a role in mediating
the inhibition of gastric and small intestinal transit.
The increased circulating levels of these hormones had
no effect on gastric transit. Moreover, hypophysectomy
or adrenalectomy did not alter the delayed gastric and
intestinal transit induced by restraint.**® The rapid
onset of changes in gastric motility in response to
various stressors favors a direct, neurally mediated
mechanism that involves mainly the decrease in vagal
outflow to the upper gut as well as modulation of the
vago-vagal reflex. However, there is also evidence for
a role of sympathetic pathways in specific stressors
and central urocortin -induced inhibition of gastric
emptying.”?' There is still very little known regard-
ing the enteric mechanisms translating the changes in
autonomic nervous system activity into altered gastric
emptying and small intestinal transit.

CRF signaling pathways and
autonomic-dependent stimulation of
colonic motor and epithelial function

Central CRF signaling pathways

Preclinical studies have shown that a number of se-
lective CRF, antagonists (CP-154,526, CRA-1000,
NBI-35965, and NBI-27914) blunt the stimulation of
colonic motor function induced by various stressors in
rodents and monkeys.>*>?* Water avoidance, restraint
and central injection of CRF, which mimics stress ef-
fects on the colon, are models of psychological/physical
stress that are used extensively to establish the underly-
ing peripheral mechanisms leading to colonic motor
stimulation.® While the activation of the HPA axis and

sympathetic/adrenomedullary systems represents the
classical peripheral limbs of the endocrine and im-
mune stress responses, respectively, central CRF- and
restraint stress-induced stimulation of colonic motor
function do not involve these pathways. This is shown
by the fact that hypophysectomy, adrenalectomy, nor-
adrenergic blockade and neurotensin and opiate an-
tagonists failed to prevent central CRF- and restraint
stress-induced colonic motor stimulation.'*” The
colonic motor response to these stimuli was reduced
by vagotomy and completely prevented by pharmaco-
logical blockade of cholinergic nicotinic transmission
in autonomic ganglia and by the peripheral admin-
istration of muscarinic, CRF, neurokinin-1 (NK-1)
and 5-HT, receptor antagonists.” Fischer rats, which
display high hypothalamic CRF in response to various
stressors, have greater activation of neurons in the SPN
that correlates with greater colonic motor stimulation
when exposed to water avoidance stress compared with
the hypothalamic CRF-deficient Lewis rats.* These ex-
perimental data suggest that restraint and water avoid-
ance stress activate colonic motor function through
increased sacral parasympathetic cholinergic outflow.
Stress also engages local mechanisms involving inter-
play of released CRF and/or urocortin 1 activating
CRE, receptors, serotonin activating 5-HT, receptors,
and substance P acting on NK-1 receptors. Stress
activates the pontine Barrington’s nucleus, which
has direct projections to SPN and forms excitatory
synapses on these neurons. The activated Barrington’s
nucleus also projects to the lateral aspect of the DMN
of the vagus, which contains preganglionic neurons
innervating the ascending and transverse colon. CRF
acting through CRF, receptors serves as a modulator of
these pathways under stress conditions.!" These find-
ings provide an anatomical substrate for the stress-in-
duced CRF, receptor-mediated cholinergic activation
of colonic function, largely through excitatory input to
SPN (Fig. 8.2).

Stress-induced intestinal barrier dysfunction in
both experimental animals and humans is prevented
by atropine, suggesting the importance of periph-
eral cholinergic mechanisms.?* Reports from various
groups have highlighted the importance of mast
cells in colonic mucosal alterations induced by stress
(restraint, environmental stress and intracerebro-
ventricular injection of CRF) viz, increase in mucin,
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prostaglandin E,, histamine and ion secretion, and the
permeability and translocation of macromolecules.”
The stress-related degranulation of colonic mast cells
is prevented by ganglionic, muscarinic, and noradren-
ergic blockade, implicating the activation of both the
sacral parasympathetic and the sympathetic pathways,
while the pituitary—adrenal endocrine response does
not play a role.'s#

Peripheral CRF signaling pathways

Consistent reports have established that peripheral
administration of CRF and urocortin 1 in several ani-
mal species produces stress-like actions in the colon
that have relevance to the peripheral mechanisms
through which stress influences, colonic motor and
epithelial function. These peptides, injected periph-
erally, induce high-amplitude colonic contractions,
reduction of large intestine and distal colonic transit
time, defecation and, at the highest doses, watery di-
arrhea in rats and mice.” In humans, the stimulation
of colonic motility index by intravenous injection of
CRF is more pronounced in irritable bowel syndrome
(IBS) patients than in healthy volunteers. The actions
of CRF and urocortin 1 on the colonic response in
experimental animals are mediated by CRF, recep-
tors, as shown by the ability of a selective CRF, an-
tagonist, but not a selective CRF, antagonist, to block
the response (Fig. 8.3). Conclusive evidence of CRF,
mediation was gained by the use of the selective CRF,
agonists urocortin 2 and urocortin 3, which failed
to influence distal colonic transit or defecation in
rats and mice when injected peripherally.’*** Gangli-
onic blockade did not alter the stimulation of colonic
transit by peripheral injection of CRF, unlike central
administration, ruling out mediation by a gut-brain
reflex. The increase in peristaltic activity produced
in an isolated rat distal colon preparation in vitro in
response to local injection of CRF established a local
site within the colon.? CRF is likely to act in the ENS.
Intraperitoneal injection of CRF activates cholinergic
myenteric neurons in the colon. This is prevented by
peripheral injection of peptide CRF antagonists and
selective CRF antagonists (Fig. 8.3).2 The detection of
CRF 'receptors in colonic myenteric and submucosal
neurons in the rat provides anatomical support for a
direct action on colonic enteric neurons.? In addition,
possible effects of CRF on interstitial cells of Cajal or

through mediators released by mast cell degranulation
induced by CRF were ruled out, as shown by the un-
changed colonic motor response in mast cell-deficient
Kit"/Kit"-*mice.?

Other studies have demonstrated that peripheral
CRF also exerts stress-like effects on several compo-
nents of the intestinal barrier function, as shown by
the degranulation of mucosal mast cells, stimulation
of colonic mucin, prostaglandin E, and ion secretion,
and the increase in paracellular and transcellular per-
meability to ions, and protein translocation. In vitro
studies also confirm a local action of CRF to increase
distal colonic permeability (Fig. 8.3).7%%2

The colonic epithelial and motor alterations delin-
eated by peripheral administration of CRF are among
the peripheral mechanisms through which stress alters
colonic function. Ionic secretion and defective epithe-
lial barrier function induced by cold restraint and water
avoidance stress are blocked by peripheral administra-
tion of peptide CRF antagonists. Restraint-induced
stimulation of colonic transit, defecation, increased
motility, colonic mucosal mast cell degranulation and
prostaglandin E, secretion are prevented or damp-
ened by peripheral injection of peptide CRF receptor
antagonists that act peripherally (Fig. 8.3).222*2¢ The
mechanisms whereby stress recruits the peripheral
pool of CRF and/or urocortin 1 to activate peripheral
CRE, receptors resulting in colonic motor and epithe-
lial changes are still unsettled. Urocortin 1 is present
in the sympathetic nervous system, colonic myenteric
neurons and submucosal myenteric plexus as well as
in enterochromaffin cells and lamina propria macro-
phages in rats and humans.??

Stress and viscerosensitivity

Patients with IBS exhibit enhanced perception of
visceral events (visceral hypersensitivity), enhanced
motor responses of the distal colon to stress and food
ingestion (gastrocolic reflex) and altered autonomic
and neuroendocrine responses to stress.”

In experimental studies of visceral nociception in-
volving male rats, acute (restraint or water avoidance)
or chronic (neonatal maternal separation or colonic
irritation) stress increased pain responses to colorec-
tal distension (CRD).? Colonic hypersensitivity to
CRD and novel stress as well as enhanced visceral pain
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Fig. 8.3 Schematic illustration of pathways involved in stress-
related stimulation of colonic motor and epithelial functions.
Stress activates CRF-CRF, signaling pathways in the brain
linked with hypothalamic (paraventricular) and pontine
(Barrington’s and locus ceruleus) nuclei, which stimulate the
sacral parasympathetic nucleus (SPN) and subsequently the
enteric nervous system (ENS) through postganglionic pelvic

perception in genetically anxiety prone rat strains are
well documented.” The mechanisms and pathways of
stress-induced visceral hypersensitivity are not yet fully
understood. Evidence indicates the role of CRF, recep-
tor in acute stress-induced visceral hypersensitivity to
CRF distension.” In maternally separated Long Evans
male rats, peripheral administration of the non-peptide
CRF, antagonist NBI-35965 blocked acute psycho-
logical stress-induced visceral hyperalgesia to CRD (30)
(Fig. 8.4). Furthermore, the delayed colonic sensitiza-
tion (24 hours) following a single acute water avoidance
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projections. There is a postulated release of local CRF ligands
in the colon that activates the ENS through CRF, receptors
and the mucosal mast celis through a CRF receptor subtype
that is yet to be characterized. The peripheral CRF -mediated
activation of the ENS leads to stimulation of colonic motor
function, while that of mast cells results in alterations in the
mucosal barrier and secretory functions.

stress session was also prevented by pretreatment with
the selective CRF, antagonist CP-154,126 in male Wi-
star rats.* This study in male Wistar rats has also shown
that the delayed colonic hypersensitivity developed
following mild psychological stress is prevented by the
selective NK-1 antagonist SR140333, but not by periph-
eral chemical sympathectomy.” These data suggest that
activation of the CRF/CRF, and SP/NK-1 systems oper-
ates in series in stress-induced hypersensitivity, whereas
peripheral norepinephrine and NPY do not play a role
in the sensitization. In healthy humans, intravenous
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Pathophysiology of IBS

Although the pathophysiology of IBS is not well
understood, considerable evidence supports a role

of chronic stress in the onset and/or exacerbation of
symptoms.*

administration of ovine CREF, a preferential CRF, recep-
tor agonist, lowered the thresholds for sensation of the
urge to defecate and of discomfort in response to CRD.?
These data suggest that activation of peripheral CRF re-
ceptors could modulate visceral pain response through
the mechanisms discussed above in relation to mast cell
degranulation and changes in colonic permeability, se-
cretion and motility.

In humans, postinfectious IBS tends to occur in
patients with psychological profiles similar to those
observed in IBS patients and in whom there is a higher
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Fig. 8.4. Blockade of water avoidance stress-induced
increased stimulation of colonic motor function and visceral
pain in response to colorectal distension (CRD) by the CRF,
receptor antagonist NBI 35965 in conscious rats. (a and b)
Visceromotor response (VMR) to graded intensities of phasic
CRD. VMR during the control period (before stress) and
after 60 minutes of water avoidance stress. (a) Rats were
injected with the vehicle (subcutaneously) 60 minutes before
the onset of the stress session. (b) Rats were injected with
NBI 35965 (20 mg/kg subcutaneously) 60 minutes before
the onset of the stress session. Values in panels a and b were

incidence of stressful life events just before exposure
to the infection.? Stress has also been implicated as a
modulator of colonic inflammation, as the principal
stress response mediator, CRF, exerts a local proinflam-
matory role through the CRF, receptors.” Inan animal
model of postinfectious IBS, visceral hypersensitivity
and altered colonic motility in response to stress after
subsidence of inflammation is reported. More recently,
activation of mast cells in proximity to colonic nerves
has been found to correlate with abdominal pain in
IBS.* These observations link stress and local inflam-
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VMR curve after water avoidance stress compared with the
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NBI 35965 attenuated water avoidance stress-induced colonic
motor response. NBI 35965 was injected subcutaneously (sc)
60 minutes before the onset of the stress session (60 minutes).
Values are mean + SEM of fecal pellet output over 1 hour. In
panels a—¢, *P < 0.05 versus baseline response; *P < 0.05 versus
vehicle-treated group. In panel d, *P < 0.05 versus saline (0); *P
< 0.05 versus all other groups. Adapted from reference 30.
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CRF, receptor as a target

The central and peripheral CRF, receptor-depen-
dent stimulation of colonic motor and secretory
function, alteration of barrier permeability and hy-

peralgesia involved in the colonic response to stress
indicate that the CRF, receptor may be an appealing
target to alleviate the symptoms of IBS.?

mation as part of the putative pathogenetic mecha-
nisms in at least a subset of IBS patients, but further
elucidation is needed.

Conclusion

The biochemical coding of stress and its involvement
in stress-related alterations of gut function, with a pri-
mary role of activation of central and peripheral CRF,
receptors, is being unraveled. However, the interplay
between the central and peripheral networks and the
mechanisms of action of local mediators are still to be
determined. Preclinical evidence suggests that acute
stress activates central CRF, receptors, leading to the
stimulation of sacral parasympathetic outflow, which
recruits peripheral CRF/urocortin 1. These CRF
ligands activate peripheral CRF, receptors located
on colonic myenteric neurons, contributing to the
propulsive colonic motor response to stress (Fig. 8.3).
In addition, peripheral CRF signaling pathways cause
degranulation of colonic mucosal mast cells, which
results in a mast cell-dependent increase in epithelial
secretion of mucin, prostaglandin E, and ions, togeth-
er with enhanced transepithelial protein transport
of antigenic properties (Fig. 8.3). In animals, acute
stress-induced visceral hypersensitivity/hyperalgesia
involves central, presumably CRF, receptors and
probably NK-1 receptor activation. How activation
of the central CRF system translates into visceral
hypersensitivity requires further study. However, the
sympathetic system does not seem to be involved in
the acute stress-induced colonic hypersensitivity to
distension and may be related to increased sacral para-
sympathetic outflow.
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introduction

Sir Thomas Willis is credited with the first description
of a patient with achalasia in 1674. Einhorn in 1888
hypothesized that the disease was due to the absence of
opening of the cardia. Over the past three centuries acha-
lasia has emerged as an important model by which to
understand the pathophysiology and therapy of motility
disorders originating from defects of the enteric nervous
system. It is the most extensively studied and readily
treatable gastrointestinal motor disorder. This chapter
reviews current concepts in achalasia, with emphasis
on the pathophysiology and etiology of the disease.
Specific secondary etiologies of achalasia are reviewed
that provide insight into mechanisms responsible for
the neurodegeneration that characterizes the disorder.
Diffuse esophageal spasm, nutcracker esophagus and
functional chest pain of presumed esophageal origin are
also discussed, although there is limited evidence point-
ing to an enteric neural defect in these disorders.

Pathophysiology of achalasia

Normal esophageal motor physiology
The lower esophageal sphincter (LES) remains toni-

cally contracted, working in concert with the crural
diaphragm to form a barrier to the reflux of gastric
contents. The LES relaxes in response to a variety of
stimuli, including swallowing (primary peristalsis),
esophageal distension (secondary peristalsis) and gas-
tric distension (transient lower esophageal relaxation).
The resting pressure of the lower esophageal sphincter
is maintained by both myogenic and neurogenic con-
tributions, whereas LES relaxation occurs in response
to neurogenic factors. Myogenic tone of the LES refers
to the intrinsic property of the smooth muscle in this
region to remain contracted in the absence of external
neural or hormonal influences. Studies in animals have
demonstrated differences in the contractile mechanism
and contractile protein isoforms in the LES compared
with the esophageal body.*''* Such biochemical differ-
ences may explain the different contractile properties
of these two muscle types. Neurogenic factors refer to
the effects of the autonomic and enteric nervous sys-
tems on the smooth muscle of the LES. Basal release of
excitatory neurotransmitters, including acetylcholine
and inhibitory neurotransmitters, including nitric
oxide, modulate the resting pressure of the LES. Nitric
oxide is the primary mediator of relaxation of the lower
esophageal sphincter.

Achalasia: presentation and pathology

1 Achalasia is characterized by impaired relaxation
of the lower esophageal sphincter.

2 Most cases also have impaired peristalsis.

3 Myenteric ganglion cell numbers are reduced or
absent.

4 Both autoimmune and neurotropic viral etiologies

have been implicated in the pathogenesis.

5 Pharmacological studies suggest selective loss of
inhibitory nitrergic neurons.

6 Achalasia may be secondary to a wide range
of other disorders, including genetic defects,
infectious diseases and cancer.

105
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Fig. 9.1 Pathophysiology of idiopathic achalasia. (a) The
normal condition, in which excitatory, cholinergic (ACh)
motor neurons innervate the smooth muscle cells of the
lower esophageal sphincter and contribute to the genesis

of basal pressure of the lower esophageal sphincter (LESP).
Inhibitory, nitric oxide (NO) motor neurons also act on the
lower esophageal sphincter (LES) to produce the relaxation
that accompanies a swallow. (b) Achalasia resuiting from the
loss of inhibitory neurons. In this situation, the absence of NO

Motility of the esophageal body is characterized by
peristalsis, sequential contractions that propel liquids
or solids from the cervical esophagus through the
lower esophageal sphincter. Peristalsis of the smooth
muscle portion of the esophagus is under the direct
control of inhibitory and excitatory neurotransmitters
arising from motor neurons of the myenteric plexus
(Fig. 9.1a). Primary esophageal peristalsis consists of
a period of inhibition followed by an excitation phase.
The period of inhibition increases in duration from the
proximal to the distal aspect of the esophageal body, a
phenomenon known as the latency gradient, and is me-
diated by the inhibitory neurotransmitter nitric oxide.
Selective antagonism of nitric oxide eliminates the la-
tency gradient, resulting in simultaneous contractions
of the esophagus.'® Contractile esophageal activity

motor neurons results in an elevation in the basal LESP and
absence of swallow-induced relaxation of the LES. Esophageal
aperistalsis is defined by simultaneous esophageal body
contractions. () Achalasia with complete loss of myenteric
neurons. Here, the basal LESP is below normal because of the
absence of excitatory neurons, and swallow-induced relaxation
is absent because of the lack of inhibitory neurons. Esophageal
aperistalsis is defined by the absence of esophageal body
contractions.

is mediated by excitatory neurotransmitters such as
acetylcholine. Administration of an anticholinergic
agent such as atropine results in marked reductions
in esophageal contractile amplitude. In addition, an
excitatory effect is evident in the distal aspects of the
esophageal body that is non-cholinergic and is linked
to the preceding inhibition, which is mediated by nitric
oxide.

Pathology and pathophysiology of
achalasia

Pathological studies in achalasia have reproducibly dem-
onstrated the marked paucity and, in many instances,
the absence of neurons from the myenteric plexus (Fig.
9.2).122143100123 Q)lystrative of this is the recent study by
Goldblum and colleagues, in which complete absence of
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Fig. 9.2 Histopathology of achalasia. (a) Normal myenteric
plexus demonstrating multiple ganglion cells and minimal
lymphocytic infiltration. (b) Mild myenteric inflammation.
Ganglion cells can be identified. () Moderate myenteric

myenteric ganglion cells was demonstrated in 64% and
marked diminution in 36% of the esophagi of 42 patients
with achalasia who underwent esophagectomy.® Recent
studies have examined muscle biopsies from achalasia
patients treated with Heller myotomy and presumably
having an earlier stage of disease. These studies detected
intact ganglion cells in achalasia patients who had pres-
ervation of esophageal contractile activity.* Further-
more, a number of physiological studies have uncovered
an intact cholinergic innervation to the esophagus. The
evidence for the preserved cholinergic innervation to
the LES comes from several studies. An in vitro study by
Trounce in 1957 demonstrated contractions of muscle
strips from achalasia patients in response to a combina-
tion of the acetylcholinesterase inhibitor eserine and the

inflammation with lymphocytic infiltrate. Ganglion cells are
absent. (d) Severe myenteric inflammation with lymphocytes
densely clustered within the myenteric plexus. Ganglion cells
are absent.

ganglionic agonist nicotine.'"* The acetylcholinesterase
inhibitor edrophonium chloride was later shown to in-
crease LES pressure significantly in patients with achala-
sia.’® These findings suggest that at least some postgan-
glionic cholinergic nerve endings remain intact. Further
evidence in this regard came from a study looking at the
effects of the anticholinergic agent atropine in patients
with achalasia.”? This study demonstrated a 30-60%
reduction in LES pressure with atropine in patients with
achalasia. A similar reduction was found in a control
group of healthy volunteers. Of note, however, is the fact
that the residual pressure after atropine was significantly
higher in the achalasia patients (17 mmHg) than in the
normal subjects (5 mmHg). Recently, botulinum toxin
has been introduced as a novel treatment for achalasia.
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Botulinum toxin acts to inhibit the release of acetylcho-
line from cholinergic nerve endings. Most studies using
botulinum toxin have found a significant symptomatic
response rate. However, objective measures of response,
including LES pressure and esophageal emptying, were
less and in some studies not significantly different from
baseline values.®®'" Similar to the studies using atropine,
significant residual LES pressure was observed follow-
ing botulinum toxin; 25 mmHg in a study by Pasricha
and 20 mmHg in a more recent study by Cuilliere and

colleagues.” Therefore, studies using atropine and botu-

linum toxin both support the concept of preservation
of cholinergic nerves in patients with achalasia. Fur-
thermore, they have provided evidence for a significant,
non-cholinergic component of LES basal pressure. It is
likely that this residual pressure represents the myogenic
contribution to LES tone.

Preservation of the excitatory, cholinergic innerva-
tion to the esophagus implies that the neuronal loss
that characterizes achalasia may be selective for the
inhibitory neurons. Dodds and colleagues provided
indirect evidence for this through the use of cholecys-
tokinin, which has direct excitatory effects on smooth
muscle as well as indirect inhibitory effects via postgan-
glionic inhibitory neurons. In patients with achalasia,
cholecystokinin induced LES contraction as opposed
to the relaxation seen in control subjects, thereby pro-
viding evidence for impaired postganglionic inhibitory
nerves.” More recent evidence comes from in vitro
studies looking at the responses of preparations of LES
specimens from patients with achalasia. Muscles strips
of the LES from normal subjects characteristically
relax in response to electrical field stimulation through
the activation of inhibitory neurons containing nitric
oxide.'""'? Paradoxically, LES strips from achalasia
patients were found to contract in response to electri-
cal field stimulation.'" Such findings can be readily
explained by the absence of inhibitory neurons and
presence of excitatory neurons.

Direct evidence to support the concept of inhibitory
neuronal loss came from immunohistochemical stud-
ies demonstrating the absence of vasoactive intestinal
polypeptide nerves and nitric oxide synthase in LES
specimens from patients with achalasia.>**”" In fact, a
number of recent experimental studies have shown that
selective blockade of the inhibitory arm of the enteric
innervation of the esophagus produces a manometric

picture that closely mimics that of achalasia. Studies in
both experimental animals and human subjects have
shown that inhibition of nitric oxide synthase increases
the resting tone of the LES and nearly abolishes LES
relaxation.®*"#7>12 In the esophageal body, inhibition
of nitric oxide synthase results in loss of the normal
latency gradient manifest as simultaneous esophageal
body contractions. The overall motility pattern of an
aperistaltic esophageal body and non-relaxing, hy-
pertensive sphincter mimics the motility pattern of
the vigorous form of achalasia that is characterized by
aperistaltic ‘esophageal body contractions of normal
amplitude (Fig. 9.3b). It lends credence to the model of
achalasia that incorporates the selective loss of inhibi-
tory enteric neural function (Fig. 9.1b).

Pathological studies that have examined esophageal
resection specimens from achalasia patients undergo-
ing esophagectomy probably select patients with long-
standing or end-stage disease. The complete agangli-
onosis demonstrated in the majority of such patients
may represent an end-result of ongoing myenteric in-
flammation. Such descriptions support a second model
of achalasia in which both the excitatory, cholinergic
neurons and inhibitory, nitric oxide neurons are absent
(Fig. 9.1¢). Under such circumstances, the functional
obstruction of the gastro-esophageal junction is caused
by the residual myogenic tone of the LES. Complete ab-
sence of esophageal peristaltic activity is the result of
the absence of enteric neural control.

While the nitric oxide-containing neurons may be
lost in achalasia, the pathways by which nitric oxide
functions remain intact in achalasia. This is evidenced
by the efficacy of exogenously administered nitrates
that act as nitric oxide donors in the treatment of acha-
lasia. Furthermore, a recent study by Bortolotti et al.®
demonstrated a significant decrease in LES pressure
following administration of sildenafil (Viagra). Silde-
nafil is an inhibitor of phosphodiesterase type 5 that
breaks down cyclic GMP stimulated by nitric oxide.
The efficacy of sildenafil in achalasia supports the in-
tegrity of the nitric oxide second messenger system in
the smooth muscle of the LES in achalasia.

Animal models of achalasia

Several animal models have been developed that have
provided insight into the pathophysiology of acha-
lasia and the means by which to test novel therapies.
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Fig. 9.3 Esophageal manometric findings in achalasia. (a)

This figure illustrates the findings in classic achalasia with
esophageal body aperistalsis with low-amplitude simultaneous
esophageal body contractions, and failed relaxation of the

The simplest model involves the surgical creation of
a mechanical obstruction of the gastro-esophageal
junction. Little and colleagues created a feline model
by fixing a 1 cm Gore-Tex band around the gastro-
esophageal junction.®® With this model, basal LES
pressure increased slightly and a mild but significant
impairment of deglutitive relaxation was achieved. Si-
multaneous esophageal body contractions were dem-
onstrated in 0% of animals preoperatively compared
with 85% at 4 weeks, and esophageal body contractile
amplitudes decreased by 30%. Although esophageal
dilatation was demonstrated, no significant increase
in thickness of the muscularis was demonstrated. The
manometric changes were reversible after removal of
the band. Using a pressure cuff that applied variable
degrees of obstruction of the gastro-esophageal junc-
tion in cats, Mittal and colleagues demonstrated that
the esophageal body amplitudes and propagation were
variably affected by both the degree of distal obstruc-
tion and bolus volume.” A similar model was created
in the opossum by Tung and colleagues.?*!'¢!'” Esopha-
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lower esophageal sphincter. (b) This figure is from a patient
with vigorous achalasia demonstrating robust, simultaneous
esophageal body contractions and failed relaxation of a
hypertensive lower esophageal sphincter.

geal dilatation and an increase in thickness of the
muscularis was demonstrated. Histological studies in
these animals demonstrated hypertrophy of individual
smooth muscle cells at both 4- and 8-week postopera-
tive time points as well as some morphological changes
in the myenteric ganglia.!'” In vitro muscle strip studies
demonstrated reduced hyperpolarization in response
to electrical stimulation in the hypertrophied muscle
compared with controls, suggesting a possible mecha-
nism for the simultaneous contractions. A recent study
examined the effects of more complete esophageal
obstruction in the opossum that resulted in significant
elevation in LES basal pressure and marked reduction
in deglutitive relaxation from 99% to 28%. Degenera-
tion of 5-20% of myenteric ganglion cells 2 weeks after
gastro-esophageal junction banding and 50-65% of
myenteric ganglion cells at up to 6 weeks after opera-
tion were demonstrated.® In most animals, peristaltic
function failed to recover after removal of the band.
These experimental models lend credence to the pos-
sibility that esophageal aperistalsis can be secondary
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to distal esophageal obstruction as an alternative to a
primary result of enteric neuropathy of the esophageal
body. -

Surgical vagotomy has also been examined as a
model for achalasia. An achalasia-like syndrome was
produced in dogs following electrolytic lesions of
the medulla and bilateral vagotomy.**** However, the
manometric and histological findings varied from
those observed in achalasia patients, and this led to an-
other investigation of the effects of cervical vagotomy
in primates.” In this study, only two of the seven mon-
keys developed a radiographic and manometric picture
consistent with achalasia. Interestingly, most animals
demonstrated a significant reduction in the number
of esophageal myenteric ganglion cells. Transection or
cooling of the vagus nerve has also been shown to abol-
ish primary peristalsis but leave secondary peristaltic
function intact in the opossum.®* These animal mod-
els demonstrate that vagotomy does not consistently
produce an achalasia-like picture. Moreover, signifi-
cant and lasting dysphagia is uncommonly observed
following surgical vagotomy in man. In a study of
96 patients who had undergone proximal gastric va-
gotomy for ulcer disease, only five patients developed
transient, albeit severe, dysphagia with delayed transit
of barium and incomplete LES relaxation.*

Gaumnitz and colleagues produced a model of acha-
lasia in the opossum by injecting the gastro-esophageal
junction with a cationic surfactant that resulted in
chemical dennervation.”® While these animals mano-
metrically resembled achalasia with hypertension and
failed relaxation of the LES, further study is needed to
delineate whether the effects of the chemical injury
are specific for enteric neurons rather than the result
of a mechanical obstruction due to injury of other
structures in the gastro-esophageal junction. If this
model were substantiated, examination for secondary
changes to the autonomic nervous system would be of
great interest.

Most recently, genetically engineered mice with
targeted disruption of the gene encoding the neuronal
form of nitric oxide synthase have been studied.'®
Hypertension of the LES was demonstrated as well
as marked impairment of swallow-induced LES re-
laxation. The phenotype of this knockout mouse was
dominated by marked gastric distension indicative of
the importance of nitric oxide in gastric motility. The

absence of significant esophageal dilatation may be
explained by the predominance of striated muscle in
the tubular esophagus of the mouse. Nevertheless, this
model lends credence to the importance of inhibitory
myenteric neural innervation in the pathogenesis of
achalasia.

Sensory function in achalasia
Although the pathophysiology of motor dysfunc-
tion has been investigated extensively, little is known
about the integrity of esophageal sensory function in
achalasia. Afferent innervation of the esophagus and
conscious perception of sensation depends on vagal
and spinal afferent fibers communicating with the cen-
tral nervous system.***%*> Degeneration of the central,
autonomic or enteric nervous systems could lead to
impaired visceral sensation in achalasia. Circumstan-
tial evidence for such a functional impairment comes
from the observation that patients with achalasia are
poorly cognizant of retained food in the esophagus
and esophageal distension. Furthermore, uncontrolled
studies have reported that achalasia patients have di-
minished perception of acid reflux events both before
and after treatment of their achalasia.®®

A limited number of investigations have examined
esophageal sensation in achalasia. Two previous studies
have evaluated visceral sensitivity using intra-esopha-
geal balloon distension.**#' Both studies found impair-
ment of sensation in achalasia patients. However, these
studies employed fixed-volume, latex balloons. As a re-
sult of the technique, the amount of pressure stimulus
applied to the esophageal wall varied depending upon
the degree of dilatation present secondary to the un-
derlying disease state. Therefore, this method is of lim-
ited validity in achalasia patients, in whom esophageal
dilatation is common. Rate and colleagues reported
diminished esophageal sensory responses to electri-
cal stimulation in a cohort of patients with varied
esophageal motility disorders that included achalasia.®
Brackbill and colleagues recently investigated sensory
function in achalasia by the use of a barostat device that
maintains a constant pressure stimulus independent of
luminal diameter.”® This study demonstrated signifi-
cant differences in esophageal mechanosensitivity in
achalasia patients who reported higher thresholds for
painful, distension-induced sensation than in healthy
controls. The same study also demonstrated decreased
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chemosensitivity in patients with achalasia using a
modified Bernstein test. These studies support the con-
cept of impaired esophageal sensitivity in achalasia but
do not identify whether the defect occurs at the level of
the central, autonomic or enteric nervous system.

In contrast to the diminished esophageal visceral
sensitivity, chest pain does occur in patients with
achalasia and has been reported in 17-63% of patients.
The mechanism for chest pain is unclear and it is likely
that more than one mechanism is involved. Proposed
etiologies include secondary or tertiary esophageal
contractions, esophageal distension by retained food,
and esophageal irritation by retained medications,
food, and bacterial or fungal overgrowth. Inflamma-
tion within the esophageal myenteric plexus could
also be involved. A recent prospective study, however,
found no association between the occurrence of chest
pain and either manometric or radiographic abnor-
malities. In the same study, patients with chest pain
were noted to be younger and had a shorter duration
of symptoms compared with patients without pain,
suggesting that esophageal visceral pain may be less
common with increasing neurodegeneration.’ Many
patients with achalasia report a history of episodes of
intense substernal chest pain that improve or resolve
over the course of their disease. Interestingly, treatment
of achalasia had little impact on the reporting of chest
pain, despite relief of dysphagia. A conflicting retro-
spective study reported chest pain in 44% of patients
with achalasia undergoing Heller myotomy but no
association between chest pain and either age or dura-
tion of symptoms.* In addition, chest pain resolved
in 84% of patients after Heller myotomy. Despite the
retrospective nature of the study, this report does sug-
gest that the etiology of chest pain in achalasia is likely
to be heterogeneous. Itis likely that varied etiologies for
chest pain account for the variations in both its preva-
lence and its response to therapy.

Etiopathogenesis

Primary achalasia

The etiology of primary achalasia remains unknown,
although several hypotheses have been put forth,
including viral pathogens, autoimmunity and neuro-
degeneration. Each hypothesis seeks to account for the
loss of ganglia from the esophageal myenteric plexus,

but itislikely that the various mechanisms proposed do
not operate independently.

A number of studies have implicated viral agents
in the pathogenesis of achalasia. An infectious etiol-
ogy seems plausible in the light of the uniform age
distribution of the incident cases of achalasia. A pre-
liminary report noted a statistically significant increase
in antibody titers against measles virus in patients with
achalasia compared with controls.®® While this study
has not been substantiated, another study using DNA
hybridization techniques found evidence of varicella-
zoster virus in three of nine myotomy specimens from
patients with achalasia but none of 20 control speci-
mens.”? DNA probes for cytomegalovirus and herpes
simplex type I were negative in both achalasics and
controls. The herpes virus family was specifically tar-
geted in this study, because of its neurotropic nature.
Furthermore, the predilection of the herpes viruses
for squamous epithelium as opposed to columnar
epithelium makes this an attractive hypothesis. Such
tissue selectivity could explain why achalasia involves
only the esophagus while sparing the remainder of the
gastrointestinal tract. More recent studies using more
advanced methods, including polymerase chain reac-
tion techniques, however, failed to detect the presence
of measles, herpes or human papilloma viruses in my-
otomy specimens of patients with achalasia.»”*'”” These
negative studies do not exclude the possibility that the
etiology of achalasia is either an alternative viral spe-
cies or resolved viral infection with disappearance of
the inciting viral pathogen from the host tissue. Sup-
porting this possibility is a recent study demonstrating
immunoreactivity of inflammatory cells from patients
with achalasia in response to viral antigens despite the
inability of the investigators to detect the virus in tissue
samples."

Early descriptions of inflammatory infiltration of
the affected regions of the esophagus in achalasia led
to speculation about an autoimmune etiology. Inflam-
matory infiltration of the myenteric plexus was present
in 100% of specimens from a histological analysis of
42 achalasia esophagectomy specimens.® Immunohis-
tochemical staining characterized the infiltrative cells
as T cells positive for CD3 and CD8.' A significant
eosinophilic infiltration has been demonstrated in
some patients with achalasia.''? An association between
achalasia and class II histocompatibility antigens has
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been described, specifically identifying a higher ge-
notypic frequency of the HLA-DQwl, DQA1*0101,
DQA1*103, DQB1*0602 and DQB1*0603 alleles in
achalasia patients than in controls.?*121% Class 11
antigen expression on myenteric neurons could be
targeted as foreign antigen. Storch and colleagues
demonstrated antibodies against myenteric plexus
in the serum of 37 of 58 patients with achalasia but
in only four of 54 healthy controls.'® This study also
failed to detect antibodies in the serum of patients with
Hirschsprung’s disease or esophageal cancer and in
only one out of 11 patients with peptic esophagitis. A
second study detected serum antibodies against myen-
teric neurons in seven of 18 achalasia patients but not
in healthy controls or reflux patients.'”? The patients’
antibodies bound to neurons in enteric plexuses from
tissue sections of both the esophagus and the intestine
of rats. However, since the defect in primary achalasia
is quite specific to the esophagus, the significance of a
circulating antibody that targets not only esophageal
but also intestinal neurons is unclear. In another re-
cent study, positive immunostaining of the myenteric
plexus of the esophagus and ileum of the guinea-pig
and mouse were detected in serum samples of 23 out
of 45 achalasia patients. However, a similar degree of
immunostaining was demonstrated in the serum of
eight out of 16 patients with gastro-esophageal reflux
disease. This suggests that the antineuronal antibodies
detected may represent a non-specific or secondary
phenomenon that does not play a causative role in the
pathogenesis of achalasia.”

Neurodegeneration is a third proposed etiology for
primary achalasia. Loss of neurons within the dorsal
vagal motor nucleus and degenerative changes of the
vagal nerve fibers have been noted.'?®' Experimental
lesions of the brainstem and vagus nerves in animal
models (see below) can produce esophageal motility
abnormalities that resemble achalasia. Such findings
led investigators to speculate that the site of primary in-
volvement in achalasia was in the dorsal motor nucleus
and vagus nerve, and that the myenteric abnormalities
were secondary. However, most pathological studies
have found that the predominant abnormalities are
within the myenteric plexus, with marked diminu-
tion or complete absence of ganglion cells and intense
inflammatory infiltration of the myenteric plexus.*»'®
Neural inflammation has not been described in other

parts of the autonomic or central nervous system of
achalasia patients, arguing against these being the pri-
mary site of denervation. Furthermore, defects in vagal
innervation would be expected to lead to prominent
clinical abnormalities outside the esophagus, including
gastric emptying disorders, which are not commonly
seen in achalasia. A number of studies have looked for
autonomic effects on gastric physiology but have pro-
vided inconsistent results.>*' Significant abnormalities
in esophageal function are uncommon clinical mani-
festations in patients who have had vagal transections.
Additional evidence to support the neurodegenerative
hypothesis comes from the description of Lewy bodies,
intracytoplasmic inclusions characteristically found in
Parkinson’s disease, in the myenteric plexus and dorsal
motor nucleus of achalasia patients.® It is likely that the
neurodegenerative changes in achalasia are secondary
to viral- or autoimmune-mediated destruction of the
enteric ganglia.

Secondary achalasia

A number of disorders can result in a clinical pre-
sentation that manometrically and radiographically
resembles primary achalasia (Table 9.1). Secondary
achalasia can occur in a form that is restricted to the
esophagus or is part of a generalized motility disorder
affecting other parts of the gastrointestinal tract.*
These secondary forms provide important insights
into the pathophysiology of achalasia.

Allgrove first reported the triple A or Allgrove’s
syndrome in 1978, when he described two pairs of sib-
lings presenting with achalasia, alacrima and adrenal
insufficiency. Subsequent studies have characterized
the disorder as an autosomal recessive disease with
additional features that include peripheral neuropa-
thy, autonomic neuropathy and mental retardation.
Most cases have presented in children younger than
10 years, with morbidity being due to hypoglycemia
and dysphagia. Pathological studies have demon-
strated the absence of ganglion cells in the esophagus
as well as atrophy of the adrenal cortical zona fascicu-
lata and reticularis, and both axonal degeneration
and nerve fiber loss in peripheral nerves. A study
reported linkage of the gene for triple A syndrome to
chromosome 12q13.'* Tullio-Pelet and colleagues re-
ported mutations in a novel gene (AAAS) encoding a
regulatory protein referred to as ALADIN (for alacri-
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Table 9.1 Secondary forms of achalasia.

Achalasia

Allgrove’s syndrome (AAA syndrome)
Hereditary cerebellar ataxia

Familial achalasia

Sjogren’s syndrome

Sarcoidosis

Post-vagotomy

Post-fundoplication

Autoimmune polyglandular syndrome type Il

Achalasia with generalized motility disorder
MEN iib (Sipple‘s syndrome)

Neurofibromatosis (von Recklinghausen’s disease)
Chagas’ disease (Trypanosorma cruzi)
Paraneoplastic syndrome (anti-Hu antibody)
Parkinson’s disease

Amyloidosis

Fabry’s disease

Hereditary cerebellar ataxia

Achalasia with associated Hirschsprung’s disease
Hereditary hollow visceral myopathy

Achalasia secondary to cancer (pseudoachalasia)
Squamous cell carcinoma of the esophagus
Adenocarcinoma of the esophagus

Gastric adenocarcinoma

Lung carcinoma

Leiomyoma

Lymphoma

Breast adenocarcinoma

Hepatocellular carcinoma

Reticulum cell sarcoma

Lymphangioma

Metastatic renal cell carcinoma
Mesothelioma

Metastatic prostate carcinoma

Pancreatic adenocarcinoma

ma-achalasia—adrenal insufficiency neurological dis-
order)."” The ALADIN protein is believed to function
in the normal development of both the peripheral and
the central nervous system. It has been proposed that
the ALADIN protein is involved in the regulation of
nucleocytoplasmic transport, which is essential for
the maintenance and development of specific tissues,
including the esophageal myenteric plexus. Thus,
Aligrove’s syndrome, like Hirschsprung’s disease, ap-
pears to be a genetic disorder leading to tissue-specific
defects of the enteric nervous system. An intriguing
report noted coexistent Hirschsprung’s disease and

achalasia in two male siblings. Both siblings were
diagnosed shortly after birth with achalasia requiring
cardiomyotomy and both were subsequently diag-
nosed with Hirschsprung’s disease, with pathology of
the rectum showing absent ganglion cells.”

Achalasia can also occur among the motility disor-
ders affecting multiple regions of the gastrointestinal
tract. Esophageal dysmotility and achalasia have been
described as part of multiple endocrine neoplasia type
2B* and von Recklinghausen’s neurofibromatosis.*
Unlike the pathological finding of aganglionosis that
characterizes primary achalasia and most forms of
secondary achalasia, these two disorders have hyper-
ganglionosis or neuronal dysplasia of the myenteric
plexus of the gastrointestinal tract. Recent molecular
genetic studies have provided major advances in the
understanding of multiple endocrine neoplasia. Over
90% of patients with multiple endocrine neoplasia
type 2 (MEN-2) have been found to have mutations
in the RET proto-oncogene.” This gene is located on
chromosome 10q11.2 and encodes a receptor tyrosine
kinase expressed on neural crest cells. The medullary
thyroid carcinoma, pheochromocytoma, mucosal neu-
romas and gastrointestinal neuronal dysplasia which
develop as part of MEN-2 can be explained by the fact
that these tissues are all derived from the neural crest
during fetal development. Other hereditary forms of
achalasia with associated generalized gastrointestinal
motility disorders have been described and await mo-
lecular genetic characterization.*

Chagas’ disease is a parasitic infection caused by Try-
panosoma cruzi and is endemic to regions of Central
and South America and Mexico. T. cruzi is transmitted
from person to person by blood-sucking triatomine
(reduviid) insects, and 10-30% of infected individuals
develop a chronic infection that presents years or even
decades after initial infection. Any portion of the gas-
trointestinal tract can be involved, but the esophagus
is most commonly affected, and in this case secondary
achalasia occurs in 7-10% of chronically infected indi-
viduals. Recently, antibodies directed at targets within
the myenteric plexus have been demonstrated in pa-
tients with Chagas’ disease and achalasia.” Circulating
IgG antibodies recognizing the M -muscarinic acetyl-
choline receptor were detected in a series of patients
with achalasia secondary to Chagas’ disease at much
greater frequencies than found in Chagas patients
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without achalasia, patients with idiopathic achalasia,
and healthy controls. These investigators further dem-
onstrated functional effects of the antibody as an in
vitro, muscarinic agonist-like activity on isolated rat
esophageal muscle strips. The significance of this anti-
body in the clinical presentation of achalasia in Chagas’
disease is unclear, since the pathogenesis still involves
destruction of the myenteric neurons. Moreover, Dan-
tas has reported greater impairment of the cholinergic
pathway in patients with achalasia secondary to Cha-
gas’ disease compared with patients with idiopathic
achalasia and healthy controls.

Cancer is an important cause of secondary achalasia.
It can produce achalasia or an achalasia like picture by
one of three mechanisms. The first and most common
is by direct mechanical obstruction of the distal esoph-
agus. This is referred to as ‘pseudoachalasia’ and has
been described with a number of cancers (Table 9.1).
Neoplastic cells can also invade the submucosa of the
lower esophageal sphincter and thereby disrupt the my-
enteric neurons, resulting in an achalasia-like picture
that can be missed on endoscopic examination. Finally,
tumors remote from the distal esophagus can cause
achalasia through a paraneoplastic syndrome." This is
an autoimmune response in which the tumor expresses
a neuronal antigen that the host recognizes as non-self.
Activated T cells and plasma cell antibodies directed at
the antigen act to retard the growth of the tumor but
react with portions of the nervous system outside the
blood-brain barrier.”” Anti-Hu (also known as type
1 antineuronal nuclear autoantibodies or ANNA-1)
recognize proteins expressed in cancer tissue and in
neurons of the central, peripheral, autonomic and en-
teric nervous systems.”’” The paraneoplastic syndrome
is most commonly seen with small cell lung cancer but
has also been described in neuroblastoma and prostate
cancer patients. The gastrointestinal manifestations
associated with the anti-Hu paraneoplastic syndrome
include achalasia, gastroparesis and intestinal pseudo-
obstruction. Encephalomyelitis, sensory neuropathy
and cerebellar degeneration have also been described.
Importantly, the gastrointestinal manifestations can
often precede the diagnosis of the cancer and the pres-
ence of the paraneoplastic response may portend a
better prognosis.® Rare cases have been described with
intestinal aganglionosis and anti-Hu antibodies in the
absence of neoplasm.'®

Diagnosis of achalasia

Achalasia occurs with an incidence of approximately
1:100 000, with an equal gender distribution.® It occurs
at all ages but the incidence tends to increase after the
seventh decade. Dysphagia is the predominant symp-
tom and is typically accompanied by regurgitation.
Additional symptoms include weight loss, nocturnal
aspiration and chest pain. Paradoxically, heartburn is
reported by some patients and may be due to bacterial
fermentation of retained food in the esophagus, poor
clearance of even small amounts of acid refluxate, or
other non-acid mechanisms of chest pain that are re-
ported as heartburn. Several reports exist of patients
referred for refractory heartburn and surgical fun-
doplication who are prospectively or retrospectively
found to have achalasia.

Upper endoscopy is often the first test used to
evaluate patients with suspected achalasia and may
detect esophageal dilatation with retained saliva or
food. However, in a series of newly diagnosed patients
with achalasia, upper endoscopies were reported as
normal in 44%.% A barium esophagram can be highly
suggestive of the diagnosis of achalasia, particularly
when there is the combination of esophageal dilata-
tion with retained food and barium and a smooth, ta-
pered constriction of the gastro-esophageal junction
(Fig. 9.4). However, in the same series as that men-
tioned above, the diagnosis of achalasia was suggested
in only 64% of barium examinations. Quantitative
assessment of the degree of esophageal emptying of
barium over time may increase the diagnostic sen-
sitivity of the esophagram for achalasia and serves
as a valuable means by which to follow the patient’s
response to therapy (Fig. 9.4).2”'® In the light of the
limited sensitivity of endoscopy and barium studies,
the test with the greatest sensitivity in the diagnosis
of achalasia is esophageal manometry. The defining
manometric features of achalasia are aperistalsis of
the distal esophagus and incomplete or absent LES
relaxation (Fig. 9.3a). Additional supportive features
include a hypertensive lower esophageal sphincter
and low-amplitude esophageal body contractions.
High-resolution manometry combined with topo-
graphic analysis is an emerging technique that offers
potential advantages over conventional esophageal
manometry.'% Although it is an emerging method for
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Fig. 9.4 Timed barium swallow. Following the ingestion of
a fixed volume of barium, sequential radiographs are taken
at 1, 2 and 5 minutes. The upper three panels demonstrate
lack of emptying, with a fixed column of barium persisting

investigative purposes, the advantages of high-resolu-
tion manometry with topography over conventional
manometry for clinical practice are undefined. Fig-
ure 9.5 illustrates a contour plot topographic analysis
of a patient with achalasia.

While manometry is accepted as the gold standard
for making the diagnosis of achalasia, heterogeneity
does exist in the manometric presentation.” The most
commonly recognized variant of achalasia is known as
‘vigorous achalasia), variably defined by the presence of
normal to high-amplitude esophageal body contrac-
tions in the presence of a non-relaxing LES (Fig. 9.3b).
While vigorous achalasia may represent an early stage
of achalasia, studies have failed to demonstrate differ-
ences in terms of clinical presentation in such patients,
including the duration of disease or the occurrence of
chest pain. Endoscopic injections of botulinum toxin
into the LES have been reported to be more effective in
patients with vigorous achalasia, supporting the integ-
rity of the cholinergic neurons in the myenteric plexus
in such patients.” Additional manometric variants of

at 5 minutes. The lower three panels demonstrate the
same patient after therapy with pneumatic dilation. An
improvement in emptying and degree of esophageal
dilatation is shown.

achalasia include rare individuals with intact peristal-
sis through the majority of the esophageal body and
with preservation of either deglutitive or transient LES
relaxation.®* In these cases, the diagnosis of achalasia
was substantiated by demonstrating degeneration of
myenteric neurons and by observing the clinical re-
sponse to myotomy. The significance of defining these
variants of achalasia lies in the recognition that these
sometimes confusing manometric findings are still
consistent with achalasia when combined with addi-
tional clinical data supportive of the diagnosis.

Therapy of achalasia

Treatment options for idiopathic achalasia include
pharmacological therapy, endoscopic botulinum toxin
injection, endoscopic pneumatic dilation, and surgical
myotomy (Table 9.2).! All forms of therapy seek to
reduce the LES pressure to allow improved esophageal
emptying by gravity, since the esophageal peristaltic
pump is typically impaired. Pharmacological therapy



116 SECTION C Pathophysiology and Treatment of Human Diseases

—
L oznusgBas

employs the use of smooth muscle relaxants, such as
calcium channel antagonists, nitrates and anticholin-
ergic agents. Given the marked esophageal retention
that characterizes achalasia, pharmacological therapy
should be delivered by the sublingual route. Small, ran-
domized controlled trials using sublingual nifedipine
and isorbide dinitrate have demonstrated a significant
reduction in LES pressure and symptom relief. How-
ever, the long-term effectiveness of medical therapy
has generally been limited by both side-effects and
an efficacy that is less than that of the more invasive
therapies.

Fig. 9.5. Contour plot topographic
analysis of esophageal motility in
achalasia. Topographic analysis is a
method of axial data interpolation
derived from computerized plotting
of data from muitiple, closely spaced,
solid-state recording transducers. The
interpolated pressure information is
plotted as a two-dimensional contour
plot in which pressure amplitude

is coded by color. (a) A normal
esophageal study with propagation
of the peristaltic wave and relaxation
of the LES. The upper esophageal
sphincter is also depicted at the top
of the panel, demonstrating a higher
basal pressure and shorter relaxation
phase. (b) A study from a patient with
achalasia with complete esophageal
aperistalsis and incomplete relaxation
of the hypertensive lower esophageal
sphincter. Aithough there is partial
inhibition of the LES, the relaxation
pressures exceed 40 mmHg. An
esophagogastric pressure gradient is
evident in the distal esophagus.

Pasricha and colleagues introduced botulinum toxin
injection in 1995 as a novel therapy for achalasia.”>®
Studies by several investigators have now demonstrated
significant symptom benefit in approximately two-
thirds of patients treated with botulinum toxin injection
into the lower esophageal sphincter. The mechanism of
action is via the prevention of the release of acetylcholine
from neurons within the myenteric plexus. However,
long-term studies using botulinum toxin have shown
the need for repeated injections to maintain symptom
relief. Highlighting the limitations of this therapy is the
report of Vaezi and colleagues of a randomized con-
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Table 9.2 Therapy of achalasia.

Therapy Without further therapy Repeat treatment
Totaln Weighted mean Weighted mean n Weighted mean
response (p) + SE' follow-up response (p) + SE*

Botulinum toxinS"103.118.124 221 35+17% 13yr 63 49 +26%
Pneumatic dilatation'® 1276 72+ 26% 49yr 269 80+42%
Heller myotomy

Thoracotomy'** 1221 84+ 20% 5yr Scant data

Laparotomy!'®: 732 851 18% 7.6yr Scant data

Laparoscopy?8.53.82.92.103,105,127 ' 365 -91+13% 1.4yr 4.1% converted to

open
- R n n A 1 1 1
h= P mp, np, SE(p)= pd p) pd p) pd p)
n n, n n n, n,

X

Adapted from reference 104.

trolled trial of botulinum toxin and pneumatic dilation
in 42 patients with achalasia.'"” At the 12-month follow-
up, 70% of the pneumatic dilation and only 32% of the
botulinum toxin patients were in symptomatic remis-
sion. Of greater concern was the finding that, while pro-
viding symptom relief, botulinum toxin failed to reduce
LES pressure significantly or to reduce barium retention
on a quantitative barium swallow. Given the limitations
of both pharmacological therapy and botulinum toxin
for achalasia, such treatments are generally reserved for
patients who are poor candidates for more definitive
interventions or as temporizing measures while await-
ing such treatment. Additionally, the temporary effects
of botulinum toxin make its use appealing in patients in
whom the diagnosis of achalasia is questionable.
First-line therapy of achalasia is best achieved by
either endoscopic pneumatic dilation or surgical my-

otomy. Pneumatic dilation provides symptom relief in
approximately 70—-80% of patients. Larger balloon di-
ameters provide greater response rates but also increase
the risk of perforation, which is generally less than 5%.
Recent long-term observational studies have reported
that the effectiveness of pneumatic dilation decreases
significantly over time, with less than 40% of patients
in remission after five years.*® Surgical myotomy was
first performed via thoracotomy by Heller in 1913. The
operation can be performed either thoracoscopically
or laparoscopically with much shorter lengths of hos-
pitalization (1-3 days in most series) compared with
the open procedures. Success using the laparoscopic
approach is approximately 90% in most series.'*%
Retrospective studies and one randomized trial report
a superior outcome in patients treated surgically com-
pared with those treated with pneumatic dilation. Fur-

Treatment of achalasia

1 Botulinum toxin injection into the LES is
successful in under 50% with need for repeated
treatments.

2 Pneumatic dilatation achieves greater success at
70% with a low perforation complication rate.
Long-term follow-up studies, however, have

reported success in less than 40% after five years.

3 Laparoscopic Heller myotomy is probably
superior to both the above, with a success rate of
around 90%. However, randomized controlled
trials comparing endoscopic and laparoscopic
therapy are lacking.
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thermore, perforations that occur as a result of pneu-
matic dilation require repair via open thoracotomy,
necessitating a much longer recovery period compared
with an elective laparoscopic surgical approach. Avail-
able local expertise is an important consideration in the
choice of initial therapy for achalasia.

Complications of achalasia

The primary complications of achalasia are related to
the functional obstruction rendered by the non-relax:
ing LES. These include progressive malnutrition and
aspiration. Aspiration can be a substantial cause of
morbidity, with patients at risk of postprandial and
nocturnal coughing and aspiration. Uncommon but
importantsecondarycomplicationsofachalasiainclude
the formation of epiphrenic diverticula and esophageal
cancer. Epiphrenic diverticula are commonly associ-
ated with esophageal motility disorders, presumably
as a result of increased intraluminal pressures, and
are most commonly detected in the distal esophagus
immediately proximal to the LES. Esophageal cancer
is also seen with increased frequency in patients with
idiopathic achalasia (Fig. 9.6). Most commonly, the
cancers that develop are squamous cell carcinomas,
although adenocarcinomas are also reported. A large
cohort study from Sweden found a 16-fold increased
risk of esophageal cancer during years 1-24 after ini-
tial diagnosis.®>'”” Cancers detected in the first year
after diagnosis of achalasia were excluded to eliminate
prevalent cancers that may have presented as secondary
or pseudoachalasia.”® The overall prevalence of esopha-
geal cancer in achalasia is approximately 3%, with an

Large esophageal mass

incidence of approximately 197 per 100 000 per year.”
The incidence of cancer increases significantly after
15 years of symptoms referable to achalasia. However,
based onthe overall low incidence of esophageal cancer,
routine endoscopic screening of patients with achalasia
is not generally recommended. It is also possible that
successful treatment of achalasia may reduce the risk of
cancer, but this has not been proven and several cases
have reported carcinoma arising following treatment.
Finally, upper airway obstruction has been reported as
a complication of achalasia, presumably secondary to
extrinsic compression of the posterior aspect of the tra-
chea by the markedly dilated esophageal body.*%*7 This
particular complication implies dysfunction of upper
as well as lower esophageal sphincter function, which is
surprising in the light of the skeletal muscle composi-
tion of the upper esophageal sphincter.

Other esophageal motor and
functional disorders

Diffuse esophageal spasm

Diffuse esophageal spasm is a rare condition, first
described by Osgood in 1889. The diagnosis is based
upon the finding of the simultaneous, esophageal body
contractions (Fig. 9.7). How rapid esophageal contrac-
tions need to be in order to be considered simultaneous
was examined by Hewson and colleagues, who found
that propagation velocities that exceed 6.25 cm/s are
associated with esophageal retention.” Radiological
barium studies demonstrate impaired esophageal
emptying and the presence of simultaneous and
tertiary contractions that result in the characteristic

Fig. 9.6 Esophageal squamous cell
carcinoma arising in achalasia. These
endoscopic photographs demonstrate
an exophytic mass in the proximal
esophagus of a patient with long-
standing achalasia complicated by a
chronically dilated esophagus.
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Fig. 9.7 Esophageal manometry in diffuse esophageal spasm.
Esophageal motility tracing from a patient with diffuse
esophageal spasm, demonstrating simultaneous contractions
of the esophageal body with intact lower esophageal sphincter
relaxation.

‘corkscrew’ or ‘chain of beads’ configuration of the
esophagus (Fig. 9.8). High-amplitude, repetitive and
long-duration contractions may be present but are not
necessary for the diagnosis.”® Intermittent preserva-
tion of esophageal peristalsis should be observed. If
every swallow sequence is simultaneous or if failed LES
relaxation is noted, the diagnosis of achalasia needs to
be entertained. That being said, a number of similari-
ties between the two conditions exist. Both conditions
appear to result from a defect in the inhibitory neuro-
transmission of the esophagus, presumably at the level
of the myenteric plexus. Failed deglutitive inhibition

was demonstrated in patients with esophageal spasm
using paired swallows and with an artificially created
high-pressure zone in the esophageal body.>* Because
of the rarity of cases of diffuse esophageal spasm and
the even less common need for surgical intervention,
histopathological data are few. Limited studies have
demonstrated degeneration of vagal fibers, inflamma-
tory infiltration of myenteric plexus and hypertrophy
of smooth muscle. Furthermore, several cases have
been reported in which transformation from diffuse
esophageal spasm into achalasia has been observed.
Simultaneous esophageal contractions are not entirely
specific for diffuse esophageal spasm and have been
reported in patients with diabetes, connective tissue
disorders, alcoholism and gastro-esophageal reflux
disease.

The management of diffuse esophageal spasm con-
sists primarily of pharmacological therapy and follow-
ing patients for progression to achalasia. Both calcium
channel antagonists and nitrates have demonstrated
benefit in uncontrolled trials.””'® No data exist on
the use of oral anticholinergic agents, although recent
studies have found some efficacy in the use of botuli-
num toxin injections in the LES or distal esophageal
body. In patients with dysfunction of the LES, pneu-
matic dilation therapy has been effective in relieving
dysphagia. In severe cases, surgical therapy consisting
of alongitudinal myotomy of the distal esophagus may
be considered.

Functional chest pain of presumed
esophageal origin

The term ‘functional chest pain of presumed esopha-
geal origin’ has been recommended by the Rome II
committee to encompass patients with chest pain that
is not caused by cardiac disease or gastro-esophageal
reflux disease.'® Studies from the 1980s postulated

Esophageal spasm

1 Rare cause of dysphagia and esophageal pain.

2 Differential diagnosis includes early or atypical
presentations of achalasia.

3 Associated with degenerative changes in
myenteric plexus in some cases.

4 Data on treatment are scarce.

5 Treatment includes oral or sublingual smooth
muscle relaxants. Botulinum toxin injection,
pneumatic dilatation and extended myotomy are
therapeutic considerations for severe cases.
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that esophageal dysmotility, in particular nutcracker
esophagus, was an important cause of unexplained
chest pain. Nutcracker esophagus is defined by the
presence of esophageal contractile amplitudes exceed-
ing 180 mmHg (Fig. 9.9). In one series, esophageal dys-
motility was found in 28% of patients with non-cardiac
chest pain, of whom nearly half had a nutcracker pat-
tern.”” Symptoms that have been reported in patients
with nutcracker esophagus include chest pain and dys-
phagia. However, studies have demonstrated poor cor-
relation between the symptoms of nutcracker esopha-
gus and the manometric abnormalities. Furthermore,
treatments, such as calcium channel antagonists, that
effectively improve the motility abnormalities do not
significantly improve symptoms.®' Additionally, thera-
pies using low-dose antidepressants have improved
symptoms while having no effect on the manometric
disturbances.!"'” Thus, it appears at present that nut-
cracker esophagus is not an important primary cause
of chest pain and the use of medications directed at
the motility abnormalities for the purpose of relieving
chest pain is not supported by the available data. It fol-

Fig. 9.8 Radiographic examination
of diffuse esophageal spasm. Barium
swallow illustrating the spiral or
‘corkscrew’ deformity of the tubular
esophagus caused by simultaneous,
lumen-obliterated contractions of
the circular muscle of the esophageal
body.

lows that the routine use of esophageal manometry in
the initial evaluation of patients with non-cardiac chest
pain is not recommended.* It is important to exclude
other treatable conditions, such as gastro-esophageal
reflux disease, in patients presenting with non-cardiac
chest pain.!

As has occurred with the understanding of irritable
bowel syndrome, investigations into the mechanism
responsible for functional chest pain have shifted away
from motility disorders to dysfunction of the brain—gut
axis.’®**" Visceral hypersensitivity has been dem-
onstrated using balloon distension studies that have
detected significantly lower sensory thresholds in most
patients with non-cardiac chest pain compared with
controls.?¥7% Altered autonomic function has been
demonstrated in patients with non-cardiac chest pain
in response to mechanical, chemical or electrical stim-
ulation.’''* Hyperexcitability within central visceral
nociceptive pathways has been demonstrated using the
technique of cerebral evoked potentials.®**” Finally, as
in other functional gastrointestinal disorders, psycho-
logical factors, including anxiety, panic and affective
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Fig. 9.9 Esophageal manometry in nutcracker esophagus.
Esophageal motility tracing from a patient with nutcracker
esophagus demonstrating high-amplitude peristaltic
contractions of the esophageal body with intact lower
esophageal sphincter relaxation.

disorders, have been demonstrated in many patients
with non-cardiac chest pain.*”!® It remains unclear
whether such psychological factors are a primary cause
of chest pain, serve as triggers to underlying visceral
hypersensitivity or act to lower the threshold by which
functional chest pain patients choose to seek medical
attention.

The management of functional chest pain incorpo-
rates reassurance of the benign nature of the patient’s
condition. The high prevalence of reflux disease among
patients with non-cardiac chest pain provides the ra-
tionale for anti-reflux therapy as an initial therapeutic
trial, even in patients without obvious clinical symp-
toms or endoscopic signs of gastro-esophageal reflux.
As mentioned above, the available evidence does not
support the routine use of smooth muscle relaxants.
The best evidence for pharmacological treatment of
functional chest pain is for pain modulators. In a ran-
domized controlled trial, trazodone was significantly
more effective than placebo in relieving symptoms."”
Similarly, sertraline, a serotonin reuptake inhibitor,

has shown efficacy over placebo in a recent random-
ized trial.’®*® Psychological comorbidities should be
addressed in the light of their potential roles as triggers
or causes of chest pain. Finally, the role of alternative
medicine approaches needs to be defined, given their
reported effectiveness in irritable bowel syndrome.
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Neuromuscular anatomy and
electrophysiology

Functionally, the stomach consists of a proximal part
and a distal part, with a sphincter muscle at both ends.
The proximal stomach consists of the fundus and part
of the gastric corpus. In the proximal stomach, smooth
muscle cells do not display electrical oscillations, but
they do exert a tonic contractile activity. In the distal part
of the stomach, smooth muscle cells display slow waves,
which are oscillations of the membrane potential at the
rate of three per minute, triggered from an area in the
mid-corpus near the greater curvature, the pacemaker
region of the stomach. It is now clear that the interstitial
cells of Cajal, a specialized type of neural crest-derived
cell, located near the myenteric plexus, are the gen-
erators of these membrane potential oscillations.! Slow
waves are not sufficient to generate contractile activity.
Phasic contractions are produced by action potential,
triggered by neurotransmitter release, at the crest of a
slow wave. Thus, the slow waves determine the timing of
contractions, while the number of spikes determines the
strength of the contractions. Recent observations also
support the involvement of interstitial cells of Cajal in
nerve-to-muscle neurotransmission.

Like other parts of the gastrointestinal tract, the
myenteric plexus is found between the circular and
longitudinal muscle layers in the stomach. Cell bod-
ies of intrinsic neurons are grouped in ganglia, whose
number increases towards the distal antrum. Although
these neurons have numerous connections with vagal
(parasympathetic) and splanchnic (sympathetic)
extrinsic nerves, the gastric myenteric plexus is also
capable of major functional autonomy.

Vago-vagal reflexes play a crucial role in the control
of gastric motor activity. The splanchnic or sympathet-
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ic innervation of the stomach originates from spinal
segments T6 to T9. They exert mainly an inhibitory
function through the presynaptic inhibition of acetyl-
cheline release from the myenteric plexus and via sym-
pathetic reflexes relaying at prevertebral ganglia or the
spinal cord. Perception afferents from the stomach are
driven by splanchnic-sympathetic—spinal pathways,
while vagal fibers may play only a modulatory role.

Physiology

Interdigestive motility

During fasting, the stomach participates in the cyclic
interdigestive motor pattern, alternating periods of
quiescence and periods of activity. During the periods
of activity the proximal stomach generates a high level
tonic contraction with superimposed prolonged phasic
contractions with a 1-minute rhythm, whereas the an-
trum produces shorter phasic contractions at three per
minute. The net effect of gastric interdigestive activity is
the evacuation of indigestible particles from the stomach
to the small bowel. Hence, the absence of gastric phase ITI
activity may promote gastric bezoar formation.

Postprandial activity

Ingestion of food suppresses interdigestive motility,
and the gut switches to a fed pattern. The stomach
accommodates a rapidly ingested, heterogeneous
meal, and delivers into the small bowel a homogenized
chyme at the rate adapted to the intestinal processing
capability (Fig.10.1). In response to ingestion, the
proximal stomach partially relaxes to accommodate
the meal (Fig. 10.2). During the postprandial period
the proximal stomach progressively recontracts, and
this tonic contraction gently forces intragastric chyme
distally. Solid particles are retained and ground in the
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Fig. 10.1 Motor function of the stomach.

antrum by phasic contractions, while liquid chyme is
squeezed through the pyloric gate, which determines
the final gastric outflow.

The tonic contraction of the proximal stomach
during the postprandial period is modulated by sev-
eral mechanisms. Swallowing produces a transient
and brief receptive relaxation that probably has little
effect on the accommodation process. Antral filling
releases antrofundal relaxatory reflexes, which may
play a major role in the early accommodation phase.’
Nutrients entering the intestine induce a variety of re-
flexes depending on the type of nutrient and the region
of the intestine stimulated. This probably constitutes a
fine feedback control to adapt the rate of nutrient deliv-
ery to the intestinal processing capability. Other chyme
parameters, such as pH and osmolarity, also play a role.
Gastric accommodation is modulated by vago-vagal
reflexes involving the release of 5-HT, probably at the
level of the enteric nervous system, and subsequent
activation of nitrergic motor neurons.*
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Fig. 10.2. Gastric tone during gastric emptying of a meal.
Gastric emptying of solids and liquids was measured by
scintigraphy and gastric tone was measured as changes in air
volume within an intragastric bag maintained at constant
pressure by a barostat. Note gastric relaxation (air volume
increases) after meal ingestion, and subsequent tone recovery
paralleling gastric emptying. From Moragas et al., Am J Physiol
1993; 264: G112-17, with permission.

Tests of gastric motor function

Measurement of gastric emptying
Radionuclide gastric emptying test

This technique is still considered the standard method
for the assessment of gastric emptying rate. Solid and
liquid emptying can be assessed separately or simul-
taneously (Fig. 10.2). The solid and/or liquid meal
components are labeled with a (different) radioiso-
tope, usually *Tc or "'In.>®* The number of counts
in a given region of interest (proximal, distal or total
stomach, small intestine) is measured at regular inter-
vals after ingestion of a meal, using a gamma-camera.
The disadvantage is the use of radioactive labels, its
high cost and its poor level of standardization of meal
composition and measuring times over different
laboratories.

BC breath test

The solid or liquid phase of a meal is labeled with a 1*C-
containing substrate (octanoic acid, acetic acid, glycine
or spirulina). As soon as the labeled substrate leaves the
stomach, it is rapidly absorbed and metabolized in the
liver to generate >CO,, which appears in the breath.
Breath sampling at regular intervals and mathemati-
cal processing of its ?CO, content over time makes it
possible to calculate a gastric emptying curve. The ad-
vantages of this test are its non-radioactive nature and
the ability to perform the test outside a hospital setting.
Disadvantages are the absence of standardization of
meal and substrate.

Ultrasound

Ultrasound makes it possible to measure the diameter
of the gastric antrum as a marker of the emptying rate
of a liquid meal. Complex technologies that allow
proximal and distal gastric volumes to be calculated
have been described. However, the ultrasound tech-
nique is operator-dependent, time-consuming and
not suitable for solid meals. It is therefore mainly an
experimental tool.

Antro-intestinal manometry

Antro-intestinal manometry makes it possible to inves-
tigate mechanisms that are involved in the regulation
of normal and abnormal gastric emptying.” Its clinical
application is restricted to referral centers and it is indi-
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cated only in cases of suspected intestinal dysmotility,
especially in patients with gastroparesis.

The barostat

The gastric barostat consists of a computer-driven air
pump connected to an oversized balloon, which can be
positioned in the proximal or distal stomach. The baro-
stat maintains a fixed pressure level within the stomach
by adapting the intraballoon volume.> Measurement
of volume changes at a constant low pressure allows
changes in gastric tone to be quantified (Fig. 10.2),and
measurement of perception at various pressure levels
of distension makes it possible to quantify sensitivity
to gastric distension. The use of barostat measurement
is restricted to research.

Electrogastrography

Cutaneous electrodes can be used to measure the
electrical activity of the stomach, which provides in-
formation on the frequency and regularity of gastric
pacemaker activity, and on changes in the power of
the signal after meal ingestion. This technique is an
experimental tool.

Gastroparesis

Delayed gastric emptying in the absence of mechanical
obstruction is called gastroparesis. In fact, the clinical
diagnosis of gastroparesis is established by techniques
that evidence a significant delay in gastric emptying.*®
Chronic idiopathic gastroparesis is a relatively uncom-
mon but important entity. The diagnosis of gastro-
paresis should be restricted to patients with objective
demonstration of grossly abnormal gastric emptying
of both solids and liquids (Fig. 10.3). The perception of
pain or nausea may delay gastric emptying secondarily.
Hence, special attention has to be paid to patients (for
example, those with functional dyspepsia) who experi-
ence symptoms during the gastric emptying test.

Pathophysiology

The most important causes of gastroparesis are
diabetes mellitus (24%) and postsurgical (19%), but
in some patients (33%) no underlying cause is appar-
ent, so their disorder is considered idiopathic. In some
of these, an acute onset and the presence of antibodies
against neurotropic viruses suggest the involvement of

Suspected gastroparesis
dyspeptic symptoms
signs of food retention
normal endoscopy

|

——| Gastric-emptying test

Normal or slightly
delayed solids

|

FUNCTIONAL
DYSPEPSIA

Grossly retarded
(solids + liquids)

TRUE
GASTROPARESIS

Fig. 10.3 Diagnosis of gastroparesis.

(viral) infections in the pathogenesis of gastroparesis.
Gastric emptying may be secondarily delayed by drugs,
such as anticholinergics, opioids, L-dopa, tricyclic anti-
depressants and phenothiazines.

Clinical features

The onset of chronic gastroparesis is usually insidious.
The symptoms vary from mild dyspepsia-like com-
plaints (early satiety, epigastric fullness, vague nausea)
to severe manifestation of gastric stasis with retention-
type emesis (that is, vomiting of food ingested many
hours or even days earlier) and nutritional compro-
mise. Nausea and vomiting may occur in some patients
during fasting rather than postprandially. Associated
complaints, such as dysphagia, diarrhea, constipation
and rectal incontinence, may be present, and these
suggest a more widespread dysfunction of gut motility.
Likewise, extraintestinal manifestations of autonomic
neuropathy (bladder dysfunction, orthostatic hypo-
tension), peripheral neuropathy or an extrapyramidal
disorder suggest a neuropathic condition. The course
of the disease is variable. In some patients the disorder
is unremitting, with fluctuations or progressive severity
that may lead to inability to eat and incapacitation. In
severe cases, even endogenous fasting secretions can-
not be emptied, requiring gastric evacuation via a tube.
In other patients the disorder may remit spontaneously
after a few months with complete recovery.

Management
The diagnostic approach to the patient with gastropa-
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Fig. 10.4 Characterization of gastroparesis.

resis can be undertaken in four stages (Figs 10.3 and
10.4). First, in a patient with dyspeptic-type symptoms
and signs of food retention, an endoscopy should be
performed. In the absence of organic lesion, gastropa-
resis is suspected. The diagnosis can be ascertained in
a second stage by a gastric emptying test, as detailed
above. At this stage it may also be important to search
for associated diseases and define whether the gastro-
paresis is idiopathic or secondary. A third diagnostic
stage addresses whether the intestine is also affected. A
manometric study of the small intestine will determine
whether the motility patterns are normal or whether
some type of intestinal dysmotility is present. Finally,
confirmation of impairment of the proximal stomach
can be sought in a fourth stage by means of the baro-
stat.> This procedure, still experimental, can demon-
strate a flaccid stomach, characterized by low resting
tone and impaired distensibility, and may also allow a
therapeutic assay. In each case, the indications to pro-
ceed from stage one to four depend on the severity of
the symptoms, the nutritional balance of the patient
and the availability of the techniques.

Diet should be adapted to the patient’s tolerance. In
general, large meals should be avoided and if necessary
a liquid diet should be given — either homogenized
meals or formula diets. Pharmacological treatment
of gastroparesis includes gastroprokinetic drugs, such
as domperidone and metoclopramide. The former
seems preferable, because metoclopramide crosses the
blood-brain barrier and may induce extrapyramidal
symptoms. Several studies have reported the success-
ful use of cisapride in gastroparesis. However, because
of an enhanced risk of QT prolongation with cardiac
arrhythmias, the availability of cisapride has been sus-
pended. Short-term studies in diabetic and postsurgi-

cal gastroparesis have reported beneficial effects of
treatment with erythromycin (3 x 250-500 mg).? This
macrolide antibiotic has prokinetic properties in that
it acts as a motilin receptor agonist. In patients with
severe gastric stasis, a trial of intravenous administra-
tion should be prescribed initially, to normalize gastric
emptying before oral administration can be effective.
Attempts to develop macrolide prokinetics without
antibiotic properties have been disappointing. Some
patients require home parenteral nutrition. However,
the course of gastroparesis usually exhibits fluctua-
tions and the treatment should be adjusted accordingly
(Fig. 10.5). Intensive treatment during the phases of
relapse usually lead to symptom remission.

The indications for surgical treatment are excep-
tional and should be restricted to refractory cases.
Gastroenteric anastomosis is ineffective and should
not be performed. A surgically implanted jejunal cath-
eter may allow enteral feeding. If the stomach retains
endogenous secretions, a drainage gastrostomy may be
also used. The effect on gastric emptying of electrical
stimulation via implanted electrodes is limited. Subto-
tal gastric resection with Roux-en-Y enteric anastomo-
sis may be helpful in extreme cases, provided intestinal
motility is not affected.

Functional dyspepsia

Functional dyspepsia is defined as persisting or recur-
rent pain or discomfort centered in the upper abdo-
men, in the absence of organic disease that readily
explains the symptoms.® According to recent estimates,

Resolution
= interrupt treatment
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diet-prokinetics

L4

LY
Feeding intolerance
Oral feeding (rolapsgl

»

Rescue program:
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LY
Refractory syndrome

Fig. 10.5 Treatment of gastroparesis. Associated disease and
intestinal dysmotility should be treated if pertinent.
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functional dyspepsia has a prevalence of 26-29% in
the adult population below 65 years old. Functional
dyspepsia is probably a heterogeneous disorder, and in
the absence of known pathophysiology its diagnosis is
based solely on clinical criteria.

Symptoms in functional dyspepsia include pain,
early satiety, fullness, bloating, nausea and retching.
Heartburn, if present, is strongly indicative of gastro-
esophageal reflux disease. A considerable proportion of
dyspeptic patients also have irritable bowel symptoms.
Based on the clinical presentation, dyspepsia has been
classified as ulcer-like when the predominant symp-
tom is pain and dysmotility-like when other uncom-
fortable, but not painful sensations are present. The
value of this classification has been questioned. The
relation of symptoms to meals has not been studied in
large populations, but some recent data indicate that
most patients with ulcer-like dyspepsia experience
symptoms during fasting or more than 2 hours after
meal ingestion, whereas patients with dysmotility-like
dyspepsia report symptoms during the postprandial
period.’

In the past, there was widespread belief that an un-
derlying gastrointestinal motility disturbance was the
cause of dyspepsia. Indeed, a considerable proportion
of dyspeptic patients (between 20 and 40% depending
on the population studied) exhibit postprandial antral
hypomotility associated with a certain delay in solid
emptying.® The distinction between functional dys-
pepsia with delayed gastric emptying and idiopathic
gastroparesis has not been clearly defined. It may be a
matter of degree, and it is perhaps better to reserve the
term ‘idiopathic gastroparesis’ for patients with a well-
defined and prominent gastric emptying disorder. Very
infrequently, dyspeptic-type symptoms may be due to
a neuropathy of the gut, but in the presence of an un-
derlying cause these patients should not be labeled as
having functional dyspepsia.

Pathophysiology

A large proportion of patients with functional dys-
pepsia have increased perception of gastric distension
(Fig. 10.6).2 The same degree of hypersensitivity has
been evidenced in patients with ulcer-like and dys-
motility-like dyspepsia, but the underlying mechanism
is not established.” This sensory dysfunction is restrict-
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Fig. 10.6 Gastric sensitivity compared between dyspepsia
and in healthy subjects. Patients with functional dyspepsia
perceived and tolerated significantly lower distension levels
in the fundus and antrum. Standardized distensions at fixed
tension levels were applied by means of a computerized
tensostat. From Caldarella et al., Gastroenterology 2003; 124:
1220-9, with permission.

ed to the gut, because somatic sensitivity is normal in
these patients.”

Some data indicate that altered perception in dys-
pepsia is associated with impaired enterogastric and
antrofundic reflexes that normally modulate the gastric
accommodation/emptying process. Gastric hyporeac-
tivity to relaxatory reflexes would predictably result in
defective accommodation of the proximal stomach
and antral overload. Studies using a gastric barostat
have shown reduced proximal gastric relaxation in
response to a meal in up to 40% of patients with func-
tional dyspepsia,''? and this may be associated with
more prevalent early satiety and weight loss. In at least
a subset of patients, this occurs as a consequence of
an acute (possibly viral) gastroenteritis, which leads
to impaired nitrergic nerve function in the proximal
stomach." Scintigraphic and ultrasonographic studies
have demonstrated an abnormal intragastric distribu-
tion of food in patients with functional dyspepsia, with
preferential accumulation in the distal stomach. If the
stomach does not relax properly, meal ingestion will
result in increased gastric wall tension and symptom
perception, particularly in patients with gastric hyper-
sensitivity. Antral overload may also explain the im-
pression of postprandial antral hypomotility, because
only occlusive contractions are recorded by manom-
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etry. A distended antrum may produce slower grinding
of solids, and thus account for the prolonged gastric
retention and delayed emptying of solids observed in
these patients. v

The role of Helicobacter pylori in the pathogenesis
of functional dyspepsia has been the subject of several
studies that have shown variable results, but most stud-
ies failed to demonstrate a beneficial effect of H. pylori
eradication on dyspeptic symptoms.'*

Recent studies suggest a complex interaction be-
tween psychopathological and physiopathological
factors in the dyspeptic syinptom complex,’ but their
precise role in functional dyspepsia is not clear.

Management .

The first decision in a patient with dyspepsia is
whether and when to perform upper endoscopy. This
will depend on the presence of alarm symptoms, the
degree of certainty required by the physician, and the
patient’s demands. Nevertheless, once the endoscopy is
performed, it should not be repeated in the absence of
objective indications. Other tests are indicated only in
extreme cases, when gastroparesis or intestinal neuro-
pathy is suspected. The barostat, although experimen-
tal, may be helpful in some patients by demonstrating
gastric hypersensitivity and impaired accommodation.
Formal psychological or psychiatric evaluation is indi-
cated if these types of disorders are suspected.

An essential part of the treatment is reassurance and
explanation. Depending on the putative pathophysi-
ological mechanisms involved, possible therapeutic
options would include antral prokinetics, fundal relax-
ants and visceral analgesia (Table 10.1). Prokinetics
have been used widely in the treatment of functional
dyspepsia, but due to a risk of arrhythmias the use of
cisapride can be recommended only exceptionally, and
the other prokinetics are less efficacious. Tegaserod,
a new prokinetic 5-HT4 agonist, is currently under
evaluation for the treatment of functional dyspepsia.

Table 10.1 Putative therapeutic options in dyspepsia

Antral prokinetics
Fundic relaxants
Visceral antinociception
Antisecretory drugs

Proton pump inhibitors, frequently used as initial ther-
apy, are often probably more effective in patients with
underlying gastro-esophageal reflux disease rather
than in those with true dyspepsia.® Several drugs aimed
at decreasing visceral sensitivity or at enhancing gastric
accommodation are currently under investigation, but
their efficacy needs to be established in future studies.
Some patients may respond to low-dose antidepres-
sants, possibly related to their antinociceptive effects
or to psychotherapy.'s

Dumping syndrome

Dumping syndrome is characterized by rapid gastric
emptying accompanied by vasomotor and gastroin-
testinal symptoms. Dumping syndrome occurs mainly
after partial or complete gastrectomy, but may also
be observed after vagotomy (intentional or uninten-
tional) at the time of surgery at the gastro-esophageal
junction.

Symptoms typically occur after ingestion of a meal.
Symptoms are subdivided into early and late dump-
ing (Table 10.2). Early dumping occurs in the first
hour after meal ingestion and is associated with both
abdominal and systemic symptoms. Late dumping
symptoms occur 1-2 hours after a meal and are the
expression of reactive hypoglycemia. Most patients
suffer from early dumping or a combination of early
and late dumping; a minority suffer from late dumping
only. Symptoms usually occur within the first weeks
after surgery, when patients resume their normal diet.
Liquids and meals rich in carbohydrates are poorly
tolerated. Severe dumping may lead to weight loss
because of fear of food ingestion, and in extreme cases
malnutrition may even occur. Quality of life may be
severely impaired."”

Pathophysiology

Symptoms of early dumping are explained in part by
the rapid passage of hyperosmolar contents into the
small bowel, accompanied by a shift of fluids from the
intravascular compartment to the gut lumen. This in-
duces intestinal distension and gastrointestinal symp-
toms such as bloating, abdominal pain and diarrhea.
The vasomotor symptoms were previously attributed
to relative hypovolemia, but the shift of fluid is usually
only 300-700 ml, which should not cause such acute
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Early dumping
30-60 min postcibal

Table 10.2 Dumping symptoms
Late dumping

90-240 min postcibal

Gastrointestinal Vasomotor
Abdominal pain Flushing
Diarrhea Palpitations
Borborygmi Transpiration
Bloating Dizziness
Nausea Tachycardia
Syncope
Orthostatic hypotension

Hypoglycemia
Transpiration
Palpitations
Hunger ‘
Weakness
Confusion
Tremor
Syncope

symptoms. Enhanced release of several gastrointesti-
nal hormones, including enteroglucagon, vasoactive
intestinal polypeptide, peptide YY, pancreatic poly-
peptide and neurotensin, is thought to cause systemic
and splanchnic vasodilation, which is the cause of the
vasomotor symptoms.

Late dumping is characterized by symptoms of
hypoglycemia. Rapid gastric emptying induces a high
glucose concentration in the intestinal lumen. Glucose
is rapidly absorbed, which leads to a peak in insulin
secretion. Because of the long half-life of insulin and
the often very transient character of the initial rise in
glycemia, reactive hypoglycemia occurs when all sugars
have been absorbed. Enhanced release of glucagon-like
peptide-1 is thought to contribute to the extreme
changes in glycemia levels after gastrectomy.

Management
Dietary measures are the first step in treating dumping
syndrome. Patients are instructed to divide their daily
calorie intake over at least six meals, and to avoid drink-
ing during the 2 hours after a meal. Rapidly absorbed
carbohydrates should be avoided, and intake of fat and
proteins is increased accordingly. Certain food addi-
tives, such as pectin, guar gum and glucomannan, can
be used. They form a gel with carbohydrates, thereby
slowing absorption and delaying transit time.
Acarbose is a powerful inhibitor of intestinal ot-glu-
cosidase. Its ingestion slows carbohydrate digestion and
blunts postprandial rises in glycemia; hence its applica-
tion in late dumping. However, acarbose often induces
diarrhea, which limits its use. Octreotide is a long-act-
ing synthetic somatostatin analog. It is administered
subcutaneously three times daily or intramuscularly

once every 2—4 weeks as a slow-release formulation. Oc-
treotide inhibits gastric emptying of liquids, although
conflicting data have been reported, and inhibits small
bowel transit. It inhibits the release of enteral hormones,
thus favorably influencing postprandial vasomotor
dumping symptoms. Octreotide inhibits the release
of insulin and slows monosaccharide absorption, and
thereby prevents late dumping caused by reactive hypo-
glycemia. Because of its mode of administration and the
potential side-effect of gallstone formation, octreotide
should be reserved for severe cases that do not respond
to more conservative measures. In difficult-to-manage
patients, surgery to create a proximal short anti-peri-
staltic intestinal loop can be considered.
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John Kellow

Perhaps more than disorders of any other region of
the gut, disorders of small bowel motility serve as a
template for the investigation of potential aberrations
of the enteric nervous system (ENS) in the functional
gastrointestinal disorders. This is because (i) the motor
patterns of the healthy small bowel are well character-
ized and stereotypic, and (ii) distinct histological le-
sions have been identified in the myenteric plexus, the
interstitial cells of Cajal and the enteric smooth muscle.
In this chapter, the focus will be on motor and sensory
dysfunction of the small bowel, as it is likely that these
aspects, more than disordered water and electrolyte
transport, are most relevant to the functional gastro-
intestinal disorders.

Normal small bowel motor and
sensory function

Motor activity of the small bowel

The healthy small bowel can generate a number of
specific motor patterns to suit its particular func-
tions (Table 11.1). The most striking of these motor
events is the migrating motor complex (MMC).! This
remarkable phenomenon, which traverses most of
the human small bowel in the fasting state, clearing
digestive residue, has by convention three main com-
ponents or phases (Fig. 11.1). Phase 3 of the MMC,
the most distinctive phase, is a powerful propulsive
sequence which commences in the gastric antrum or
in the proximal small bowel. The phasic contractions
during phase 3 are largely peristaltic, because although
they propagate over relatively short distances, their
velocity of propagation is considerably greater than
the migration velocity of the overall phase 3 sequence
itself. During the subsequent motor quiescence of
phase 1, the intestine appears relatively refractory to
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contractile stimulation. The phase 2 component of
irregular contractile activity, which follows phase 1,
is also important for propulsion, although the actual
proportion of phase 2 contractions that are propaga-
tive remains poorly understood. A particular phase 2
contractile pattern, discrete clusters of phasic contrac-
tions, can occur in some individuals and is most preva-
lent in the elderly. With further technological develop-
ments for recording patterns of flow, the functional
significance of the various components of the MMC
will be defined more clearly. Phases 1 and 3 of the
MMC biorhythm are generated within the ENS, with
modulation by the central nervous system (CNS). Gas-
trointestinal regulatory peptides, such as motilin, and
neurotransmitters, such as serotonin, modulate these
phases by both endocrine and paracrine modes. The
normal intestinal microflora also appears to provide
a stimulatory drive for the initiation and propagation
of the phase 3 activity front,” while the characteristics
of the front are influenced by a variety of other factors,
such as the hormonal fluctuations of the menstrual
cycle. Phase 2 motor activity, in contrast, depends
more on central input, as it is largely abolished during
sleep and after vagotomy.

Following ingestion of a meal, or any form of nutri-
ents, there is an immediate change in the contractile
pattern of the small bowel to what is conventionally
termed the ‘postprandial’ or ‘fed’ pattern. This pat-
tern appears to be initiated by a vagal reflex and is
maintained by endocrine and paracrine influences.
These phasic contractions — of variable frequency,
amplitude and propagation — enable the mixing and
absorption of luminal contents and their subsequent
aboral transport. The duration of this pattern relates,
to some extent, to the time taken for digestible solids
and liquids to empty from the stomach, but also to
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Table 11.1 Normal small bowel phasic contractile activity

Parameter

Description

Fasting motor pattern: migrating motor complex (MMC)

Phase 3 component (activity front)

A contractile pattern with at least 2 min duration of uninterrupted

regular phasic contractions at the maximum frequency for that particular
locus of bowel, usually followed by motor quiescence

Phase 3 periodicity

Phase 3 propagation velocity

The time interval between the commencement of consecutive activity
fronts

The distance between proximal and distal recording sensors divided by

the time interval between the onset of phase 3 at these two sensors

Phase 2 component

A contractile pattern of irregular and intermittent contractions with

three or more contractions within 10 min

Phase 1 component

A period of motor quiescence following the phase 3 pattern, which is of

variable duration and which is followed by the phase 2 pattern

Postprandial motor pattern

The period from the time of an evident increase in amplitude and/or

frequency of contractions after commencement of a meal to the onset of
the next phase 3

Discrete clustered contractions

A contractile pattern longer than S min with groups of clustered

contractions, with or without propagation, and with at least 30 s of
quiescence before and after each cluster

Giant migrating contraction

A highly propulsive, prolonged duration (15-20 s) and large amplitude

(>30 mmHg) contraction normally confined to the distal ileum that clears
refluxed cecal contents
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Fig. 11.1 (a) Migrating motor complex recorded
manometrically from human antroduodenal region, duodenum
and proximal jejunum, showing the three components (phase
1, phase 2 and phase 3). (b) Normal postprandial motor activity
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permission from Malagelada J-R, Camilleri M, Stanghellini V.
Manometric Diagnosis of Gastrointestinal Motility Disorders.
New York: Thieme, 1986: 45.



136 SECTION C Pathophysiology and Treatment of Human Diseases

the caloric content and macronutrient distribution
of the meal and the viscosity of the chyme. Thus, a fed
pattern duration of about 180 minutes occurs after a
mixed meal of 630 kJ, and fat produces a fed pattern
of longer duration than carbohydrate or protein.
The meal composition also influences the number
of isolated pressure waves and short-span pressure
wave sequences, but not the number of longer-span
sequences. The timing of the meal (for example, break-
fast, lunch or dinner) does not appear to affect the con-
tractile response of the intestine to the same nutrient
load. Usually, in a person consuming three meals a day,
at least one jejunal phase 3 will occur between meals.
If snacks are consumed between meals, there may be
no MMCs present during the day or even during the
entire waking period. The significance of these varia-
tions in MMC occurrence during the waking hours, if
any, has not been established.

The ileum displays patterns similar to those of the
jejunum, but with important differences.’ The MMC
occurs less frequently, and the distinction between fast-
ing and postprandial motor activity is less clear. This
may be because remnants of a meal are often retained
in the ileum for some hours after return of the MMCin
the upper gut. Highly propulsive contractions, termed
‘giant migrating contractions’ or ‘prolonged propa-
gated contractions) are triggered by substances such
as short-chain fatty acids, and appear to clear refluxed
cecal contents. There is a negative feedback loop that
inhibits duodenal and jejunal motility when nutrients
are infused into the ileum and colon.*

Unlike the phasic contractile activity, the tonic
contractile activity of the small bowel remains poorly
understood, largely because of technical limitations of
recording. It is known, however, that distension of the
distal jejunum triggers retrograde reflexes that induce
a small and inconstant relaxation (reduction in tone)
in the proximal jejunum at a short distance (5 cm), in
contrast to a prominent relaxation at a larger distance
(40 cm). Also, the distal jejunum does not respond to
distension of the proximal jejunum, whereas the proxi-
mal jejunum responds similarly to both antegrade and
retrograde distension.

Sensitivity of the small bowel
Sensation and sensory processing within the ENS of the
human small bowel in vivo remain relatively uninves-

tigated. Most studies to date have evaluated the effects
of mechanical distension. The conscious perception of
such distension has been postulated to be dissociated
from the reflex tonic responses described above. In fact,
the two processes may be mediated by different mecha-
nisms. It has been shown that perception of two simul-
taneous small bowel distensions appears to be additive
(spatial summation). Sympathetic activation can lead
to enhanced perception of proximal duodenal disten-
sion without a concomitant increase in the perception
of somatic stimuli. Somatic stimuli, for example, TENS
(transcutaneous electrical nerve stimulation) can also
modify the perception of duodenal distension without
interfering with basal gut tone, compliance or reflex
responses. The sensitivity of the small bowel appears
to be enhanced in the fed state,® but further studies are
required.

Disordered small bowel motor
activity and sensitivity

Important principles and caveats

As is evident from the foregoing discussion, the pres-
ence and characteristics of the MMC, and its response
to nutrient ingestion, can be used as a marker of the
integrity of enteric neuromuscular function. Other
measurements, such as small bowel transit assessed
scintigraphically, are not helpful in this regard.® In-
deed, the MMC is the only validated index of small
bowel ENS integrated activity that can be monitored in
vivo. However, because the description of normal small
bowel motor patterns continues to evolve, and the
available clinico-pathophysiological correlations are
limited, the sensitivity and specificity of alterations in
small bowel motor patterns are not established. At this
time, therefore, a potentially useful clinical role of small
bowel manometry is to document seemingly normal
small bowel motility in cases where a significant enteric
neuromuscular disorder requires exclusion. Moreover,
some small bowel disorders which do not primarily af-
fect neuromuscular function, for example Crohn’s dis-
ease, as well as other systemic disorders, such as chronic
renal failure and hepatic cirrhosis, can affect the pat-
terns of small bowel motility. Thus, even prolonged
recordings of small bowel motility cannot reliably
identify the disease or etiological process responsible
for altered motor patterns.
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Abnormal motor patterns
Manometric nomenclature is at present largely based
on therecognition of specific patterns, such as the char-
acteristic phases of the MMC during fasting and the
postprandial pattern. Criteria which can help define
the presence of abnormal (proximal). jejunal motor
activity, based on prolonged periods of recording,
are listed in Tables 11.2 and 11.3. Although computer
analysis techniques, including various wave-identifi-
cation algorithms, artifact rejection techniques and
algorithms for the detection of propagated activity, are
available, there is no internationally accepted standard.
Such analyses, however, produce an improved degree of
objectivity in the analysis of pressure tracings and can
facilitate the quantitative analysis of relevant param-
eters for comparison with healthy reference ranges.
Based on our current understanding of manometric
recordings of small bowel motor activity in patients
with chronic or recurrent symptoms, four main clin-
ico-pathophysiological categories of abnormality can
be recognized (Table 11.4):
* type I: patterns consistent with enteric ‘neuropathy’;
* type II: patterns consistent with enteric ‘myopathy’;
« type III: patterns consistent with a transient or re-
versible disorder of small bowel motor function due
to mechanical obstruction; and
* type IV: patterns distinct from the above alterations,
and tentatively ascribed to ‘CNS/ENS dysregulation’,

Table 11.2 Criteria for abnormal jejunal phasic contractile activity

including the acute and chronic influences of central

stressors and of mucosal inflammation and altered

permeability.
In patients with enteric neuropathy (type I), the motor
patterns are typically disorganized and/or uncoordi-
nated (Fig. 11.2).” The most compelling abnormality
is absence of the MMC, indicating severe enteric dys-
function (assuming a sufficient duration of recording,
ideally 24 hours). This finding, however, is rare even
in patients with well-documented enteric neuromus-
cular disease. Retrograde phase 3 MMC propagation
can occur rarely, but more common is increased phase
3 frequency or duration. Other alterations include the
presence of bursts, sustained uncoordinated phasic
activity and postprandial phase 3-like activity, con-
sidered to represent evidence of enteric neuropathy
because of their frequent occurrence in patients with
autonomic neuropathy, and possibly due to loss of in-
hibitory innervation. These abnormalities may be best
detected from recordings during sleep, when normal
phase 2 activity is absent. The normal fed pattern may
also not be established, despite an adequate nutrient
load. It is likely that the presence of several of these
abnormalities makes the presence of a neuropathic
disorder more likely, but this contention is not evi-
dence-based. In patients with enteric myopathy (type
1), in contrast, the normal pattern of contractions is
usually preserved, but the amplitude and/or frequency

Parameter Abnormality

Migrating motor complex (MMC)

No MMC per 24 hours of recording

>3 MMQ/3 hours in the awake state

Phase 3 duration >10 min

Phase 3 retrograde propagation

Phasic contraction amplitude <20 mmHg (phase 2 and/or phase 3)
Phase 2 duration > phase 1 duration (during sleep)

Postprandial motor pattern

Not established after a 400 kcal (or greater) meal

Duration of postprandial activity <2 hours after a 400 kcal (or greater) meal

Presence of other specific contractile patterns*
activity

Bursts; sustained uncoordinated phasic activity; postprandial phase 3-like

Discrete clustered contractions >30 min
Non-propagated giant contractions

*See Table 11.3 for descriptions.
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Table 11.3 Abnormal specific jejunal contractile patterns

Parameter Description

Burst

A group of irregular uninterrupted contractions (10 contractions/min or more) >2 min,

with 50% or more of contractions >20 mmHg, without propagation

Sustained incoordinated phasic activity

Sustained (>30 min) intense phasic pressure activity occurring in one or more segments

of intestine while normalor decreased activity is recorded simultaneously elsewhere

Postprandial phase 3-like activity

Regular phasic contractions at the slow-wave frequency lasting >1 min, occurring 5 min

or later after the intake of a meal, and if lasting >2 min then not propagating through a
number of channels or not obviously terminating the postprandial pattern

Non-propagated giant contractions
(> 30 mmHg)

Simultaneous phasic contractions of prolonged duration (>20 s) and large amplitude

of contractions is reduced in the affected segment
(Fig. 11.3).7 In patients with mechanical obstruction
(type III), multiple simultaneous giant contractions
have been reported,® as well as an increase in discrete
clustered contractions.” In patients with CNS/ENS
dysregulation (type IV), typified by the functional
gastrointestinal disorders such as irritable bowel
syndrome and functional dyspepsia, a variety of more
subtle alterations have been described.'® These include
an increase in the prevalence and duration of discrete

clustered contractions, subtle alterations in MMC
periodicity and phase 3 amplitude, and alterations in
postprandial pattern duration. The relevance of these
alterations to the pathophysiology of these syndromes,
however, remains to be established. In particular,
whether some patients with these manometric altera-
tions represent a less severe form of, or an earlier stage
of, the histological lesions associated with type I and I
dysmotility is not known, although some evidence to
support this contention is available."

Table 11.4 Clinico-pathophysiological classification of jejunal contractile abnormalities

Type Putative pathophysiology Manometric abnormalities

Main clinical presentation

| Enteric neuropathy

component

Absent MMC (over a 24-hour period)
Abnormal duration/propagation of phase 3

Chronic intestinal pseudo-
obstruction

Bursts, sustained incoordinated phasic activity,
postprandial phase 3-like activity (esp. during sleep)
Lack of establishment of postprandial pattern

It Enteric myopathy

m Mechanical obstruction

v CNS - ENS dysregulation
. Altered phase 3 amplitude

Low contractile amplitude (phase 2 and/or phase 3
component, postprandial pattern)

Multiple non-propagated giant contractions

Altered MMC periodicity, especially diurnally

Chronic intestinal pseudo-
obstruction

Recurrent small bowel obstruction:
extrinsic
intrinsic

Functional gastrointestinal disorder,
e.g. functional dyspepsia, irritable

Increased proportion of discrete clustered contractions bowel syndrome

Altered postprandial pattern duration




CHAPTER 11 Small Bowel Disorders 139

Antroduodenal
1
R -A
2
Sy U1 |\ T e BRI [ TTWYE FORTY BV PR AU UG Y
>

Distal duodenum
A [N, R Y T G

Proximal jejunum

1
2 ' '
— \ w e L l.*_ o | o ,[______L_Jl_[__
3 5 min ] 50 mmHg
=, . R N R
Fig. 11.2 Manometric tracing during fasting from a patient the duodenum. Reproduced with permission from Malagelada

with enteric neuropathy. Note the bursts of contractile activity J-R, Camilleri M, Stanghellini V. Manometric Diagnosis of
at several levels of the intestine, with associated tonic change in  Gastrointestinal Motility Disorders. New York: Thieme, 1986: 45.

Antroduodenal
1
2
A e L W T M N Sy PO Ve LA (]
J 50 mmHg
3
P AEESEORC N 1 Oy [ (e ST B S T AL TUR TR
Descending
duodenum
M—-MM.WJWA_—,,AMWMMWM
Distal
duodenum
e T e
Proximal
jejunum :
Fu _r—nu-MML_______
2
T VST T 1R S iy &R [T 1
3
S ———— i N -~
L=—————— )
5 min
Fig. 11.3 Manometric tracing during fasting from a patient jejunum. Reproduced with permission from Malagelada
with enteric myopathy. Note the low amplitude but normal J-R, Camilleri M, Stanghellini V. Manometric Diagnosis of
propagation of the migrating motor complex and the paucity Gastrointestinal Motility Disorders. New York: Thieme, 1986:

of other contractile activity in the duodenum and proximal 45.



140 SECTION € Pathophysiology and Treatment of Human Diseases

Alterations in sensitivity and mucosal
permeability

Dysfunction of sensory afferent mechanisms, mani-
fest most commonly as visceral hypersensitivity to
mechanical distension, can also be documented in the
small bowel." This finding is a feature of patients with
irritable bowel syndrome and functional dyspepsia and
has been documented using balloon distension or in re-
sponse to passage of the lumen-occluding contractions
of phase 3 of the MMC through the proximal small

bowel. It appears that such small bowel hypersensitivity .

is related to a selective alteration of mechanosensitive
pathways. The level of the afferent dysfunction within
the brain—gut axis has not been established. However,
the abnormal or distorted referral patterns of gut sen-
sation present in these disorders, which are part of the
spectrum of visceral hypersensitivity, are believed to
reflect secondary sensitization of spinal cord neurons.
The complex interactions which arise from different
stimuli in different regions of the gut also appear to
modify jejunal sensitivity in irritable bowel syndrome
to a greater extent than in health.’ It should be appreci-
ated that studies of visceral hypersensitivity in patients
with enteric neuropathy or myopathy have received
little attention, so the specificity of visceral hypersensi-
tivity as a marker for functional gastrointestinal disease
remains poorly defined. Certainly, for the small bowel,
sensitivity testing has not yet entered the clinical area.
The intimate relationships between small bowel motor
dysfunction and alterations in small bowel sensitivity
also require more extensive study.

Both non-immunological and immunological de-
fence mechanisms constitute the small intestinal muco-
sal barrier to various macromolecules and microorgan-

isms. The recent demonstration of altered small bowel -

mucosal permeability in some patients with irritable
bowel syndrome!'® has refocused attention on the roles
of enteric infection and inflammation, food hypersen-
sitivity and intolerance, and chronic stress in provok-
ing alterations in intestinal sensitivity and motility. In
animal models, antigenic challenge of sensitized jejunal
segments provokes IgE-mediated mucosal and connec-
tive tissue mast cell degranulation, serotonin release,
prostaglandin synthesis, and direct contractile effects
on enteric smooth muscle. Based largely on such studies,
it is likely that in acute infective processes affecting the
small intestine, multiple giant migrating contractions

occur in the jejunum. Further studies in humans are
required. There is currently much interest in the neuro-
immune regulation of anaphylaxis-induced alterations
in enteric motility and secretion, the role of the gut flora,
and the contribution of mental stress.'*'¢

Consequences of disturbed small bowel
sensorimotor function

The consequences of alterations in normal small bowel
sensorimotor function depend not only on the type of
abnormality outlined above, but also on whether the
alterations are constant (stable or progressive) or in-
termittent (paroxysmal). The two main consequences
are the generation of symptoms and the development
of bacterial overgrowth in the small bowel.

Symptoms
The range of symptoms which can emanate from the

small bowel is relatively narrow and the symptoms
themselves are generally of low specificity (Table 11.5).
Moreover, several criteria should in theory be satisfied
to define a causal relationship between a symptom and
small bowel sensorimotor dysfunction. These are:
* a constant association between the symptom and the
motor disorder;
« correlation in time and severity between the symp-
tom and the motor disorder; and
* an improvement in the symptom associated with
improvement in the motor disorder.
These criteria are not fulfilled reliably in the case of
disorders producing small bowel dysmotility, although
for the more severe neuromuscular disorders con-
sidered below the first two criteria are often satisfied.
Putative mechanisms for the production of symptoms
(Table 11.5) include uncoordinated contractile activ-
ity, which may lead to pain either directly or indirectly,
by affecting the transit of gas or fluid content with
subsequent focal gut distension. Rapid transit, with an
increase in the volume and rate of ileo-cecal flow, may
also produce diarrhea by overwhelming the absorptive
capacity of the large bowel. Malabsorption of specific
dietary or endogenous compounds, such as fat, carbo-
hydrate and bile acids, can also provoke the secretion
or impair the absorption of water and electrolytes. It
is probable that normal degrees of local gut disten-
sion can, in the presence of visceral hypersensitivity,
lead to a range of sensations of variable intensity and
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Table 11.5 Gastrointestinal symptoms originating from disturbances in small bowel sensorimotor function

Symptom Putative mechanism(s)

Pain/discomfort
alterations in‘intestinal tone

Diarrhea and steatorrhea
bacterial overgrowth

Abdominal bloating

Visceral hypersensitivity, uncoordinated contractions and/or giant migrating contractions,
Enhanced ileo-cecal volume/flow rates, malabsorption of specific dietary components, smail bowel

Impaired gas transit, incomplete small bowel absorption (carbohydrates and sugars), visceral

hypersensitivity, delayed ileo-cecal transit of chyme

Abdominal distension

Nausea/vomiting

Gas-trapping and/or excessive volumes of intestinal gas with focal gut distension

. Retrograde giant contractions, visceral hypersensitivity

character, such as abdominal discomfort, nausea and
abdominal bloating.

Small bowel bacterial overgrowth

Colonization of the small bowel with excess numbers
of bacteria, termed ‘small bowel bacterial overgrowth’
(SBBO), is an almost invariable consequence of small
bowel dysmotility that is of sufficient magnitude to
affect enteric clearance, such as described earlier in
patients with types I and II dysmotility. For example,
in patients with small bowel dysmotility due to severe
late radiation enteropathy there is a close correlation
between impaired MMC activity and colonization with
Gram-negative bacteria."” In this study, a semiquantita-
tive index of disordered MMC activity, and the presence
of bursts, displayed high (>90%) sensitivity and speci-
ficity for the detection of significant gram-negative
colonization in the proximal small bowel. Other spe-
cific conditions associated with small bowel dysmotil-
ity and SBBO include diabetic autonomic neuropathy
and other causes of extrinsic neural dysfunction, and
the syndrome of chronic intestinal pseudo-obstruction
considered below. Recently, the presence of SBBOin pa-
tients with irritable bowel syndrome has been suggest-
ed to be of clinical importance,'® but further studies are
required before investigation and treatment for SBBO
in this patient population can be advocated. There is
also recent evidence that recurrent spontaneous bacte-
rial peritonitis in patients with hepatic cirrhosis and
portal hypertension may be associated with impaired
small bowel motility and SBBO." The mechanisms for
such dysmotility have not been identified but appear to
depend on the severity of the liver disease. In the case

of primary biliary cirrhosis, a myogenic component
has been suggested. In rodent studies, SBBO has also
been demonstrated in acute necrotizing pancreatitis,
and in pharmacologically induced delayed small bowel
transit.”**' Thus, in addition to considering SBBO in
conditions which affect the anatomical structure of the
small bowel, such as postsurgical syndromes, it is im-
portant to consider SBBO in patients with significant
small bowel dysmotility of any cause and in whom no
structural abnormality is present.

Details of the sequelae of SBBO are beyond the scope
of this chapter, but include malabsorption of a variety
of micronutrients, such as iron, folate, calcium, vitamin
K and vitamin B12, with their attendant clinical fea-
tures, as well as a number of other symptoms.?? These
include weight loss, chronic diarrhea and steatorrhea,
symptoms which can be similar to those of the primary
condition. Although the diagnosis of SBBO can be es-
tablished by a variety of techniques, direct endoscopic
aspiration and culture from the upper small bowel is
regarded as the gold standard, even though this proce-
dure itself has technical limitations. For the bacterial
overgrowth to be regarded as clinically significant, a
total concentration of bacteria of more than 10° organ-
isms per milliliter is generally taken as the cutoff level.
The species likely to be present include bacteroides,
anaerobic lactobacilli, coliforms and enterococci. The
lactulose hydrogen breath test and the bile acid breath
test have relatively high false-negative rates, and results
of these investigations need to be interpreted with
caution in routine clinical use. The “C-xylose breath
test (with or without a transit marker) appears to have
greater sensitivity and specificity, and is the test most
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widely recommended in children and women of child-
bearing age. It may be less useful, however, in SBBO
associated with small bowel motility disorders.?
Treatment options for SBBO include the use of em-
pirical courses of broad-spectrum antibiotics and/or
the use of prokinetic agents in some circumstances.
Antimicrobial agents which are regarded as having
some efficacy include tetracycline (250 mg q.i.d.),
doxycycline (100 mg b.d.), minocycline (100 mg b.d.),
amoxycillin—clavulanic acid (850 mg b.d.), cipro-

floxacin (500 mgb.d.) and norfloxacin (400 mgb.d.).”>
Some patients respond to a single course of therapy’

over several weeks, others require cyclical therapy
(e.g. one week every month) or even more prolonged
courses. The use of prokinetic agents requires further
evaluation. One study has shown that treatment with
cisapride or antibiotics in patients with liver cirrhosis
reversed the documented small bowel dysmotility and
SBBO. Probiotic supplements are of theoretical inter-
est, but the limited data available to date do not suggest
they have an important role in their currently available
forms.

Specific disorders with well-
characterized small bowel
sensorimotor dysfunction

As discussed earlier, chronic or recurrent small bowel
sensorimotor dysfunction occurs as a result of enteric
neuropathy, enteric myopathy, local mechanical ob-
struction or local neuroimmune reactions to luminal
antigens, or on the basis of other systemic diseases as-
sociated with extrinsic neural denervation or with neu-
rohormonal influences, such as carcinoid syndrome.
Extrinsic neural dysfunction can arise from conditions
such as diabetes mellitus, spinal cord injury and mul-
tiple sclerosis. A number of alterations in small bowel
motility have been documented in these disorders, with
respect to both the MMC and the postprandial pattern,
but these conditions will not be discussed further.
Likewise, acute small bowel dysmotility, synonymous
with intestinal ileus, is usually secondary to acute self-
limited intra-abdominal conditions, such as the im-
mediate postoperative state, acute pancreatitis, or other
systemic disease, and will not be discussed further (see
review by Delgado-Aros and Camilleri).**

Some of the main causes of chronic enteric neuropa-
thy and myopathy affecting the small intestine are shown
in Table 11.6. In many of these disorders other regions of
the gastrointestinal tract can also be affected, and some
evidence suggests that in the neuropathic group more
widespread autonomic dysfunction, mostly postgan-
glionic in nature, can occur. All of these disorders can
present with the syndrome of chronic intestinal pseudo-
obstruction (CIP).

Chronic intestinal pseudo-obstruction

This term refers to a diverse group of disorders char-
acterized by profoundly disturbed intestinal motor
function, usually presenting with recurrent or chronic
(over months or years) symptoms and signs of intes-
tinal obstruction in the absence of a documented me-
chanical cause.”® Obstructive episodes can occur in a
highly variable fashion, and between episodes patients
may be asymptomatic or suffer milder episodes of
abdominal pain, distension and diarrhea. In order for
the diagnosis to be considered, it is important to docu-
ment ileus or gaseous distension, and air-fluid levels, in
the small bowel during an attack by plain abdominal
X-rays. Mechanical obstruction must be carefully
excluded, and barium contrast studies of the entire
gastrointestinal tract remain important in defining the
distribution and presence of gut dilatation. In patients
with myopathy, megaduodenum may occur and the
small intestine may appear featureless with a striking
lack of haustral markings. In patients with neuropathy,
no abnormal dilatation may be evident, but a sug-
gestion of disordered motility may be appreciated
on fluoroscopic screening. Scintigraphy using *™Tc
or ®indium-labeled solids in some cases can detect
delayed transit through the stomach and small bowel.
A new technique using *™Tc-HIDA, an intravenous
tracer excreted in the bile, enables small bowel transit
to be determined without the confounding influence
of gastric emptying.”® Small intestinal manometry may
reveal disordered contractile patterns, as discussed ear-
lier, and the presumptive diagnosis of a predominantly
neuropathic (type I), myopathic (type II) or mixed
disorder. If the patient undergoes an operation, or it is
undertaken as a primary laparoscopic intervention, a
full-thickness biopsy should be obtained and special-
ized histochemical staining techniques employed to
delineate the enteric nerves and ganglia, the intersti-
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Table 11.6 Disorders associated

with chronic enteric neuropathy or Enteric neuropathies

Enteric myopathies

myopathy

Familial or sporadic visceral neuropathy

Dfug-induced, e.g. tricyclic antidepressants,

anticholinergics, opiates, vinca alkaloids

Infectious/inflammatory
Parasitic, e.g. Chagas’ disease
“Viral, e.g. cytomegalovirus, varicella
Radiation enteritis

Paraneoplastic

Familial or sporadic visceral myopathy

Connective tissue disease

Scleroderma

Mixed connective tissue disease
Dermatomyositis

Systemic lupus erythematosus

Primary muscle disease
Muscular dystrophies
Myotonic dystrophy
Infiltrative disease, e.g. amyloidosis

Endocrine diseases
Thyroid disease
Parathyroid disease

Systemic neurological disease

Parkinson'’s disease

Familial autonomic dysfunction

tial cells of Cajal (the gut pacemaker cells), and the
smooth muscle layers. The role of biopsy is likely to
become even more important as newer immunohis-
tochemical techniques for various neural and muscle
markers, such as alpha smooth muscle actin, become
available in clinical practice. The genetic defects in cell
signaling systems, namely the tyrosine kinase receptor
RET, its ligand—glial cell line-derived neurotropic fac-
tor (GDNEF), the endothelin receptor B and its ligand
endothelin 3, which have been implicated in the patho-
genesis of the aganglionosis of Hirschsprung’s disease,
have to date not been identified as abnormal in cases of
CIP. Characterization of a genetic mutation in a patient
with a mitochondrial DNA-related disease with promi-
nent intestinal pseudo-obstruction has, however, been
reported.” Alteration in the expression of neuronal
nitric oxide synthase, associated with disturbed local
production of the inhibitory neurotransmitter nitric
oxide, has been suggested as a possible contributor to
the pathogenesis of the motor dysfunction in CIP*

Primary CIP

In primary CIP (chronic idiopathic intestinal pseudo-
obstruction), there is no detectable underlying sys-
temnic disease. In this group, disorders of the myenteric
plexus are more frequent than that of the smooth mus-
cle, and include the familial visceral neuropathies and

myopathies. Screening blood tests, where available, are
required to exclude the disorders listed in Table 11.6.
Anti-neuronal nuclear antibodies can be documented
in some cases. Whether these can be used to diagnose
inflammatory enteric neuropathy at an earlier stage
remains to be determined. The small bowel is the
major site of involvement, but is usually accompanied
by colonic involvement — the term ‘chronic idiopathic
colonic pseudo-obstruction’ is used to refer to patients
who have isolated colonic pseudo-obstruction. Extra-
intestinal manifestations such as urinary dilatation (e.g.
megacystis) and other neurological symptoms can be
present.” In visceral neuropathy, a variety of myenteric
plexus abnormalities can be detected, consisting of de-
generation and drop-out of neurons with or without
inflammation, and neuronal intranuclear inclusions.
A number of specific forms have been characterized.”
Markedly reduced levels of the interstitial cells of Cajal
have been documented in some patients.*' In visceral
myopathy there is vacuolar degeneration and fibrosis
of one or both layers of the smooth muscle, although
the longitudinal muscle is usually more involved than
the circular and the involvement may be patchy.

Secondary CIP
Scleroderma is the most common cause of this entity,
and varying degrees of pseudo-obstruction occur in up
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to 40% of patients with this condition, occasionally as
an initial presentation.”? On contrast radiology, there
may be a megaduodenum or more widespread intes-
tinal dilatation. Unlike visceral myopathy, the small
bowel may show valvular packing and wide-mouthed
diverticula or sacculations. At intestinal biopsy, the
circular muscle is usually more affected than the lon-
gitudinal, and the involvement can be abruptly delin-
eated and focal, and without vacuolar degeneration. It
has been suggested that, in patients with mild or early
disease, impaired neurotransmitter release may be,
present prior to the smooth muscle involvement. This
hypothesis requires further study, particularly with re-
spect to the small bowel, but small bowel manometric
studies have revealed both neuropathic and myopathic
forms of dysmotility.® A recent study evaluated the
active—passive mechanical and sensory properties of
the duodenum in scleroderma patients,* and provides
the most direct evidence to date that visceral hyper-
sensitivity, perhaps due to resetting of the duodenal
mechanoreceptors, may contribute to the symptoms
experienced by scleroderma patients, and therefore
represents a potential therapeutic target.

Treatment options

Therapies for CIP remain limited, and include symp-
tomatic treatment, especially analgesia, nutritional
support and treatment of complications. Nutritional
strategies include low-fiber, low-lactose or elemental
diets with vitamin supplementation. Gastrostomy or
jejunostomy feeding may be necessary to maintain
weight, and can be given as supplementary nocturnal
feeding. Total parenteral nutrition, either intermittent-
ly or long-term, may be required if parenteral feeding
is not successful.

Drug therapy with prokinetic agents is usually not
helpful, especially in visceral myopathy. Tachyphy-
laxis occurs with metoclopramide and erythromycin,
and indeed one study has reported an inhibitory effect
of erythromycin on small bowel motility in healthy
subjects, especially in the postprandial state.* The use
of tegaserod in CIP has not been reported. There are
case reports of acute exacerbations of CIP responding
to intravenous neostigmine. Octreotide induces phase
3 activity fronts in the small intestine, and has been
shown to reduce SBBO and to improve symptoms
in patients with scleroderma. It may exacerbate gas-

troparesis, however, and may be best administered at
night.” Treatment of complications includes antibiotic
treatment for SBBO and for urinary tract infections.
Surgery has a limited role in CIP, in either facilitating
enteral nutrition by means of jejunostomy, or improv-
ing abdominal distension by venting gastrostomy
or enterostomy or by resection of localized disease.
A single case report has suggested that hyperbaric
oxygenation therapy is effective in the management of
myopathic CIP.*® Small bowel transplantation, alone
or with other viscera, is a last resort for patients with
intestinal or liver failure, especially children, who have
failed all treatment options.*
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Colonic Disorders

Charles Murray and Anton Emmanuel

Constipation

Clinical manifestations

Constipation is one of the most common gastroen-
terological complaints encountered in both secondary
and tertiary care, affecting between 2! and 27%? of the
population in Western studies. As a condition it should
be considered as a symptom that has multifacto-
rial causes, with a great number of pathophysiological
mechanisms involved.

Regardless of the etiology, constipation represents a
common symptom in the general population and ac-
counts for approximately £48 million pounds per year
spent in the UK on over-the-counter and prescription
laxative medication. Most mild cases will respond to di-
etary manipulation and an increase in dietary fiber, but
in those with intractable symptoms treatment remains
difficult and may rely on chronic laxative use. Increas-
ingly, behavioural therapy — biofeedback — is being
employed in an attempt to avoid this scenario.

For the purpose of this chapter we can broadly clas-
sify constipation into three pathophysiological groups:
normal transit constipation, stow-transit constipation
and evacuatory dysfunction. The last of these encom-
passes a variety of terms in the literature, including
‘pelvic floor dyssynergia, ‘anismus’ and ‘paradoxical
pelvic floor contraction’ These will be covered in detail
in Chapter 13. An alternative classification is not by
physiological abnormality but by potential entero-
pathic nerve differences. Alternatively, clinical criteria
may be used. For the purposes of consensus, the Rome
II criteria were formulated for the diagnosis of consti-
pation, and these are listed in Table 12.1.

Normal transit constipation
Normal transit constipation refers to those symptom-

atic patients in whom colonic transit is normal and
there is no evacuatory abnormality to explain their
symptoms. It should be noted, however, that there is
inevitably some overlap between groups. The condi-
tion is sometimes termed ‘functional’ constipation,
and this group of patients have normal or reduced
stool frequency and are symptomatic in the presence
of objective measurement of normal whole-gut tran-
sit. This group may exhibit greater levels of psycho-
social distress, occasionally associated with physical
or sexual abuse in childhood,® which confers a poor
prognosis. In physiological terms, investigators argue
that the difference between this group and those with
constipation-predominant irritable bowel syndrome
is that the latter exhibit rectal hypersensitivity.* With-
in this group of patients there is no evidence of an
objective bowel pathology, and indeed normal physi-
ological testing (whole-gut transit, barostat studies)
supports this.

Table 12.1 Rome ! criteria for constipation

Adults
Two or more of the following for at least 12 weeks in the
preceding 12 months:

8 Straining during >25% of bowel movements
s Lumpy or hard stools for >25% of bowel movements

s Sensation of incomplete evacuation for >25% of bowel
movements

Sensation of anorectal blockage for >25% of bowel
movements

s Manual maneuvers to facilitate >25% of bowel
movements

s <3 bowel movements per week

* Loose stools not present, and insufficient criteria for
irritable bowel syndrome met

147
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Constipation

1 Constipation can be classified as either slow-
transit constipation (STC) or rectal evacuatory
dysfunction or both.

2 STC is defined by symptoms of constipation with
demonstrable slow whole-gut transit.

3 STC represents a heterogeneous group of
primarily motor abnormalities.

4 Hypoganglionosis in the enteric nervous system

has been demonstrated in some patients with
STC.

5 Multiple abnormalities have been demonstrated
at a neuroendocrine level in patients with STC
and may explain the mixed response to drug
therapies.

6 The density of interstitial cells of Cajal is
decreased in the colon in some patients with STC.

Slow-transit constipation

Slow-transit constipation (STC) is defined by symp-
toms of constipation with demonstrable slow whole-
gut transit. Consisting predominantly of women, and
commonly with onset in childhood, these patients
respond poorly to conventional advice to increase fiber
and are represented disproportionately in referrals
for constipation to secondary and tertiary care. Co-
lonic transit studies, whether scintigraphic or by radio-
opaque markers, demonstrate slow transit (Fig. 12.1),

Fig. 12.1 Whole-gut transit study. Three sets of markers are
ingested over 3 days and an abdominal film is taken 120 hours
after the first markers are ingested.

but invariably no cause for the symptom can be found
on further clinical investigation. Idiopathic cases of
STC commonly occur in childhood, whereas the onset
of STC is also well documented after pelvic surgery and
childbirth® and has historically been ascribed to dam-
age of the pelvic parasympathetic nerves, although
objective evidence of this is lacking.

Physiological disturbances
Motility
A number of motility and sensory physiological dis-
turbances have been demonstrated in patients with
STC. This condition has been the focus of much study
because it represents a relatively homogeneous patient
population with a discrete abnormality. As stated, pa-
tients with STC have demonstrable slow colonic tran-
sit, but other more specific abnormalities have been
shown. A group of STC patients, said to have ‘colonic
inertia), demonstrate no increase in motor activity after
meals or after the intrarectal administration of bisaco-
dyl.® Similarly, other patients have demonstrated no
response to cholinergic drugs or anticholinesterases
such as neostigmine.” However, these findings are not
consistently seen in all patients with STC. Discrep-
ant findings have been observed when rectosigmoid
contractility has been investigated in patients with
STC. For example, in contrast to the previously dis-
cussed studies, the response to intrarectal bisacodyl
has been shown to be both reduced and normal in
STC patients,®® and while there is a reduced response
to cholinergic stimulation in some studies, it has been
normal in others.

In vitro studies using tissue baths have again pro-
duced contradictory findings. One study investigating
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the inhibition by cisapride of the colonic smooth muscle
responses induced by carbachol showed that colonic
smooth muscle from patients with STC is hypersensitive
to cholinergic stimulation.' The clinical correlate of this
would be increased contractility in response to choliner-
gic stimulation, which has been shown in some'' but by
no means all studies.'? What is clear is that these motility
effects observed physiologically do not often translate
into clinically significant changes.

Some patients appear to have a panenteric abnor-
mality in gut motility, which has been demonstrated
throughout the gastrointestinal tract.'® For this reason
it has been suggested that, though representing a het-
erogeneous group, STC patients should be divided
into two groups based on the presence or absence of
a panenteric motility disturbance. The argument for
this would be that STC patients represent a differ-
ent pathophysiological group who may have a worse
outcome following colonic resection surgery for con-
stipation.'

In summary, STC subjects all share the objective
abnormality of slow colonic transit, but appear oth-
erwise to represent a heterogeneous group of motor
abnormalities.

Sensory abnormalities

The most common reported sensory abnormality in
constipation is rectal hyposensitivity, which affects up
to 27% of patients with constipation.”® There is some
argument as to whether this is a primary phenomenon
or secondary to chronic dysmotility, since it is not
found in all patients. However, in a group of patients
with idiopathic STC a small-fiber sensory neuropathy
has been demonstrated.'® This study suggested that
there is a subgroup of STC patients in whom a more
global physiological abnormality is responsible for the
development of constipation. Whether this generalized
sensory neuropathy is associated with an adverse re-
sponse to surgery or other therapy remains unknown.

Etiopathogenic theories

The range of abnormalities found in clinical investiga-
tions and their often contradictory results suggest there
is no one unifying pathophysiological abnormality to
explain constipation, and it is therefore no surprise that
at an enteric level a variety of abnormalities have been
found in patients with STC.

Enteric nervous system abnormalities
Immunohistochemical studies of resected material
have suggested that a variety of abnormalities may be
present in the enteric nervous system (ENS) in patients
with STC, including hypoganglionosis'’ (Fig. 12.2) and
a decrease in neuronal structures within the colonic
circular muscle.'® Light microscopy usually fails to
reveal any abnormalities in these tissues. Hematoxylin
and eosin staining does not identify consistent abnor-
malities, although some abnormalities, including my-
enteric plexus degeneration, have been described. On
silver staining it is possible to demonstrate a decrease in
argyrophilic neurons and intraganglionic filaments,"”
sometimes associated with Schwann cell hyperplasia.
Other researchers have failed to show any neuronal
reduction in STC. In a study using a control group, no
evidence was found of a generalized neuronal reduc-
tion when using neuron-specific enolase.?”

Neuroendocrine system

There is little consistency in the abnormalities detected
in these patients at a neuroendocrine level. Studies have
shown variously that serotonin cell density may be ei-
ther increased” or decreased.” Similarly, expression
of peptide YY (Fig. 12.3), substance P and vasoactive
intestinal polypeptide in the neurons of the ENS shows
marked inconsistency between studies. It has also
been reported that there is a more dense innervation
of nitric oxide-containing neurons in STC, implying
increased inhibitory tone. These contradictory results
are perhaps not surprising, given the heterogeneity of
the motor and sensory abnormalities described above.
This clearly has implications, given the use of seroto-
nergic agonists in the treatment of constipation. The
degree of difference in serotonergic expression may in
part explain the mixed results seen in clinical trials of
these drugs.

Autonomic sensory neuropathy

The presence of a generalized small-fiber autonomic
sensory neuropathy has been described in a group
of patients with STC who have evidence of both gut
and systemic abnormalities.'® This would suggest a
permanent abnormality in these patients. However,
behavioral therapy (biofeedback) has been demon-
strated to improve both transit and gut-specific au-
tonomic tone in some patients with STC,” suggesting
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Fig. 12.2 Architecture of the enteric nervous system {(myenteric
plexus). (a) Normal colon. The nerve network is composed

of ganglia and interconnecting nerve fiber strands. Smaller
branches ramify from primary and secondary nerve fiber
strands and extend into the adjacent muscle layers. Although
most neurons are located within the ganglia, some nerve

that a permanent neuropathy cannot be responsible
for all cases of idiopathic STC. Similarly, biofeedback
has also been shown to improve symptoms and transit
in patients with STC following hysterectomy, a condi-
tion assumed to be secondary to irreversible pelvic
nerve damage.*

Decrease in interstitial cells of Cajal
Using c-kit immunoreactivity, two recent studies have

cell bodies are also observed within the nerve fiber strands.
(b) Slow-transit constipation. Compared with controls, the
meshes of the nerve network are widened and the ganglia are
reduced in size, containing a decreased amount of nerve cells.
Reprinted with kind permission of Dr Thilo Wede! and Elsevier
Publishing (Gastroenterology 2002; 123: 1462).

demonstrated that there is a decrease in interstitial cells
of Cajal (ICC) in patients with STC.'"'® Since the ICC
act as pacemaker cells to the gut, we might intuitively
expect a condition in which transit is slow to demon-
strate an abnormality at this level. Certainly W/W*
mutant knockout mice, which lack ICC, demonstrate
delayed and disordered gut transit. In addition, both of
the studies cited'”"* demonstrated moderate hypogan-
glionosis in the myenteric plexus.

Fig. 12.3 Peptide YY (PYY)-immunoreactive cells in sigmoid
colon (a) in a patient with STC and (b) in a control. The control
is morphologically normal colon obtained from a patient with
colonic carcinoma. Note that the number of PYY cells in the

constipated patient is lower than in the control. Reprinted
with kind permission of Professor El-Salhy and Blackwell
Publishing (Colorectal Disease 2003; 5: 290).
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Colonic myopathy

There is no convincing evidence to date that STC is
secondary to a colonic myopathy. However, colonic
smooth muscle cell inclusion bodies have been found.
This suggests that an inclusion body myopathy may
arise secondarily to denervation,” as similar inclusion
bodies are found in the aging gut and also in Chagas’
disease, both of which are associated with neuronal
degeneration.

Opioid-induced bowel dysfunction

Opiate medication is commonly and effectively used
in the treatment of postoperative and chronic pain.
Owing to the wide distribution of opioid receptors, in
addition to analgesia, a range of side-effects may occur
which include drowsiness, respiratory depression and
pruritus. The effects of opiate medication on bowel
function are well recognized, and these drugs have
been used in the control of diarrhea since they slow
bowel transit, lead to greater absorption of fluids and
decrease luminal propulsive force. In the absence of di-
arrhea, however, these actions lead to bowel symptoms
secondary to opiate use, including gastro-esophageal
reflux, nausea, bloating, constipation, and incomplete
evacuation. In fact, with chronic treatment these symp-
toms can be so debilitating that patients may elect to
stop opiate medication altogether rather than endure
the gastrointestinal side-effects. Over 50% of patients
admitted to palliative care units experience opiate-
induced bowel dysfunction,? and if uncontrolled this
can lead to persistent nausea and vomiting, pseudo-
obstruction or fecal impaction.

Postoperative ileus

Postoperative ileus refers to the period postoperatively
when the recently handled bowel does not have effective
peristalsis. It is characterized by distension and accu-
mulation of luminal secretions and can affect the whole
gut. It has significant effects both in terms of morbid-
ity and indeed expense, since it prolongs hospital stay
and delays recovery. It can occur following any type of
surgery, but is most common following abdominal or
pelvic procedures. The causes are multifactorial and
include an increase in sympathetic autonomic tone to
the gut and loss of myoelectric activity, and recently it
has been shown that postoperative ileus is maintained

by infiltrates activating inhibitory neural pathways.?”
Opioid medication prolongs postoperative ileus at a
time when these drugs are needed for analgesia. Other
strategies to avoid the use of opioids have therefore
been pursued, including the use of non-steroidal anti-
inflammatories and epidural local anesthesia. Only
the latter has been shown to decrease the duration of
postoperative ileus.”

Development of new therapies

The analgesic effects of morphine-based drugs are
mediated centrally via the p-opioid receptor. This re-
ceptor has been subtyped into y,, which is central and
mediates analgesia, and p,, which is found in the spinal
cord and periphery. Other receptors identified to date
are the K-receptor, &-receptor and e-receptor, each class
being split further into subtypes. Opioids used in clini-
cal practice are not entirely selective for the p-receptor,
but maintain relative selectivity.

The difficulty with developing drugs to target this
opioid-induced bowel dysfunction is that any drug de-
veloped would have to be peripherally restricted, since
any blockade of the central u-receptors is likely to block
their analgesic effects. Naloxone, a p-receptor antago-
nist, has been shown to accelerate whole-gut transit in
healthy individuals, and is potentially of use. However,
it crosses the blood-brain barrier easily, and at doses
required to reverse peripheral effects it will also reverse
central analgesia as well.?®

Two recent p-receptor antagonists that are pe-
ripherally restricted are potential new therapies for
opioid-induced bowel dysfunction. Recent studies
have demonstrated that both alvimopan® and methyl-
naltrexone® reverse opioid-mediated gastrointestinal
inhibition without limiting central analgesia in healthy
volunteers, and that alvimopan is effective in limiting
postoperative ileus.”

Diverticular disease

Diverticular disease is a common disorder, affecting
30-50% of the adult population in the developed
world. It is much rarer in the developing world and it
has been described as a disease of Western civilization.
For such a common complaint, data on both the etiol-
ogy and treatment are limited. This is in part because
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Diverticular disease

1 Diverticular disease is a common disorder
affecting 30-50% of the adult population in the
developed world.

2 The condition develops out of a combination of
lack of dietary fiber and advancing age, resulting
in abnormal colonic pressure distribution.

3 Colonic postprandial motility indices are
uniformly elevated, which is not typically
observed in subjects without diverticular disease. .

4 There may be denervation hypersensitivity in

diverticular disease as muscarinic M, receptors
are upregulated.

5 A decrease in inhibitory neurotransmitters
(such as nitric oxide) may have a role in the
etiopathogenesis of diverticula.

6 The development of agents modulating
metalloproteinase activity or enteric nerve
transmission as therapy for diverticular disease is
under current investigation.

up to 80% of those affected remain asymptomatic
and it is therefore difficult to perform representative
prospective studies. Most of our epidemiological know-
ledge is based on barium enema or necropsy studies.
Diverticula are out-pouchings of mucosa through the
colonic wall. They rarely involve the whole thickness
of the wall and therefore are strictly better defined as
pseudo-diverticula (Fig. 12.4). In barium enema and
necropsy studies, 90% of cases of diverticular disease
have left-sided colonic disease and are associated with
hypertrophy of the muscle layers. Although there are
several theories as to its etiopathogenesis, it is generally

agreed that the condition arises out of a combination
of lack of dietary fiber and advancing age, resulting in
abnormal colonic pressure distribution.

Etiopathophysiology

Fiber hypothesis

Painter and Burkitt, who originally described the
condition as a ‘deficiency disease of western civiliza-
tion’in 1971, pointed out that diverticular disease had
been on the increase in the Western world since the
introduction of milled or refined flour into the diet
of most western populations.® This in turn led to a

Fig. 12.4 Double-contrast barium
enema demonstrating diverticular
disease. With kind permission of
Dr S Halligan, St Mark’s Hospital,
Harrow, UK.
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decrease in the amount of dietary fiber. This theory
was controversial at the time of its initial description,
since-conventional wisdom for many years held that
roughage should be cut down in order to avoid the
complications of diverticular disease. The lack of
fiber was proposed to lead to harder stools, which
spent more time in transit and led to segmentation
of the colon with higher intraluminal pressures. The
combination of these effects then led to the develop-
ment of diverticula at points of weakness throughout
the bowel wall, which were generally taken to be the
sites of the entry of blood vessels. '

In support of this theory was the observation that di-
verticular disease was rare in populations in which the
dietary intake of fiber was high, such as African popula-
tions. Also, vegetarians, whose intake of fiber is higher,
tend to develop fewer diverticula. Interestingly, migra-
tion studies have shown that when populations became
more westernized and changed their diet the incidence
of diverticular disease increased. This has particularly
been demonstrated in the black population in South
Africa following adoption of a Western diet* and also
in the Japanese who have settled in Hawaii.»

Genetics

In addition to environmental factors (e.g. diet), genetic
factors seem also to be important. Unlike Western
populations, who develop left-sided disease predomi-
nantly, those in the Far East, and in particular Japan,
predominantly develop right-sided disease. This is
not just a dietary phenomenon, since Japanese people
who move to Hawaii do develop more diverticula, but
continue to do so on the right side. Additionally, stud-
ies have shown that colonic tissue from certain African
populations is stronger and more compliant than that
of age-matched controls from Western countries.

Extracellular matrix

The presence and structure of collagen within the
colonic wall is important for the compliance of the
viscus. When there is increased cross-linking of col-
lagen, the wall becomes rigid and non-compliant. In
animal studies, when rats are fed on a low-fiber diet
they develop increased cross-linking of collagen in the
bowel wall.* Similarly, this will even occur to a certain
extent in rats whose mothers have been fed on a low-
fiber diet, suggesting that at least some of the likelihood

of developing diverticula may be conferred in utero.”
Dietary fiber undergoes fermentation in the colon and
short-chain fatty acids are produced. Decreased levels
of these acids have been demonstrated in animals fed
on a low-fiber diet,*® and it is known that they affect
collagen cross-linking. This may involve matrix metal-
loproteinases, which are known to degrade all classes
of extracellular matrix, thereby altering the structure
of the colon. Bacterial flora can lead to macrophages,
T cells and myofibroblasts secreting these endopepti-
dases. Hence, alteration of the colonic flora may have
some role (secondary to decreased fiber) in the devel-
opment of diverticula.

Motility abnormalities

The majority of the evidence from manometry studies
in diverticular disease suggests that there is an increase
in intraluminal pressure within diverticular segments.
The literature in human studies is limited, most studies
demonstrating that there is baseline elevation of intra-
luminal pressure within diverticular segments. Addi-
tionally, pressure responses to promotility agents such
as prostigmine have been found to be exaggerated in
diverticular segments, including in the right-sided dis-
ease seen most commonly in the Japanese population.
This suggests that abnormal distribution of colonic
pressure is causally implicated. A more physiological
stimulus to motility is eating. There is disagreement
between studies as to the degree to which colonic fast-
ing motor activity is altered in diverticular disease. The
motility index is a manometrically derived score of
colonic motor activity. Motility indices postprandially
in diverticular disease are uniformly elevated, which is
not always observed in patients without diverticulosis.
This supports the potential role of disturbed motility in
the generation of diverticula.

Cholinergic denervation

The observation that colonic motility in diverticular
segments increased after systemic administration
of anticholinesterases led to the hypothesis that this
was secondary to hypersensitivity of the cholinergic
innervation of colonic smooth muscle. This effect
was hypothesized to be specific to affected segments.
To assess the level at which this putative cholinergic
hypersensitivity was present, electrical field stimula-
tion work demonstrated that diverticular segments



154 SECTION C Pathophysiology and Treatment of Human Diseases

demonstrated hypercontractility. It was hypothesized
that this was secondary to an increase in cholinergic in-
nervation.* Comparing immunohistochemical image
analysis between resected diverticular segments and
controls, Golder and colleagues, however, have shown
that this is not the case.* There is in fact a decrease in
cholinergic innervation with age, and this is found sim-
ilarly in patients with or without diverticular disease.
However, M, muscarinic receptors, which mediate
cholinergic neural activity in the colonic smooth mus-
cle are upregulated in the colonic wall of patients with.
diverticular disease. This suggests that there may be a
denervation hypersensitivity in diverticular disease.
The role of other receptors, such as the M, muscarinic
receptors are yet to be elucidated.

Other enteric abnormalities

In contrast to the extensive data with regard to
cholinergic transmission, there is little information
concerning other non-adrenergic non-cholinergic
(NANC) transmitters. Nitric oxide is known from in
vitro electrical field stimulation experiments to medi-
ate colonic relaxation by NANC neurons. Using nitric
oxide synthase inhibitors, Tomita and colleagues dem-
onstrated that nitric oxide also mediated relaxation in
diverticular segments, but to a lesser degree.! However,
it is not clear whether this is a primary etiopathogenic
abnormality or whether it is secondary to elevated co-
lonic pressures. It remains possible that a decrease in
inhibitory transmitter action has a role to play in the
etiopathogenesis of this disease.

Management

The management of complicated diverticular disease
remains predominantly surgical. Complications, in-
cluding abscess formation, perforation, fistulation and
diverticular bleeding, often require surgical interven-
tion. In the setting of acute diverticular bleeding there
has been some recent literature to support the use of
endoscopic injection or clipping to stem the acute
bleed, which may avoid unnecessary surgery. Diver-
ticulitis, presenting with abdominal pain and fever,
often responds to treatment with intravenous antibio-
tics unless the complications of perforation, fistulation
or abscess occur. Abscesses can be treated initially with
radiological drainage with planned definitive resection
of the diseased segment at a later date.

The treatment of uncomplicated diverticular disease
is more controversial. There is an overlap between the
symptoms deemed to be due to diverticular disease and
those that are in fact due to irritable bowel syndrome.
Hence, surgical resection in this group is not recom-
mended since there may be no effect on symptoms.
Medical therapy is limited. Patients are commonly
advised to increase their dietary fiber intake, though
not all studies show a beneficial effect on symptoms.
The use of antispasmodic medications is often recom-
mended, but the evidence for their efficacy is lacking.
New therapies are needed for symptomatic treatment
in this condition. Pharmacological agents modulating
metalloproteinase activity or enteric nerve transmis-
sion, leading to an improvement in symptoms or even
reversal of early diverticula, are potential therapies of
the future.

Megacolon

Classification

The diagnosis of megacolon is based on defined ra-
diological characteristics, with dilatation of the colon
to a diameter greater than 6.5 mm at the pelvic brim
with no evidence of obstruction (Fig. 12.5).” There are
physiological and structural features which frequently
accompany this structural abnormality. The presenta-
tion is with severe constipation and large bowel dila-
tation. Megacolon can be classified into chronic and
acute cases, the latter referring to acute toxic dilatation
in the setting of severe inflammation, in which there
are no data on enteric nerve function. Chronic cases of
megacolon can be further subclassified as congenital,
acquired or idiopathic.

Idiopathic megacolon

Idiopathic megacolon refers to cases of large bowel
dilatation without organic cause. This and the absence
of dilatation of other parts of the gut distinguish it from
chronic idiopathic intestinal pseudo-obstruction. Un-
like patients with megarectum, who tend to present
with incontinence and fecal impaction in childhood
and the teenage years, patients with idiopathic mega-
colon present more in adulthood and commonly com-
plain of constipation, bloating and abdominal pain.
Radiological marker studies reveal slow colonic transit,
but also a dilated bowel of greater than 6.5 cm above
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Fig. 12.5 Contrast enema demonstrating a megacolon. The
colonic diameter is greater than 6.5 cm at the pelvic rim. With
kind permission of Dr S Halligan, St Mark’s Hospital, Harrow,
UK.

the pelvic rim, which separates these patients from oth-
ers with STC.#

Idiopathic cases of megacolon represent a hetero-
geneous group, a range of abnormalities having been
demonstrated at the ENS level. Abnormalities have
been found in some patients in the VIP and nitric
oxide inhibitory systems which may contribute to ab-
normal gut function.® Overall, however, the changes
are subtle, with some evidence of thickening of the
muscularis mucosa and muscularis propria, some
muscle fibrosis, and possible decreased innervation
of the longitudinal layer.* In published studies there
are no marked ENS abnormalities in this patient
group. There may, however, be significant functional
neurotransmitter abnormalities that are as yet unde-
scribed. Drawing a parallel with idiopathic STC, the
heterogeneity of this group would suggest multiple
etiologies for the phenotype.

Acquired megacolon

Megacolon can occur after acquired insults to the auto-
nomic and enteric nervous systems, such as in the case
of Chagas’ disease or after spinal cord injury, where the
bowel has lost autonomic input. The use of chronic
opiate medication can also lead to megacolon.

Chagas’ disease

Chagas’ disease, caused by the Trypanosoma cruzi para-
site, is a massive public health problem in South Amer-
ica. Most morbidity comes from its effects on the heart
and gastrointestinal tract. In addition to the classically
described achalasia-like picture, patients with T. cruzi
infection can present with involvement of any part
of the gastrointestinal tract. Clinically, the effects are
seen primarily in the esophagus and colon. Colonic in-
volvement manifests as megacolon. Degeneration and
reduction of neuronal density in the myenteric plexus
has been demonstrated in affected colonic segments.
It has been proposed that the Chagasic megacolon is
caused by an autonomic imbalance caused by unop-
posed inhibitory tone secondary to the destruction of
excitatory neural inputs.*® Recently, circulating anti-
bodies against a colonic muscarinic (M,) acetylcholine
receptor have been identified in these patients, and they
may be of pathophysiological importance.*

Spinal injury

Bowel symptoms are a significant cause of morbidity
and distress in patients with spinal injury. Megacolon
is a highly prevalent condition in this patient group.
It affects up to 73% of spinal injury patients*’ and is
found more often in patients with a longer duration of
injury. The causes of this are likely to be multifactorial.
There may be loss of parasympathetic tone to the gut,
but there is also a large amount of chronic laxative and
opiate use in this group. There are no data to support
the contention that chronic use of laxative in this group
causes functional and ENS changes. Opiates, however,
can certainly lead to a structural disturbance (dilata-
tion), though data for ENS changes is lacking.

Congenital megacolon

Hirschsprung's disease
Hirschsprung’s disease (HSCR) is a congenital malfor-
mation affecting around 1 in 5000 live births, with a
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Hirschsprung's disease

1 Hirschsprung’s disease is a congenital
malformation affecting 1 in 5000 live births with a
3—4:1 male-to-female ratio.

2 Commonly presents in the infant period with
failure to pass meconium and bowel obstruction.

3 Full-thickness rectal biopsies are diagnostic and
characterized by aganglionosis and overabundance
of fibers staining positive for acetylcholinesterase.

4 Diagnosis can be confirmed by the absence of the
recto-anal inhibitory reflex.

5 Genetic abnormalities affecting the RET-GDNF-
GFRal signaling system and the endothelin
signaling system are most common.

6 Mutations in genes encoding several transcription
factors have been found to be associated with
HSCR.

male-to-female ratio of 3—4:1. Although it can present
in adulthood, usually with a long history of constipa-
tion throughout life, it commonly presents in the in-
fant period with failure to pass meconium, obstruction
and occasionally enterocolitis. It is characterized by
an aganglionic segment which commonly affects the
distal sigmoid and rectum (short segment, approxi-
mately 70-80% of cases) (Fig. 12.6). It can, however,
affect up to the whole of the large bowel, in which case
it is known as ‘long segment disease’ (approximately

Fig. 12.6 Contrast enema demonstrating Hirschsprung’s
disease, with a dilated colon above the aganglionic segment.
With kind permission of Dr S Halligan, St Mark's Hospital,
Harrow, UK.

20%). In addition, an isolated segment of bowel can
be involved, and this is known as zonal HSCR. Though
commonly an isolated abnormality, HSCR can be as-
sociated with other congenital abnormalities, such as
part of the Shah—Waardenburg syndrome or with con-
genital hypoventilation (Onedine’s curse).

Embryonic studies of neural crest migration demon-
strate that neural crest cells colonize the gut between 6
and 12 weeks and that disruption of this migration leads
to the aganglionosis seen in HSCR. Vagal neural crest
cells migrate in a rostrocaudal direction to colonize the
gut and are not restricted to any particular part of the
gut, having the capacity to migrate to and differentiate
the distal rectum. However, some enteric neurons mi-
grate from the lumbosacral level and do so in a caudo-
rostral direction. Failure of these neurons to migrate to
the whole gut leads to variable degrees of aganglionosis.

Histologically, suction or full-thickness biopsies
in HSCR are diagnostic and characterized by agan-
glionosis and a marked overabundance of extrinsic
nerve fibers staining positive for acetylcholinesterase
(Fig. 12.7). There is an area adjacent to the aganglionic
segment, termed the ‘transitional zone), in which there
is relative hypoganglionosis. Treatment of HSCR is sur-
gical, by resection of the affected segment with colonic
pull-through in a one- or two-stage operation, which
can be performed laparoscopically. Problems arise on
occasions in which the transitional zone is not fully
excised, since these patients tend to develop further
motility problems.

Although full-thickness rectal biopsy at least 5 cm
above the dentate line is considered the gold standard
diagnostic test, the diagnosis can be confirmed in adult
cases by demonstrating absence of the recto-anal in-
hibitory reflex. Normally, the internal anal sphincter
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Fig. 12.7 Hirschsprung’s disease.
(a) Normal colonic biopsy. (b)
Acetylcholinesterase staining
demonstrating aganglionosis and
abundance of extrinsic nerve fibers.
With kind permission of Professor
Ashley Price, St Mark’s Hospital,
Harrow, UK.

will relax in response to balloon distension (which
mimics the presentation of a stool). However, in HSCR
this response is lacking.

Genetics and Hirschsprung'’s disease

The development of the normal ENS relies on the
ability of neural crest cells to differentiate, migrate to
the appropriate site, and survive once they are there.
In recent years, genetic, and latterly proteomic, stud-
ies have begun to unravel the complicated control of
ENS development that leads to different phenotypic

presentations. The range of genetic abnormalities now
characterized in HSCR ranges from single-gene muta-
tions to multiple affected genes with varying modes of
inheritance.

Several genes have now been identified which are
known to be associated with HSCR. Normal ENS de-
velopment relies on intact signaling systems and tran-
scription factors. The main signaling systems described
to date that are relevant to the development of HSCR
are the RET-GDNF-GFRal signaling system and the
endothelin (ET-3) signaling system.
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RET-GDNF-GFRal signaling system

The RET gene, which maps to chromosome 10q11.2, is
the major gene involved in human HSCR, and muta-
tions of this gene account for approximately 50% of
familial and sporadic cases of HSCR.* As part of the
RET-GDNF-GFRa1 signaling system, RET promotes
the survival of neurons, mitosis of progenitor cells and
differentiation of neurons. Rer”~ knockout mice have
aganglionosis of the small and large intestines and as-
sociated renal agenesis. Although RET is expressed in

human renal tract development, renal agenesis is a rare;

association with HSCR in humans. The RET receptor
tyrosine kinase consists of an intracellular tyrosine
kinase, a transmembrane domain and an extracellular
domain. Mutations affecting the intracellular domain
affect signaling functions, whereas those affecting the
extracellular domain affect ligand binding.* Multiple
mutations have been identified that are associated with
HSCR, but can also be associated with the development
of other conditions such as familial medullary thyroid
carcinoma (FMTC), multiple endocrine neoplasia
(MEN) 2A and MEN 2B. Around 5% of patients with
HSCR will have an associated MEN 2A or FMTC.*

Glial-derived neurotrophic factor (GDNF) is a
ligand for the RET receptor and requires the co-recep-
tor GFRaul for effective signaling.” It acts on early ENS
precursor cells to stimulate differentiation and in in
vitro studies can attract migrating ENS cells.* Het-
erozygosity of GDNF may contribute to the severity
of the HSCR phenotype, but is not responsible for it.
Although not described in humans, the gdnf’- knock-
out mouse has a similar phenotype to the ret”~ mouse.
Other members of the GDNF family have now been
identified (neuritin, artemin, persephin), but muta-
tions in their genes have not been demonstrated to
result in HSCR.

Endothelin (ET-3) signaling system

The endothelin system in the developing embryo
may regulate interactions between gut neural crest
and mesenchyme cells. The endothelin family con-
sists of ET-1, ET-2, ET-3 and VIP, but it is ET-3 that
is important in ENS development via its interaction
with the endothelin receptor-B (ET,). This has been
demonstrated in mouse knockout models. The lethal
spotted mouse mutant (Is/Is) has distal colonic agang-
lionosis secondary to a mutation in the Et-3 gene, and

colonic aganglionosis is found to a greater extent in
the piebald lethal mouse, which lacks the Et, gene.
ET-3 mutations are associated with approximately
5% of human HSCR cases, with mutations of ET, ac-
counting for 5-7% of cases. Mutations of the ET-3 and
ET, genes have been described in presentations of the
Shah—Waardenburg syndrome, which is characterized
by enteric aganglionosis, skin and hair pigmentation
defects and sensorineural hearing loss.>> As well as ET-
3 and ET abnormalities, mutations in the endothelin
converting' enzyme-1 can lead to the presentation
of aganglionosis, albeit with associated autonomic,
craniofacial and cardiac abnormalities.” Mutations
of other signaling systems, including the hedgehog
signaling system, may have a role in congenital enteric
aganglionosis, but, given the widespread role of these
systems in embryonic development, it is unlikely that
enteric aganglionosis would present without multiple
other complex abnormalities.

Nuclear transcription factors
As well as these signaling systems, there are several
families of transcription factors which are now known
to be important in neuronal differentiation in the ENS.
Mutations in the genes producing these factors can
lead to a presentation of HSCR. These include SOX10,
PHOX2B,* HASH1, HOX11L1, PAX3, SIP] and, more
recently, PMX2B,% which have been associated with
varying degrees of enteric aganglionosis.

The understanding of the causes of HSCR is thus
increasing as our understanding of the genetic control
of ENS development evolves.
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Fecal incontinence

Introduction and epidemiology

Fecal incontinence (FI) is the recurrent uncontrolled
passage of fecal material, of 1 month or greater du-
ration, in an individual with a developmental age
of at least 4 years.! Community-based surveys have
fostered increasing awareness of the symptom and its
detrimental impact on lifestyle and functioning; these
consequences are disproportionately severe compared
with the medical consequences of FI (Table 13.1).> Phy-
sicians may under-recognize the prevalence and devas-
tating consequences of FI, perhaps because patients are
often embarrassed to discuss the symptom.

Anorectal Disorders

Table 13.1 Epidemiology of fecal incontinence

Prevalence of Fl in the community ranges from 2% to 15%.

Varying prevalence rates may be attributable to differencesin
survey techniques, definition of Fl and population surveyed.

Prevalence is similar in men and women. Prevalence and
severity of Fl increased with aging; 47% of nursing home
residents in one survey had Fl.

Patients with Fl are often embarrassed to discuss the symptom
with a physician or friends.

Fl affects quality of life in >50% of patients. Fi may jeopardize
employment, and may lead to institutionalization.

Fecal incontinence: key features

1 Distressing symptom attributable to one or more
disordered continence mechanisms.

2 Most patients have internal and/or external
sphincter weakness. Rectal sensory disturbances
(i.e. increased or reduced) and altered bowel
habits (i.e. constipation and/or diarrhea) are also
important.

3 Common causes include anal sphincter injury
resulting from obstetric or iatrogenic trauma
and/or pudendal neuropathy caused by obstetric
injury or chronic straining.

4 Patients are often embarrassed to discuss the
symptom with a physician.

5 Careful characterization of symptoms is useful for
gauging severity, understanding pathophysiology
and guiding management.

6 Diagnostic testing is guided by clinical features.
Anal manometry and ultrasound are used
to evaluate sphincter function and structure,
respectively. Endoscopy necessary if mucosal
disease process is a consideration.

7 Simple measures are often helpful: empathy,
patient education, management of altered bowel
habits and biofeedback therapy (for sphincter
tone and/or rectal sensation).

8 Long-term success rate after surgical repair of
anal sphincter defects is poor. More invasive
approaches (e.g. graciloplasty) involve
considerable morbidity.

9 Colostomy may be the only option for patients
with symptoms refractory to other measures.
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Table 13.2 Anorectal factors maintaining continence

Factor (method of assessment)*

Physiological functions

Pathophysiology

Internal anal sphincter (anal
manometry)

External anal sphincter [anal
manometry, anal EMG (for neural
integrity)]

Puborectalis (evacuation

proctography, dynamic pelvic MRI)

Rectal compliance (barostat testing)

Rectal sensation (perception of
latex balloon distension, barostat

Smooth muscle responsible for maintaining
~70% resting anal tone. ’
Resting tone is maintained by myogenic
factors and tonic sympathetic excitation.
Relaxes during defecation.

Tonically-active striated muscle which
predominantly contains type I (slow-twitch)
fibers in humans.

Maintains ~30% of resting anal tone.
Voluntary or reflex contraction (i.e. squeeze
response) closes the anal canal, preserving
continence.

Maintains a relatively acute anorectal angle
at rest.

Contracts further to preserve continence
during squeeze.

By relaxing (i.e. accommodating), the rectum
can hold more stool until defecation is
convenient.

Rectal distension evokes the desire to
defecate and is also critical for initiating
the squeeze response when continence is

Resting and squeeze pressures are | in most
women with Fl.

Conversely, high sphincter pressures may
hinder evacuation, predisposing to Fl in
some men.

Internal and external sphincter weakness is
often caused by sphincter trauma.
Obstetric or iatrogenic injuries are common
causes of sphincter trauma.

Diseases affecting upper or lower motor
neuron pathways can also weaken the
external sphincter.

MRI reveals puborectalis atrophy and/or
impaired function in a subset of incontinent
patients.

Rectal compliance is | in ulcerative and
ischemic proctitis.
Rectal capacity is L in ‘idiopathic’ Fl.

{ rectal sensation occurs in Fi, may impair
evacuation and continence, and can be
ameliorated by biofeedback therapy .

testing)
threatened.

Anal sensation (electrosensitivity,
temperature change)

the anal sphincters relax.

The exquisitely sensitive anal mucosa will
periodically sample and ascertain whether
rectal contents are gas, liquid or stool* when

Rectal sensation may contribute to the
symptom of urgency in Fl.

The extent to which normal or disordered
anal sampling reflexes contribute to fecal
continence or Fl respectively are unclear.

*Italics indicate the test is used in research studies but is not widely available or generally used in clinical practice. | = reduced;

T =increased.

Mechanisms of normal and disordered
continence

Fecal continence is maintained by anatomical fac-
tors, rectal compliance and recto-anal sensation
(Table 13.2). Anatomical factors include the anal
sphincters and levator ani (i.e. the pelvic floor), rectal
curvatures and transverse rectal folds (Fig. 13.1). The
rectum is a distensible organ that relaxes, allowing
defecation to be postponed until convenient. The
perception of rectal distension is indispensable for
defecation and for voluntary contraction of the pelvic
floor when continence is threatened (Fig. 13.2). More-
over, disturbances of stool consistency, mental facul-

ties, and mobility often contribute to FI, particularly
in patients who have impaired anorectal continence
mechanisms.

Anal sphincter pressures are reduced in most, but
not all, incontinent patients.’ However, anal sphincter
pressures do not always distinguish continent from
incontinent subjects, underscoring the importance
of rectal compliance and sensation in maintaining
continence. Impaired rectal sensation allows the stool
to enter the anal canal and perhaps leak before the
external sphincter contracts.*® On the other hand,
exaggerated rectal sensation, perhaps a marker of
coexistent irritable bowel syndrome,® is associated
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Fig. 13.1 Diagram of a coronal section of the rectum, anal
canal and adjacent structures. The pelvic barrier includes
the anal sphincters and pelvic floor muscles. Reproduced

with reduced rectal compliance, repetitive rectal con-
tractions during rectal distension, external sphincter
weakness and exaggerated anal sphincter relaxation
during rectal distension.® Thus, FI is a heterogeneous
disorder, patients often suffering from more than one
deficit (Table 13.3).

Etiology
FI is attributable to conditions associated with pelvic
floor weakness and/or diarrhea (Table 13.4). Before the
advent of endoanal ultrasound, unexplained sphincter
weakness was considered ‘idiopathic’, or attributed to
a pudendal neuropathy. Endoanal ultrasound revealed
clinically occult internal and external anal sphincter
injury in FI and after vaginal delivery in women.®’
However, the median age of onset of ‘idiopathic’ FI is
~ 61 years; that is, several decades after vaginal delivery.
This suggests that, in addition to anal sphincter trauma
caused by vaginal delivery, other factors — as yet poorly
defined, but including aging, menopause, chronic
straining, and disordered bowel habits — probably
predispose to FI.

The prevalence of Fl increases with age and anorectal
functions decline with age. Anal pressures are lower in
older than in younger, asymptomatic men and women.

with permission from Bharucha AE. Fecal incontinence.
Gastroenterology 2003; 124: 1672-85.

It is unknown if these effects are attributable to aging
alone and/or hormonal changes associated with aging
(e.g. menopause) and/or other confounding factors
(e.g. obstetric trauma). Previous studies suggested that
anal resting and squeeze pressures were lower in older
than in younger subjects.>® We recently demonstrated
that anal resting pressures did, but squeeze pressures
did not decline with age in carefully selected asymp-
tomatic women without other risk factors for pelvic
floor trauma.'® The relative sparing of anal squeeze
pressures by aging is consistent with the muscle fiber
distribution in the human external anal sphincter. The
human external anal sphincter predominantly con-
tains type I (i.e. slow twitch) fibers, which, in contrast
to type II fibers, are relatively spared by aging."" Rectal
compliance also declined with age in asymptomatic
women.!® Taken together, the evidence indicates that
reduced anal resting pressure and reduced rectal com-
pliance may predispose to FI.

In men, FI is often attributable to local causes, such
as anal fistulae, poorly healed surgical scars or proc-
titis after radiotherapy for prostate cancer. Idiopathic
fecal soiling or leakage in men may also be caused by a
long anal sphincter of high pressure that entraps small
particles of feces during defecation and subsequently



164 SECTION C Pathophysiology and Treatment of Human Diseases

"G8-2£91 ¥ ‘£00Z AB0J0I31UB0SED "3OUAUILUODUI [BI3S IV BYDNIBYY WOLS uoissiwaad Ylim padnpoiday “sjewsou
ul uey) Jamo| sem uo1dar.ad 10) PloYsAIYL SWIN|OA sa3edIpul uoniesuds | [uodadiad 104 SPlOYsaIy) SWNJOA se PassaIdXa UOIIESUSS [B1I9Yy "9]qB|{BAR J0U =
VN ‘aunssaud Japujyds 82aanbs = § Bunsal = Y "abueyd ou = « !paseanap = ¢ Jpaseasnu] = | °|3 pue aseasip BuiAepun yum spudned oy suiepiad uopewou

VN © T 1 « 1574 zLLMOI2q 8'l ‘UoIsa| |eurds mol

aiddybiy 1o gL L 91 ‘uoisa)

VN T 1 © 1 15y |eutds ybiy — Aunfu pJod jeuids

VN (Ajuosiijod aade) | (Ajuo simjod aAide) | VN (Ajuo s1ujo3 aae) ¢ Hurts e S0 BARRIDIN

VN T N N VN whanfug uonerpes suoiyd

VN T © VN VN 7514 wSIHP0Id uonielpes 3NdY

32UBURUoIUY pue uondedult

1 VN 1 VN 1 5oy 1e334 yum siuaned Auap|3

VN Ld ™ VN T TMSiey 5150498 3|dnININ

VN « " VN L 18174 seSN||BW sa1aqelq

1 Lion Lo 7 ) 1 2iyredoipl

uolpuny asuesjdwod xuo1IesuUdS uoIPEeIUO) J3PUIYdS uofexe|as sapuiyds saJnssaid Abojona
100}4 DI lepay |eay  |eusaIxa JOj pjoysalyl Jeusdju; Joy pjoysaiyl  Japuiyds jeuy

32UBUUODU [BI34 U) S3IUBGINISIP JOJOWIIOSUSS |EPIBIOUY E'EL djqeL



CHAPTER 13 Anorectal Disorders 165
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Fig. 13.2 Schematic of events that accompany fecal continence
(a) and defecation (b). HAPC, high-amplitude propagated
contraction. Panel b is reproduced with permission from
Bharucha AE, Camilleri M. Physiology of the colon. In:
Pemberton JH, ed. Shackelford’s Surgery of the Alimentary
Tract, Vol. IV. The Colon. 5th edn. Philadeiphia: WB Saunders,
2001: 29-39. IAS, internal anal sphincter. EAS, external anal
sphincter.

expels them, causing perianal soiling and discomfort.?
Approximately 5% of patients develop chronic anorec-
tal complications (fistula, stricture and disabling FI)
after pelvic radiotherapy.”® Surgical procedures that
may contribute to Fl include sphincterotomy and fistu-
lotomy. Postoperative FI affects about 45% of patients
after alateral internal sphincterotomy; 6%, 8% and 1%
reported incontinence to flatus, minor fecal soiling
and loss of solid stool, respectively, 5 years thereafter.'

The risk of FI after a fistulotomy has been reported to
range from 18 to 52%, but is perhaps lower with recent
modifications."

Several neurological disorders are associated with
FI (Table 13.4). Anal sphincter weakness, diminished
rectoanal sensation and diarrhea predispose to FI in
patients with diabetic neuropathy. Impairment of
anorectal function generally parallels the duration of
disease.'® Fifty-one percent of a group of unselected out-
patients with multiple sclerosis had FL'” Constipation
is the predominant symptom after supraconal spinal
cord injury; anal resting pressure is relatively preserved
and Fl is relatively uncommon. In contrast, resting anal
sphincter tone is often reduced in patients with spinal
cord lesions at or below T ; reduced anal sphincter tone,
blunted recto-anal sensation'® and laxatives predispose
to FI in patients with lumbosacral lesions.

Clinical evaluation

A meticulous clinical assessment is necessary to iden-
tify the etiology and pathophysiology of FI, establish
rapport with the patient, and guide diagnostic testing
and treatment. Terms used to reflect the nature and se-
verity of Fl include ‘staining), ‘seepage’ (leakage of small
amounts of stool} and ‘soiling’ (of clothes or bedding).

Table 13.4 Etiology of fecal incontinence

Anal sphincter weakness

Injury: obstetric trauma related to surgical procedures, e.g.
hemorrhoidectomy, internal sphincterotomy, fistulotomy,
anorectal infection

Non-traumatic: scleroderma, internal sphincter thinning of
unknown etiology

Neuropathy
Stretch injury, obstetric trauma, diabetes mellitus

Anatomical disturbances of the pelvic floor
Fistula, rectal prolapse, descending perineum syndrome

Inflammatory conditions
Crohn’s disease, ulcerative colitis, radiation proctitis

Central nervous system disease
Dementia, stroke, brain tumors, spinal cord lesions, multiple
system atrophy (Shy-Drager syndrome), muitiple sclerosis

Diarrhea
Irritable bowel syndrome, post-cholecystectomy diarrhea

Reproduced with permission from Bharucha AE. Fecal
incontinence. Gastroenterology 2003; 124: 1672-85.
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Scales for rating the severity of FI incorporate the na-
ture and frequency of stool loss, number of pads used,
severity of urgency, and the impact of FI on coping
mechanisms and/or lifestyle—behavioral changes."”
Quality of life includes not only items connected with
coping, behavior, self-perception and embarrassment,
but also practical day-to-day limitations, such as the
ability to socialize and get out of the house.” Patients
are affected even by the possibility and unpredictability
of incontinence episodes. Thus, the type and frequency
of incontinence episodes alone may underestimate the
severity of FI in people who are housebound because
of FI.

The clinical history provides several insights into the
pathophysiology of FI (Table 13.5). The importance
of carefully characterizing bowel habits cannot be
overemphasized. Stool form and consistency can be
described by pictorial stool scales.?’ The terms ‘urge FI’
and ‘passive FI’ refer to exaggerated and reduced aware-
ness of the desire to defecate before the incontinence
episode, respectively.

A multisystem examination should be guided by
the history and by knowledge of underlying dis-
eases. The positive predictive value of digital rectal
examination for identifying low resting and squeeze
pressures is 67 and 81%, respectively.?? A digital rectal
examination can also evaluate voluntary puborectalis
contraction, manifest as normal upward and anterior
movement of the puborectalis (i.e. a ‘lift’) when the
subject squeezes. Examination in the seated position
on a commode may be more accurate than the left
lateral decubitus position for characterizing rectal
prolapse, pouch of Douglas hernia or excessive peri-
neal descent.

Diagnostic testing

The extent of diagnostic testing is tailored to the
patient’s age, probable etiological factors, symptom
severity, impact on quality of life and response to
conservative medical management. The strengths and
limitations of these tests have been detailed elsewhere.’
Endoscopy to identify mucosal pathology is probably

Table 13.5 The clinical history in fecal incontinence: insights into pathophysiology

Question Rationale

Onset, natural history and risk
factors

Bowel habits/ type of leakage

Relationship of symptom onset/deterioration to other illnesses may suggest etiology.
Natural history may reveal why a patient has sought medical attention.

Semiformed or liquid stools, perhaps resulting from laxative use in constipated patients, pose

a greater threat to pelvic floor continence mechanisms than formed stools.
Incontinence for solid stool suggests more severe sphincter weakness than incontinence for
liquid stool only. Management should be tailored to specific bowel disturbance.

Degree of warning before Fl
sphincter, respectively.

Urge and passive Fl are associated with more severe weakness of the external and internal anal

These symptoms may also reflect rectal sensory disturbances, potentially amenable to

biofeedback therapy.

Diurnal variation in Fl
diabetes and scleroderma.

Urinary incontinence — presence
and type

Evaluate possible causes of Fl

Nocturnal Fl occurs uncommonly in idiopathic Fl and is most frequently encountered in

Association between urinary and Fl.
Same therapy may be effective for both conditions.

Multisystem diseases causing Fl are generally evident on a history and physical examination.

The obstetric history must inquire specifically for known risk factors for pelvic trauma, e.g.
forceps delivery, episiotomy, and prolonged second stage of labor.
Medications (e.g. laxatives, artificial stool softeners) may cause or exacerbate Fl.

Modified with permission from Bharucha AE. Fecal incontinence. Gastroenterology 2003; 124: 1672-85.
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necessary for FI patients with significant, particularly
recent-onset diarrhea or constipation. The extent of
examination (sigmoidoscopy or colonoscopy) and
consideration of mucosal biopsies are guided by the
patient’s age, comorbidities and differential diag-
nosis. The indications for, and extent of, diagnostic
testing in FI are evolving. For ambulatory, otherwise
healthy patients, anorectal manometry and endoanal
ultrasound are useful to document severity of weak-
ness and to identify abnormal sphincter morphology,
respectively. Evacuation proctography may be useful
to characterize puborectalis contraction, confirm a
coexistent evacuation disorder, and/or document
the severity of clinically suspected excessive perineal
descent or a rectocele. Endoanal MRI is useful for
visualizing anal sphincter morphology, particularly
external sphincter atrophy (Fig. 13.3), while dynamic
MRI can concurrently image the bladder, genital or-
gans and anorectum in real time without radiation
exposure (Figs 13.4 and 13.5). However, pelvic MRI
is relatively expensive and not widely available. Anal
sphincter EMG should be considered for incontinent
patients with an underlying disease associated with a
neuropathy, such as diabetes mellitus, clinical suspi-
cion of a proximal neurogenic process, or sphincter
weakness unexplained by morphology as visualized

by ultrasound. Delayed pudendal nerve terminal
motor latencies (PNTML) are widely used as a surro-
gate marker for pudendal neuropathy. Initial studies
suggested that patients with a pudendal neuropathy
would not fare as well after surgical repair of sphincter
defects compared with patients without a neuropathy.
However, the accuracy of delayed PNTML as a marker
for pudendal neuropathy has been questioned on sev-
eral grounds.? The test measures only conduction ve-
locity in the fastest conducting nerve fibers, and there
are inadequate normative data. Test reproducibility
is unknown, and sensitivity and specificity are poor.
In fact, in contrast to initial studies, recent studies
suggest that the test does not predict improvement,
or lack thereof, after surgical repair of anal sphincter
defects.

Management

The management must be tailored to clinical manifes-
tations, and includes treatment of underlying diseases,
and other approaches detailed in Table 13.6.

Modification of bowel habits

Modification of bowel habits by simple measures is
often extremely effective in managing FI. By taking
loperamide or diphenoxylate before social occasions

Fig. 13.3 Endoanal ultrasonographic (US; a) and magnetic
resonance (MR) images (b) of anal sphincters in a patient with
fecal incontinence. The internal anal sphincter is hypoechoic
on the US image, while on the MR the internal sphincter is

of higher signal intensity than the external sphincter. Thick
and thin white arrows indicate normal internal sphincter and

tear, respectively (located approximately between 10 and 5
o’clock) on US and MR images. Large and small arrowheads
indicate normal-appearing and partially torn external
sphincter (between 10 and 2 o’clock), respectively. Reproduced
with permission from Bharucha AE. Fecal incontinence.
Gastroenterology 2003; 124: 1672-85.
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Fig. 13.4 Magnetic resonance fluoroscopic images of the pelvis
at rest (a), during squeeze (b), and simulated defecation () in a
52-year-old asymptomatic subject after filling the rectum with
ultrasound gel. At rest, the pelvic floor was well supported and
the anorectal angle measured 126°. Pelvic floor contraction
during the squeeze maneuver was accompanied by normal
upward and anterior motion of the anorectal junction; the
angle declined to 95°. Rectal evacuation was associated with

or meals outside the home, incontinent patients may
avoid having an accident outside the home and gain
confidence in their ability to participate in social ac-
tivities. The serotonin (5—HT3) antagonist alosetron
(Lotronex™, GlaxoSmithKline), available under a
restricted use program in the USA, is an alternative op-
tion when functional diarrhea cannot be controlled by

Fig. 13.5 Pelvic magnetic resonance fluoroscopic images at
rest (a) and squeeze (b) in a 57-year-old-lady with Fl. During
squeeze, the puborectalis indentation on the posterior rectal
wall was exaggerated compared with rest, and the anorectal

relaxation of the puborectalis, as evidenced by opening of

the anorectal junction, widening of the anorectal angle and
perineal descent. The bladder base dropped by 2.5 cm below
the pubococcygeal line; the 2.8 cm anterior rectocele emptied
completely, and was probably not clinically significant; perineal
descent (5 cm) was outside the normal range for evacuation
proctography. Reproduced with permission from Bharucha AE.
Fecal incontinence. Gastroenterology 2003; 124: 1672-85.

other agents. Patients with constipation, fecal impac-
tion and overflow FI may benefit from a regularized
evacuation program, incorporating timed evacuation
by digital stimulation and/or bisacodyl/glycerol sup-
positories, fiber supplementation, and selective use of
oral laxatives, as detailed in a recent review.”

angle declined from 143° at rest to 90° during squeeze;
however, the anal canal remained patulous. Reproduced
with permission from Bharucha AE. Fecal incontinence.
Gastroenterology 2003; 124: 1672-85.
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Table 13.6 Management of fecal incontinence

Intervention

Side-effects

Comments

Mechanism of action

Incontinence pads*

Antidiarrheal agents*
Loperamide (Imodium) up to
16 mg/day in divided doses
Diphenoxylate 5 mg q.i.d.

Enemas***

Biofeedback therapy using
anal canal pressure or surface
EMG sensors;**2#

rectal balloon for modulating
sensation

Sphincteroplasty for sphincter
defects**2

Sacral nerve stimulation**

Artificial sphincter, gracilis
transposition**

Skin irritation

Constipation

Inconvenient; side-
effects of specific
preparations

Wound infection;

recurrent Fl (delayed)

Infection

Device erosion, failure

and infection

Disposable products provide better
skin protection than non-disposable
products; underpad products were
slightly cheaper than body-worn
products

Titrate dose; administer before meals
and social events

Prerequisites for success include
motivation, intact cognition, absence
of depression, and some rectal
sensation

Restricted to isolated sphincter
defects without denervation

Preliminary uncontrolled trials
promising

Either artificial device or gracilis
transposition with/without electrical
stimulation

Provide skin protection and
prevent soiling of linen;
polymers conduct moisture
away from the skin

T fecal consistency, I urgency;
T anal sphincter tone

Rectal evacuation decreases
likelihood of FI

Improved rectal sensation and
coordinated external sphincter
contraction + anal sphincter
tone

Restore sphincter integrity

Unclear; T anal sphincter tone
may modulate rectal sensation

Restore anal barrier

*Grade A, **grade B, ***grade C therapeutic recommendations. Grades A or B are supported by at least one randomized
controlled trial, or one high-quality study of non-randomized cohorts. Grade C recommendations are expert opinions generally
derived from basic research, applied physiological evidence or first principles, in controlled or randomized trials. T = increased; {
= reduced; £ = possible. Adapted from Bharucha AE, Camilleri M. GI dysmotility and sphincter dysfunction. In: Noseworthy JH, ed.

Neurological Therapeutics: Principles and Practice. London: Martin Dunitz (in press).

Pharmacological approaches

Phenylephrine, an o -adrenergic agonist, applied to
the anal canal increased anal resting pressure by 33%
in healthy subjects and in FI. However, phenylephrine
did not significantly improve incontinence scores or
resting anal pressure compared with placebo in a ran-
domized, double-blind, placebo-controlled crossover
study of 36 patients with FI1.»

Biofeedback therapy
Biofeedback is based on the principle of operant con-
ditioning. Using a rectal balloon—anal manometry

device, patients are taught to contract the external
anal sphincter when they perceive balloon distension.
Perception may be reinforced by visual tracings of bal-
loon volume and anal pressure, and the procedure is
repeated with progressively smaller volumes. In un-
controlled studies, continence improved in about 70%
of patients with FI. Though resting and squeeze pres-
sures increased to a variable degree after biofeedback
therapy, the magnitude of improvement was relatively
small and not correlated to symptom improvement.?
Perhaps these modest effects are attributable to inad-
equate biofeedback therapy, lack of reinforcement, and



170 SECTION C Pathophysiology and Treatment of Human Diseases

assessment of objective parameters at an early stage
after biofeedback therapy. In contrast, sensory assess-
ments, i.e. preserved baseline sepsation and improved
sensory discrimination after biofeedback therapy, are
more likely to be associated with improved continence
after biofeedback therapy.”

A recent study randomized 171 FI patients to four
groups: standard medical/nursing care (i.e. advice
only); advice plus verbal instruction on sphincter
exercises; hospital-based computer-assisted sphincter
pressure biofeedback; and hospital biofeedback plus
use of a home EMG biofeedback device. Symptoms
improved in approximately 50% of patients in all four
groups, and improvement was sustained 1 year after
therapy. These results underscore the importance pa-
tients attach to understanding the condition, practical
advice regarding coping strategies (e.g. diet and skin
care), and nurse—patient interaction.

Surgical approaches

Continence improved in up to 85% of patients with
sphincter defects after an overlapping anterior sphinc-
teroplasty. For reasons that are unclear, continence
deteriorates thereafter. Less than 50% of patients
are continent 5 years after the operation.” Dynamic
graciloplasty and artificial anal sphincter procedures
are restricted to a handful of centers worldwide and are

often complicated by infections and device problems
which may require reoperation, including removal of
the device. A colostomy is the last resort for patients
with severe FI.

Minimally invasive approaches

Sacral nerve stimulation is an FDA-approved device
that has been implanted in more than 3000 patients
with urinary incontinence in the USA. Observations
from European studies suggest that sacral nerve stimu-
lation augments squeeze pressure more than resting
pressure; may also modulate rectal sensation, and
significantly improves continence.” Sacral stimula-
tion is conducted as a staged procedure. Patients whose
symptoms respond to temporary stimulation over
about 2 weeks proceed to permanent subcutaneous
implantation of the device. The procedure for device
placement is technically straightforward, and device-
related complications are less frequent or significant
relative to more invasive artificial sphincter devices
discussed above.

Rectal evacuation disorders

Pathophysiology
Rectal evacuation disorders are defined by symptoms
of difficult defecation caused by a functional disorder

Rectal evacuation disorders: key features

1 Normal rectal evacuation involves increased
intra-abdominal pressure coordinated with pelvic
floor relaxation.

2 Rectal evacuation disorders are defined by
symptoms of difficult defecation caused by
a functional disorder of the process of rectal
evacuation.

3 Most attention has focused on pelvic floor
dyssynergia, i.e. impaired relaxation of the
puborectalis and/or external anal sphincter
during defecation. Other causes include
descending perineum syndrome and inadequate
propulsive forces.

4 Symptoms: excessive straining and/or anal
digitation and/or sense of anorectal blockage

during defecation; sense of incomplete evacuation
after defecation; infrequent defecation; hard
stools.

5 A careful rectal examination is invaluable.

6 Rectal evacuation disorders cannot be
distinguished from normal transit or slow transit
constipation by symptoms alone.

7 Diagnostic tests: rectal balloon expulsion test
(useful screening test); anal manometry; barium
proctography; dynamic pelvic MRI.

8 Colonic transit is often delayed in rectal
evacuation disorders.

9 Management: pelvic floor retraining by
biofeedback therapy, judicious laxative use/
psychological counseling if necessary.
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of the process of evacuation. The terms ‘anismus,
‘pelvic floor dyssynergia), ‘puborectalis spasm’ and
‘descending perineum syndrome’ reflect the phe-
notypic spectrum of rectal evacuation disorders.
Anismus reflects increased anal resting tone, while
pelvic floor dyssynergia refers to failure of relax-
ation or paradoxical contraction of the puborectalis
and/or external anal sphincter during defecation.’!
The descending perineum syndrome is a sequel of
long-standing, excessive straining, which weakens the
pelvic floor causing excessive perineal descent.’? The
fourth subgroup within this spectrum of rectal evacu-
ation disorders includes patients who cannot generate
the rectal forces necessary to expel stools.

Most attention has focused on pelvic floor dyssyner-
gia or paradoxical sphincter contraction, which can be
demonstrated by anal manometry, anal sphincter EMG
or defecography (Fig. 13.6).>! While paradoxical pu-
borectalis contraction is associated with impaired rec-
tal evacuation, the specificity of this finding has been
questioned on two grounds. First, some patients with
pelvic floor dyssynergia have normal rectal evacuation.
Secondly, pelvic floor dyssynergia has been observed

Fig. 13.6 Pelvic MR fluoroscopic images at rest (a) and
evacuation (b) in a lady with obstructed defecation. Observe the

in asymptomatic subjects, and in patients with FI or
pelvic pain who do not have symptoms of obstructed
defecation. Given the inherent limitations of trying
to replicate normal defecation in a laboratory, these
inconsistencies are not surprising and they underscore
the importance of considering symptoms when diag-
nosing rectal evacuation disorders.*

With the exception of Parkinson’s disease and mul-
tiple sclerosis, rectal evacuation disorders are prob-
ably not caused by lesion(s) in the central nervous
system. Pelvic floor dyssynergia is associated with
anxiety and psychological distress. It is conceivable
that psychological distress contributes to pelvic floor
dyssynergia by increasing the level of skeletal muscle
tension.

Up to 60% of patients with pelvic floor dyssyner-
gia have impaired rectal sensation.” Since the desire
to defecate is essential for initiating defecation, it is
conceivable that diminished rectal sensation, perhaps
attributable to a neuropathy, may cause obstructed
defecation. Alternatively, reduced rectal sensation may
be the result of a change in rectal capacity, or it may be

increased impression of the puborectalis on the posterior rectal
wall during evacuation (white arrow) compared with rest.
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secondary to retained stool in the rectal vault in ob-
structed defecation.

Left colonic transit is delayed in up to two-thirds of
patients with pelvic floor dyssynergia. It is unclear if
delayed left colonic transit is secondary to activation
of rectocolonic inhibitory reflexes by stool in the rec-
tum, and/or to physical restriction to passage of stool
through the colon, and/or to coexistent colonic motor
dysfunction unrelated to obstructed defecation.

Rectal evacuation disorders are primarily attributed
to disordered function. However, structural anomalies
(e.g. rectoceles and excessive perineal descent) may
coexist (Fig. 13.4). Rectoceles are relatively common
in older women and infrequently obstruct defecation.
On the contrary, clinically significant rectoceles often
occur in patients with a primary rectal evacuation dis-
order and may be secondary to excessive straining.

Perineal descent during defecation is generally re-
duced in anismus and pelvic floor dyssynergia. How-
ever, long-standing, excessive straining can weaken
the pelvic floor, causing excessive perineal descent.*
Excessive perineal descent widens the anorectal angle
and impairs the flap valve that normally maintains
continence when intra-abdominal pressure increases.
Excessive perineal descent has also been implicated as
causing stretch-induced pudendal neuropathy. These
consequences of excessive perineal descent may ex-
plain why patients with the descending perineum
syndrome have constipation initially, progressing to
Fl later.

The mechanisms responsible for inadequate rectal
propulsive forces are unclear.* Indeed, the relative
contributions of abdominal wall motion and rectal
contraction to rectal forces during normal defecation
are not understood.

Clinical features

Symptoms include infrequent defecation, hard or
lumpy stools, excessive straining during defecation,
a sense of anal blockage during defecation, use of
manual maneuvers to facilitate defecation and a sense
of incomplete rectal evacuation after defecation. Anal
pain during defecation and a sense of anal blockage
are the only symptoms which occur more frequently
in rectal evacuation disorders than in functional con-
stipation.** However, it is not possible to discrimi-
nate between obstructed defecation, irritable bowel

syndrome and slow-transit constipation based on
symptoms alone. The digital anal examination is often
extremely useful for confirming a clinical suspicion of
obstructed defecation. The examination may reveal
prominent external hemorrhoids, an anal fissure, an-
ismus (i.e. increased resistance to passage of the index
finger in the anal canal), paradoxical contraction of
the puborectalis during simulated defecation, and/or
abnormal (i.e. increased or reduced) perineal descent
during simulated defecation.

Diagnostic tests

The Rome criteria for pelvic floor dyssynergia include
evidence of impaired evacuation, adequate rectal
propulsive forces and manometric, EMG or radio-
logical evidence of paradoxical contraction, or failed
relaxation of the anal sphincter during attempted def-
ecation. The following considerations are pertinent to
these assessments.

« Increased resting anal pressure. Though normal
ranges are age-, gender- and technique-dependent,
an average resting pressure greater than 100 mmHg
is probably abnormal and suggestive of anismus.
Paradoxical increase in anal pressure during simulated
defecation. Since paradoxical anal sphincter contrac-
tion can also occur in asymptomatic subjects, test
results must be considered in the overall clinical
context.

Evacuation proctography is useful for documenting
impaired rectal evacuation, assessing the clinical
significance of a rectocele and characterizing ano-
rectal descent during simulated evacuation. Another,
perhaps under-recognized, benefit of evacuation
proctography is the ability to educate patients about
the nature of their disorder by reviewing images with
them. More recently, rapid MR imaging sequences
have been developed to visualize pelvic floor motion
in real time without radiation exposure.” The bony
landmarks necessary to characterize anorectal mo-
tion are more readily visualized by MRI compared
with evacuation proctography. Dynamic pelvic MRI
can also evaluate urogenital and anorectal prolapse
during the same examination.

The rectal balloon expulsion test (Fig. 13.7). When
compared with manometry and evacuation proc-
tography, an abnormal balloon expulsion test was
88% sensitive (positive predictive value of 64%) and
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Balloon

i

Weight

Fig. 13.7 Schematic of rectal balloon expulsion test. The
subject is asked to expel a rectal balloon filled with 50 ml of
warm water and connected over a pulley to a series of weights.
Patients without pelvic floor dysfunction can expel the balloon
with no or limited external rectal traction. Patients with

pelvic floor dyssynergia require additional external traction

to facilitate expulsion of the rectal balloon. Reproduced with
permission from Bharucha AE, Klingele CJ. Autonomic and
somatic systems to the anorectum and pelvic floor. in: Dyck PJ,
Thomas PK, eds. Peripheral Neuropathy. 4th edn. Philadelphia:
Elsevier, 2004,

89% specific (negative predictive value of 97%) for
diagnosing pelvic floor dyssynergia.”® Thus, a normal
rectal balloon expulsion test is extremely useful for
excluding pelvic floor dyssynergia in constipated
patients.

Colonic transit is often delayed in obstructed defeca-
tion. Therefore, it is necessary to exclude obstructed
defecation before making a primary diagnosis of
slow transit constipation in patients with delayed
colonic transit (Fig. 13.6).

Management

Pelvic floor retraining by biofeedback therapy is the
cornerstone for managing obstructed defecation. In
uncontrolled studies, symptoms improved after pelvic
floor retraining in 70% of patients with obstructed
defecation; controlled studies are in progress. Pelvic
floor retraining facilitates pelvic floor relaxation,
and improves coordination between abdominal wall
and diaphragmatic contraction and pelvic relaxation
during defecation. There is limited objective evidence
of improved pelvic floor function after biofeedback
therapy. The specific protocols for biofeedback training
vary between centers. It is important to concurrently
address dietary imbalances (e.g. eating disorders) and
psychological disturbances during pelvic floor retrain-
ing. Since stool size and consistency influence the ease

of defecation, fiber supplements and judiciously used
osmotic laxatives are often necessary.

Functional anorectal pain

The Rome diagnostic criteria have maintained the
historical characterization of functional anorectal
pain as levator ani syndrome and proctalgia fugax.”
The pathophysiology of these disorders is poorly un-
derstood. The often-stated differences in the clinical
features of these disorders (Table 13.7) may be blurred
in clinical practice.
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Iintroduction

It is now increasingly recognized that the central ner-
vous system (CNS), in particular the brain, plays an im-
portant role in modulating gut function. For example,
alterations in emotional state can lead to disturbed gas-
trointestinal symptoms such as diarrhea, dyspepsiaand
even abdominal pain. Furthermore, alterations in gas-
trointestinal motility have been described after lesions
to the CNS; for instance, symptoms such as dysphagia
after stroke, anal incontinence in cerebrovascular
disease and multiple sclerosis, and even alterations in
small bowel motility following brainstem damage.

In this chapter I will describe current knowledge of
the central neural (brain to gut) control of gastrointes-
tinal function in health and after CNS injury, focusing
on two specific areas: mechanisms of swallowing and
mechanisms of anal continence. In particular, I aim to
bring the reader up to date with some newer concepts
in relation to the neurophysiology of human cortical
swallowing and anal motor function and the associated
pathophysiological processes following CNS injury,
including dysphagia and anal incontinence. Finally, I
will look at future directions; specifically, the potential

Central Nervous System Injury

therapies that may help in CNS disease states that dis-
rupt the human brain—gut axis.

Mechanisms of swallowing

The physiological events of swallowing

Swallowing is commonly described as having three dis-
tinct phases: the oral phase, the pharyngeal phase and
the esophageal phase.! It was once generally thought
that the oral phase is voluntary, whereas the pharynge-
al and esophageal phases are involuntary. However, it
is now accepted that higher inputs can influence both
these latter two phases, probably more in a modula-
tory capacity. Humans swallow on average once every
minute, and this is supplemented by the production
of saliva, which, when absent or reduced, inhibits the
ability to swallow. Swallowing almost completely tails
off during deep (stage 4) sleep but does occur during
REM (rapid eye movement) sleep.? The oral phase is
sometimes described as being preceded by the pre-
paratory phase, particularly when solid or semisolid
foods are ingested. Mastication and mixing with saliva
occurs at this point, and the bolus is then cupped in the
anterior portion of the tongue before being propelled

Overview

1 Brain—gut pathways play a key role in executing
and modulating many gastrointestinal functions,
including swallowing and anal continence.

2 CNS injury can cause profound problems in
these functions, resulting in dysphagia and fecal
incontinence.

3 Recent functional imaging studies have just begun
to shed light on how CNS (brain) injury disrupts
gastrointestinal function.

4 Novel therapies, based on these new insights, may
improve the rehabilitation of dysphagia and anal
incontinence

176
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Swallowing

1 Swallowing is an essential gastrointestinal
function that is under strong cerebral control.

2 Swallowing is bilaterally but asymmetrically
represented in the human motor cortex.

3 Dysphagia after stroke may be a consequence of
damage to the ‘dominant’ swallowing hemisphere.

4 Recovery of swallowing after dysphagic stroke
appears to relate to compensation of function in
the undamaged hemisphere.

5 Therapies that can accelerate this compensatory
process may in the future help to restore
swallowing function in acute stroke.

by an upward and compressing force initiated by the
tongue against the hard palate to ‘squeeze’ the bolus
into the pharynx. During this phase, the soft palate
rises to seal off the nasopharynx and thus completes
the oral phase, which lasts 0.6-1.2 seconds.

The pharyngeal phase typically begins as the bolus
reaches the faucial pillars of the hypopharynx. Simul-
taneously, the larynx and hyoid bone are lifted upwards
and forwards by contraction of the strap muscles of the
neck. This enlarges the space available for the phar-
ynx to receive the incoming bolus. The bolus is then
propelled aborally by sequential contractions of the
constrictor muscles of the pharynx, and this is associ-
ated with a reflex relaxation of the normally high-toned
upper esophageal sphincter to allow passage of the
bolus into the esophagus. During transport through
the pharynx, respiration is momentarily halted, the
swallow usually occurring during expiration. Concur-
rently, a protective mechanism of aryepiglottic fold clo-
sure and approximation of the arytenoid and epiglottic
cartilages by contraction of the intrinsic muscles of the
larynx then occurs. The whole pharyngeal phase usu-
ally takes less than 0.6 seconds.

Thus commences the esophageal phase of swallow-
ing, which comprises a propagated peristaltic wave that
propels the bolus at approximately 2—4 c¢m per second.
As the bolus passes through the esophageal body, the
lower esophageal sphincter relaxes and the bolus enters
the stomach. The esophageal phase lasts between 6 and
10 seconds and the whole process of swallowing usu-
ally lasts 12 seconds in total.

The neurophysiology of swallowing

The eentral neural control of swallowing can be divid-
ed into essentially three basic components: an afferent
system, an efferent system and a central processor and
regulating system (Fig. 14.1).

The afferent system

Afferent input comes from three cranial nerves in-
nervating the muscles of the swallowing tract. These
are the trigeminal nerve, the glossopharyngeal nerve
and the vagus nerve, the superior laryngeal branch
of which appears to have most importance. Stimula-
tion of any of these nerves can initiate or modulate
a swallow.? These afferent fibers terminate centrally
at the level of the brainstem in the tractus solitarius
and in the nucleus of the spinal trigeminal system
before converging in the nucleus of the tractus soli-
tarius (NTS). There is, however, a second projection,
which ascends via a pontine relay to the level of the
cortex without transgressing the NTS.* The most

Cortex [

Medullary swallowing center
l Sensory

Afferent
reception

(Cranial Brainstem swallowing center

I“e'v\"es = central program generator Organizing
wl § 4 44444
IX
X Motor neurons Motor
X

R EERE

Muscles of swallowing ‘

Sensory receptors in oropharyynx, |
larynx, and esophagus

Fig. 14.1 The hierarchical organization of the central
regulation of swallowing. Input from the periphery and
higher centers converge onto interneurons in the brainstem
swallowing center, which generates the sequenced pattern of
swallowing via the bulbar motor nuclei. With kind permission
from Dr N Diamant.
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potent trigger for swallowing is the superior laryngeal
nerve, which is matched only by direct stimulation of
the nucleus of the tractus solitarius, suggesting that
the solitary system is a major contributor of afferent
input in swallowing.’ Importantly, anesthesia of areas
innervated by these cranial nerve afferents will disrupt,
but will not necessarily completely abolish, the ability
to swallow.® Sensation from the oral, pharyngeal and
laryngeal regions includes a broad range of modalities,
including two-point discrimination, vibrotactile de-
tection, somesthetic sensitivity, proprioception, noci-
ception, chemical sensitivity and thermal sensitivity.®
The oral, pharyngeal and laryngeal mucosae possess
an epithelium innervated by both free nerve endings
and, within deeper layers, more organized sensory re-
ceptors. Of interest, there appear to be chemosensitive
receptors that are specifically water-responsive and
will not trigger at isotonic levels. There also appear to
be different groups of cold-responsive sensory fibers
that discharge at around 25-30°C. Mechanical stimuli
appear to be the most effective stimuli for exciting NTS
neurons within the receptive fields of the oral cavity
and epiglottis. Indeed, a moving mechanical stimulus
excites more neurons than a static stimulus. When
comparing receptive field responsiveness within the
oral cavity, it appears that mechanical stimulation is
more potent than chemical stimulation, which in turn
is more potent than thermal stimulation.®

The efferent system

The efferent system comprises motor neuron pools
(consisting of the facial motor nucleus, the hypoglossal
motor nucleus and the trigeminal motor nucleus) and
the vagal motor nuclei (which comprise the nucleus
ambiguus and the dorsal motor nucleus of the vagus).
Inputs from the brainstem central pattern generator
and from suprabulbar regions impinge on these motor
nuclei in a manner which synergistically produces the
swallow. The cranial motor nuclei mentioned above
have subdivisions based on the motor neurons in-
nervating specific rmuscles. The facial motor nucleus
is involved with the labial muscles, for which there
are several functions both in swallowing and speech as
well as chewing. The hypoglossal nucleus contains the
motor neurons innervating the intrinsic and extrinsic
muscles of the tongue, which are involved in numerous
motor functions, including speech, respiration, licking

and mastication as well as swallowing. The trigeminal
motor nucleus contains the motor neuron pools that
innervate the mandibular muscles and can be divided
into four nuclei that appear to develop at different
times during development in the fetus.® The nucleus
ambiguus is also subdivided into at least four layers:
the compact layer, semicompact layer, the loose layer
and the external formation. These motor neurons in-
nervate the palatal, pharyngeal, laryngeal and esopha-
geal muscles. Finally, the dorsal motor nucleus of the
vagus contains neurons that innervate the esophagus
and portions of the proximal gastrointestinal tract. It
appears that the earliest motor neuron to develop dur-
ing swallowing in the fetus is probably the hypoglossal
nerve,® as tongue activities are present in the fetus at
about the same time as the jaw-opening reflex. Indeed,
by the eleventh week of development of the human
fetus the first pharyngeal motor responses can also be
detected.

Whilst lesions to the facial motor nucleus do not
implicitly result in dysphagia, lesions to the nucleus
ambiguus and, to a lesser extent, the hypoglossal and
trigeminal motor nuclei result in more significant
dysphagic symptoms.® Thus, as a result of input from
the NTS and higher centers to the dorsal region of the
medulla and the brainstem swallowing center, mo-
toneurons in this region will provide the patterned
sequential discharge that activates the oral, pharyngeal
and esophageal phases of swallowing.

The central processing and regulatory
systems

Brainstem swallowing centre

Much of the research pertaining to the central regula-
tion of human swallowing has focused on the issue
of the brainstem swallowing center. This important
region is central to the regulation of swallowing in
humans and is distributed within the reticular forma-
tion just dorsal to the inferior olive, either side of the
midline in the medulla.” It is believed that this network
of neurons and interneurons integrates incoming
information from other levels, both central and pe-
ripheral, before activating a preprogrammed sequence
of responses which then dictate the pattern of swallow-
ing. The concept of a central pattern generator within
the brainstem is supported by the fact that, even after
disruption of both afferent and efferent fibers to this
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region, the pattern of swallowing remains essentially
unchanged when studied in animals.’

It appears that the circuitry of the central pattern
generator has different populations of interneurons
responsible for the different temporal stages of swal-
lowing. These interneurons have been termed ‘early,
‘late’ and ‘very late’ neurons, which closely correspond
to their muscular counterparts within the orophar-
ynx, lower pharynx and striated muscle portion of
the esophagus, and the smooth muscle esophagus, re-
spectively.® Functionally, it appears that the brainstem
swallowing center can be divided into two divisions:
a dorsal medullary region and a ventral medullary
region. The dorsal medullary region provides the neu-
rons that initiate the sequentia] activity of swallowing
and can be defined as generating neurons. The ventral
medullary region, which includes an area around
the nucleus ambiguus, appears to play a switching
role in modifying and activating the motor neuron
pools controlling swallowing output. Between these
two regions there is a short interneuronal network
that has both excitatory and inhibitory components
and relays information from the dorsal region to the
ventral region.

Within both regions of the medulla there are a num-
ber of neurotransmitter substances that appear to have
relevant roles;® for example, the injection of glutamate
into the dorsal region of the brainstem evokes pha-
ryngeal swallowing, suggesting that it is excitatory. By
comparison, injection of dopamine or norepinephrine
appears to inhibit the elicitation of pharyngeal swal-
lowing. It also appears likely that y-aminobutyric acid,
acetylcholine, N-methyl p-aspartate and nitric oxide
probably play important roles in the inhibitory and
excitatory regulation of swallowing.

In addition to the medullary brainstem swallow-
ing center, there appears to be a separate area within
the pontine reticular formation which will also, when
stimulated, evoke swallowing. This region, when
stimulated at low intensity, will evoke both swallowing
and rhythmic jaw movements, but when stimulated
at high intensity results in more inhibitory effects. It
is likely that pathways from the afferent innervation
of swallowing project to this region as well as to the
medullary area on their way to the anterolateral cortex.
Activation of the pontine region may in fact result in
a transcortical reflex to evoke the swallow, rather than

the pontine area being directly involved in the initia-
tion of swallowing.

Suprabulbar regions influencing swallowing
There is extensive experimental evidence to support
the role of subcortical structures in the control and
modulation of swallowing.!® These regions can be ana-
tomically divided into the hindbrain (comprising the
cerebellum), the midbrain (comprising the substantia
nigra and the ventral tegmentum) and the basal fore-
brain (comprising the hypothalamus, amygdala and
basal ganglia). In animals, activation of all these sites
has been shown to facilitate the swallow response when
combined with either superior laryngeal nerve stimu-
lation or cortical stimulation. Evidence from human
studies also suggests an important contribution from
subcortical areas, for example, dysphagia is a common
consequence of Parkinson’s disease.!’ This would imply
an important role for the basal ganglia in regulating
swallowing' Indeed, in a recent functional imaging
study of human swallowing it was demonstrated that
areas including the left amygdala and the left cerebel-
lum, as well as the dorsal brainstem, show increased
regional cerebral blood flow during volitional swallow-
ing."? The lateralized nature of these activations was of
interest and supported the possibility that swallowing
displays significant interhemispheric asymmetry in its
motor control.

The cerebral cortex has been strongly implicated in
the control of swallowing, since numerous investiga-
tors have observed that stimulation of the cerebral
cortex, both in animals and humans, can elicit the full
swallow sequence.'>'* The areas implicated in these
studies seem to be the dorsolateral and anterolat-
eral frontal cortex as well as the premotor cortex, the
frontal operculum and also the insula. In fact, much
of the information regarding the cerebral localization
of human swallowing has relied on inference from
studies of swallowing abnormalities following cerebral
injury.’* From these reports, a rather diffuse picture
has emerged of those areas of the brain considered im-
portant; for example, lesions located in the thalamus,
pyramidal tracts, frontal operculum and the insula
have all been associated with dysphagia. More recently,
functional imaging has also established a clear role for
the lateral sensorimotor cortex, in particular the right
insula, during the process of swallowing.'>'®* More
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information has come from studies using transcranial
magnetic stimulation (TMS) of the human precentral
gyrus in understanding the cortical control of swal-
lowing.'*?* TMS uses a very short, rapidly changing
magnetic field to induce electric current in the brain
beneath the stimulator. These studies usually employ
single shocks given several seconds apart, and after
stimulation the cortical evoked motor response can be
recorded as electromyographic activity from electrodes
housed within an intraluminal catheter inserted into

pharynx and esophagus. Following cortical stimula-
tion, the type of response observed is usually a simple’

electromyographic (EMG) potential which has a laten-
cy of about 8-10 milliseconds, compatible with a fairly
direct and rapidly conducting pathway from the cortex
to the muscle (Fig. 14.2). During these TMS mapping
studies the projections to the various swallowing
muscles were demonstrated to be somatotopically ar-
ranged in the motor strip with the oral muscles most
lateral and the pharynx and esophagus more medial. A
more interesting finding from a large group of healthy
subjects studied was that in most individuals the pro-
jection from one hemisphere tended to be larger than

a) |Right hemisphere |

: Lm Pharynx

that from the other, suggesting an asymmetrical repre-
sentation of swallowing between the two hemispheres,
independent of handedness. These findings have also
been validated with functional imaging techniques
such as positron emission tomography (PET) and
functional magnetic resonance imaging (fMRI), where
cerebral lateralization has been also observed.'>'*#
These functional imaging studies have, however, iden-
tified a number of other cortical areas associated with
swallowing, including the anterior cingulate cortex, the
premotor cortex (including the supplementary motor
cortex), the insular cortex, the frontal opercular cortex
and the temporal cortex (Fig. 14.3). Taken together,
these observations suggest that swallow-related corti-
cal activity is multidimensional, recruiting brain areas
implicated in the processing of motor, sensory and,
presumably, attention/affective aspects of the task.

Swallowing dysfunction (dysphagia)
after central nervous system injury

Difficulty in swallowing can occur as a consequence of
disease of either the anatomical structures involved in

Left hemisphere

Fig. 14.2 (a) Schematic representations
of the sites of stimulation on the scalp
grid in relation to the head surface.
The cranial vertex is marked by X.

(b) Cortically evoked EMG responses
recorded in one normal subject from
right mylohyoid muscle, left mylohyoid
muscle, pharynx and esophagus after
transcranial magnetic stimulation of
the right and left hemispheres are
shown below. The sites of stimulation
on the grid from which these
responses were obtained are indicated
in (a) by the open circles. Responses

to three stimuli are superimposed to
show reproducibility. The pharyngeal
and esophageal responses obtained
from the right hemisphere are larger

R. mylohyoid

L. mylohyoid

[— Esoph )

st iid than those from the left hemisphere.
¢ { [ 100uv *Onset of EMG response. Redrawn
Stimulus Stimulus with kind permission from Nature

5ms

Magazine.
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Fig. 14.3 Cerebral representation of’human swallowing shown
in PET images rendered onto brain MRi sections. Activations
can be seen in the bilateral sensorimotor cortex, right insula,
left amygdala, cerebellum and brainstem. Reproduced with
kind permission from J Neurophysiol.

swallowing or, more commonly, of the CNS control-
ling swallowing (neurogenic dysphagia). The anatomi-
cal problems that disrupt swallowing are myriad and
include almost any gastrointestinal disease process that
affects the oral cavity through to the duodenum. It is
therefore important to exclude any intrinsic disease
of the gut before making a diagnosis of neurogenic
dysphagia in someone presenting with symptoms of
swallowing difficulty.

There are many neurological conditions that can
disrupt swallowing, including diseases of the muscle
or neuromuscular junction or the peripheral nerves,
and those affecting the central swallowing centers
(Table 14.1).

In addition, it is important to recognize that any
pharmacological agent that alters neuromuscular func-
tion can produce dysphagia. It is beyond the scope of this
chapter to go into detail about the many neurological
conditions that can affect swallowing, and for the rest of
this section I will discuss the clinical consequences and
underlying mechanisms related to dysphagia following
cerebrovascular disease, specifically stroke.

Injury to swallowing areas of the motor cortex
and/or their connections to the brainstem will usually
result in problems with swallowing (dysphagia). The
commonest reason for dysphagia in the UK is now
stroke. Traditionally, it had been assumed that only

strokes producing brainstem or bilateral cortical dam-
age are associated with dysphagia. However, over the
last 30 years it has been increasingly recognized that
unilateral cerebral lesions can also cause dysphagia.?**
Up to half of all stroke patients experience dysphagia,
which is associated with life-threatening complications
of pulmonary aspiration and malnutrition. Dysphagia
leads to increased length of stay in hospital and greater
demands on health service resources.

Diagnosing dysphagia after cerebral injury can be
difficult and therefore requires a high level of clinical
suspicion. The pattern of disordered swallowing after
stroke is usually a combination of oral and pharyngeal
abnormalities — typically, delayed swallow reflex with
pooling or stasis of residue in the hypopharynx asso-
ciated with reduced pharyngeal peristalsis and weak
tongue control, but occasionally esophageal abnor-
malities may be apparent. This, in combination with a
delay in airway closure, can result in significant aspira-
tion of foods and consequent pneumonia.

Mechanism of dysphagia after cerebral
injury

While it is relatively easy to appreciate the mechanisms
behind dysphagia following bilateral cortical stroke
or brainstem disease, the mechanism underlying
dysphagia after unilateral cerebral injury, particu-
larly after hemispheric damage, has remained unclear.
Possibilities include occult disease in the unaffected

Table 14.1 Causes of swallowing problems after CNS injury

{Ieuromuscular junction/muscle disease
olymyositis

Myasthenia gravis

Muscular dystrophies

Peripheral nerve disease
Guillain-Barré syndrome
Polio

Diphtheria

Central swallowing center disease/injury
Stroke and head injuries

Motor neuron disease

Parkinson'’s disease

Multiple sclerosis
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hemisphere, cerebral edema leading to pressure on the
adjacent hemisphere or brainstem, and the possibility
that swallowing, like speech, may show significant ce-
rebral lateralization. Indeed, in a transcranial magnetic
stimulation (TMS) study of the projections from both
hemispheres to the swallowing musculature in a large
series of pure unilateral hemispheric stroke patients,
half of whom had dysphagia, it was observed that while
stimulation of the damaged hemisphere produced little
or no response in either dysphagic or non-dysphagic
patients, stimulation of the undamaged hemisphere
evoked much larger responses in the non-dysphagic
than in the dysphagic subjects.” The conclusion from
this study was that the size of the hemispheric projec-
tion of the undamaged side to swallowing muscles
determined the presence or absence of dysphagia, with
the implication that dysphagia would occur if dam-
age had affected the side of the brain with the largest
or dominant projection. This observation supported
the concept that swallowing is lateralized within the
cerebral cortex.

Mechanisms of recovery of swallowing
after cerebral injury

Given sufficient time, a large proportion of dysphagic
stroke patients eventually recover the ability to swal-
low.? However, the mechanism for this recovery, seen
in as many as 90% of the initially dysphagic stroke pa-
tients, has remained controversial. In a recent study of
stroke using TMS, both dysphagic and non-dysphagic
patients were serially mapped over several months
while swallowing recovered.”” The findings of this
study showed that the area of pharyngeal representa-
tion in the undamaged hemisphere increased markedly
in patients who recovered, while there was no change
in patients who had persistent dysphagia or in patients
who were non-dysphagic (Fig. 14.4). Furthermore, no
changes were seen in the damaged hemisphere in any of
the groups of patients. These observations imply that,
over a period of weeks, the recovery of swallowing after
stroke depends on compensatory reorganization in the
undamaged hemisphere.

Mechanisms of anal continence

The anal sphincter is a midline muscular structure at the
terminus of the gastrointestinal tract that functions to

Thenar

Pharynx

1 month 3 months

Fig. 14.4 Surface-rendered MRI brain images from a patient
after left-sided hemispheric stroke. Topographic data from
transcranial magnetic stimulation of the pharyngeal and
contralateral thenar muscles are coregistered. The patient
was dysphagic at presentation but had recovered swallowing
at 1 month. It is evident that, after stroke, the representation
of the pharynx in the anterior aspect of the motor cortex
and premotor areas expands anterolaterally in the right,
unaffected hemisphere at both 1 and 3 months, with little
change in the affected left hemisphere. In contrast, the
representation of the thenar muscles in the superior motor
cortex increases anteriorly and posteriorly in the affected

left hemisphere over time, but remains unchanged in

the unaffected right hemisphere. Reproduced with kind
permission from Gastroenterology.

maintain fecal continence. It has two components, the
internal sphincter and the external sphincter. Whereas
the internal anal sphincter consists of circular smooth
muscle and is innervated predominantly by autonomic
fibers from the pelvic plexus and sacral spinal cord, the
external sphincter is of striated muscle and is innervated
by the somatic fibers of the second, third and fourth
sacral segments via the pudendal nerve. The neural con-
trol of anal continence therefore has sensorimotor con-
tributions from both intrinsic and extrinsic reflexes, the
former predominantly via myenteric interaction within
the internal anal sphincter and the latter via strong de-
scending volitional interactions with the motor neurons
innervating the external anal sphincter.?

The neurophysiology of anal continence

Anal continence is an important physiological and
socially essential gastrointestinal function, and is
regulated by sensorimotor interactions within the anal
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sphincter and pelvic floor. In particular, contraction of
the anal sphincter serves to increase anal canal pressure
both voluntarily when the urge to defecate becomes
strong and via more involuntary reflexes (for instance,
during coughing) when intra-abdominal pressure sud-
denly rises. In either case, the cerebral cortex is able to
modulate this activity via powerful descending inputs
to the pelvic plexus and sacral nerves, so that defecation
can be resisted until a socially convenient opportunity
arises. The importance of cortical influences in the
control of the external anal sphincter is well recog-
nized; direct stimulation of the most medial motor
cortex adjacent to the interhemispheric fissure will
induce anal sphincter contractions.”” More recent ex-
periments in humans have shown that the corticofugal
pathways to the external anal sphincter can be studied
non-invasively by recording the electromyographic
and manometric responses evoked in response to
transcranial electric and magnetic stimulation of the
motor cortex.’®’! These studies have suggested that the
motor cortical representation of anal sphincter func-
tion is bilateral and, as with swallowing, may display
interhemispheric asymmetry (Fig. 14.5).

The peripheral innervation of the external anal
sphincter comes from the pudendal nerve. Anatomical
and electrophysiological studies of the innervation of
the external anal sphincter in animals has shown that
most of the pudendal projections to and from the ex-
ternal anal sphincter are centrally organized to spinal
segments L6 to S3, the majority with the S1, S2 seg-
ments (Fig. 14.6).> Furthermore, the motor neurons
innervating the external anal sphincter are particularly
located in the dorsomedial and ventromedial divisions
of Onuf’s nucleus in the ventral horn of the spinal
cord, while the afferent axonal projections appear to
cluster within the marginal zone, intermediate gray
and dorsal gray surrounding the gracile nucleus of the
dorsal column and lamina 1, around the dorsal horn
of the spinal cord. Of interest is the observation that,
while there is clear unilateral spinal predominance of
these projections during retrograde tracing studies of a
single nerve, in both the efferent and afferent pathways
there is contralateral axonal connectivity across the
midline, suggesting degrees of bilateral convergence.
Indeed, in a recent study of pudendal nerve function
it was found in a number of healthy volunteers that
the evoked muscle potential to pudendal nerve stimu-

Left Leg

Right Leg

Fig. 14.5 Surface-rendered MRI brain images from a heaithy
subject. Transcranial magnetic stimulation topographic data of
the anorectal and leg muscles are coregistered. It can be seen
that the anal sphincter and pelvic floor have representations in
the medial motor cortex adjacent to the leg areas. Reproduced
with kind permission from Gastroenterology.

lation can be quite asymmetrical between the two
sides.® Furthermore, when pudendal or even lumbar
sacral stimulation was used to condition the periph-
eral pathway, cortical stimulation of the anal region
of the motor strip induced much greater responses in
the anal sphincter compared with no conditioning.*
Importantly, stimulation of the pudendal nerve on the
side with a larger response induced significantly more
facilitation of the cortico-anal pathway than stimula-
tion of the pudendal nerve on the side with the smaller
response. This suggests that there may indeed be some
functional asymmetry in the pudendal pathways to the
anal sphincter, possibly in conjunction with asymme-
try at higher levels.

Anal incontinence after CNS Injury

Anal incontinence is a distressing complication of
disease of the CNS; for example, injury to the pelvic
nerves, as in instrumental delivery at childbirth, will
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result in significant anal sphincter dysfunction, as well
as the disruption of the brain—gut axis from cortex to
sphincter seen in conditions such as stroke, multiple
sclerosis and spinal injury. In the case of instrumen-
tal delivery, anal incontinence has been attributed to
pudendal nerve damage. A number of studies have
shown clear abnormalities in pudendal nerve function
(determined by prolonged nerve conduction terminal
latency) in incontinent female patients after vaginal
delivery, both with and without instrumental inter-
vention.*® It is important to mention at this stage that
more detailed evaluation of these patients often reveals
underlying anatomical defects of the external sphincter
as a consequence of the delivery, which also explains
the incontinence in many cases.* Nonetheless, electro-
physiological assessment of pudendal nerve function
remains of some importance, as this parameter may be
clinically relevant in differentiating patients with fecal
leakage from those with solid stool incontinence. There
are patients without external anal sphincter defects

inferior mesenteric ganglion.

who have significant continence problems and whose
only demonstrable abnormality is that of pudendal
neuropathy.

Fecal incontinence can present in the setting of
CNS damage, such as in patients with stroke or frontal
lobe damage. For example, it has been demonstrated
that fecal incontinence is strongly associated with
larger strokes, particularly when the cerebral cortex
is involved.”” Fecal incontinence is also frequently en-
countered in patients with multiple sclerosis, and one
survey of anorectal function in subjects with multiple
sclerosis has suggested that there may be central motor
mechanisms involved.*

Rehabilitation of gastrointestinal
dysfunction after CNS injury

The role of sensory stimulation
Modulation of sensory input may also play a central
role in sensorimotor cortical plasticity and conse-
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quently in neurorehabilitation. Given this effect, Hamdy
and colleagues wondered whether modifications of the
technique might allow changes in sensory input to drive
long-term changes in the motor cortex organization of
human swallowing.” Evidence for such an effect would
have clear relevance for the rehabilitation of dysphagia
after CNS injury.

In this study, a 10-minute train of electrical stimuli
was applied to the pharynx at a just perceived intensity
using a pair of intraluminal electrodes. Motor cortex
projections to the pharynx were measured before and
after this conditioning input, using TMS. The authors
found that, after the pharyngeal input, corticopharyn-
geal evoked responses were increased for 30 minutes
after pharyngeal stimulation, without changes in
brainstem reflexes or in responses evoked in response
to transcranial electrical stimulation. The implication
was that short-term (sensory) stimuli could induce
longer-term changes in motor cortical excitability,
providing evidence for a driven cross-system effect to
increase input. More recent work has suggested that the
direction of these changes in the swallowing motor cor-
tex is highly dependent on the frequency, intensity and
duration of the stimulus used. Fraser and colleagues
showed that, while medium- to low-frequency stimula-
tion <10 Hz was excitatory, high-frequency pharyngeal
stimulation (>10 Hz) resulted in long-lasting cortical
inhibition and a reduction in the pharyngeal motor
map.”* In addition, the stronger the stimulation the
more pronounced the effect. However, 20 minutes of
stimulation appeared no better than 10 minutes.

Sensory-induced plasticity and changes in
gastrointestinal function

While evidence from swallowing appears to show a
clear effect of sensory stimulation on motor cortex
organization, the critical question remains: can sen-
sory-induced plasticity alter gastrointestinal (motor)
function? In another study by Fraser and colleagues,
fMRI was used to demonstrate that the patterns of
pharyngeal input that are associated with enhanced
swallowing motor cortical excitability could alter the
recruitment pattern of cortical activations associated
with the task of swallowing.** The group was able to
show that pharyngeal stimulation resulted in function-
ally stronger, bilateral cortical (sensorimotor) activa-
tion in areas related to swallowing (Fig. 14.3).

The effects of pharyngeal stimulation have been in-
vestigated recently in acute dysphagic stroke patients.*
The application of 10 minutes of 5 Hz of pharyngeal
electrical stimulation at 75% of that maximally toler-
ated by the patient was used. The stimulation resulted
in a long-term (60 minutes) increase in swallowing
corticobulbar excitability, predominantly within the
undamaged but not the damaged hemisphere. Criti-
cally, this was strongly associated with an improvement
in swallowing using videofluoroscopy (the standard
marker of swallowing performance) during the same
time frame.*® The exciting implication from these re-
sults is that that sensory input to the human adult brain
can be programmed to promote beneficial changes in
plasticity that result in an improvement in gastrointes-
tinal (swallowing) function after cerebral injury. While
the more long-term (days to weeks) effects of this ap-
proach still need to be established, the observations
hold great promise for future treatment strategies.

Repetitive transcranial magnetic
stimulation and gastrointestinal function
Repetitive TMS (rTMS) is a non-invasive method ca-
pable of producing long-lasting alterations in cortical
properties. The accepted maxim is that fast-rate stimu-
lation (5 Hz and above) increases cortical excitability,
whereas slow-rate stimulation (1 Hz) reduces cortical
excitability.*!

Following on from the effects of sensory stimula-
tion, the question of whether such changes could be
produced by more direct methods of cortical stimula-
tion became intriguing. Thus, to evaluate rTMS as a
potential tool for influencing this process, Gow and
colleagues examined the effects of limited trains of
fast-rate rTMS (5 Hz) on the dominant swallowing
motor cortex. In assessing the ‘dose’ of rTMS to be ad-
ministered, they chose a frequency of 5 Hz as this had
been shown to be optimal for upregulating cortical ex-
citability after afferent stimulation. The effect of active
5 Hz rTMS to the dominant pharyngeal motor cortex
was thus compared with a sham procedure, which used
an anterior coil tilt. Active stimulation resulted in a
significant increase in cortical excitability that lasted
more than 1 hour after stimulation.”? This effect was
not noted for the sham procedure. The magnitude of
this effect is not as great as that produced by pharyngeal
electrical stimulation, which is probably related to the
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fact that the sensory projection provides a more asso-
ciative input to M1 than rTMS at the scalp. Although
these rTMS data are only available in healthy subjects,
there is sufficient promise to proceed to investigate the
effect in dysphagic stroke patients.

Neurostimulation may also play a role in anal con-
tinence after CNS injury. For example, lumbosacral
stimulation, which normally induces sphincter con-
traction in the external anal sphincter, might be able
to condition the anal sphincter muscles in a way that

aids anal function in patients with fecal incontinence.
Sacral nerve stimulation has been successfully applied

to patients with intractable fecal incontinence of mul-
tiple etiologies.*

Conclusions

Gastrointestinal function is highly dependent on ex-
trinsic neural control. Following CNS injury a number
of gastrointestinal functions can be dysregulated, and
in many cases they become completely dysfunctional.
Human swallowing and anal continence are two highly
dependent functions, which, when disrupted by CNS
injury, can be devastating for the sufferer. The appli-
cation of newer neurophysiological methods has just
begun to shed light on these important mechanisms,
both in health and disease. These observations also
provide a window of opportunity for potential thera-
peutic options, including neurostimulation to reha-
bilitate dysfunctional swallowing and anal control,
with the promise of improved clinical management of
these vital functions.
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1 5 CHAPTER 15

Diarrhea-Predominant
Bowel Disorders Following
Inflammation and Infection

Robin Spiller

Overview

Diarrhea is a stereotypical response to a wide range of
insults characterized by frequent passage of loose or
watery stools, often with urgency and colicy abdomi-
nal pains. These features reflect increased intestinal
fluid secretion, decreased absorption and motor pat-
terns which accelerate transit. As an acute response
to infection or inflammation, it has obvious benefit
in expelling pathogenic bacteria or toxins. Normally,
the process is rapidly self-limiting, ceasing within a few
days. However, if the reparative processes fail and the
diarrhoeal state persists long after the original insult
has passed, then it becomes a disorder requiring treat-

ment. These disorders seen after infection and inflam-
mation will be the subject of this chapter.

Mechanisms of acute infective diarrhea

Infective gastroenteritis is characterized by the rapid
onset of abdominal pain, nausea, vomiting and
diarrhea, which involve both secretory and motor
responses together with inflammation. The relative
importance of the secretory and inflammatory re-
sponses varies. Cholera is an example of a predomi-
nantly secretory diarrhea, while shigellosis and Cam-
pylobacter enteritis are examples of inflammatory
diarrhea. Vibrio cholerae induces intestinal secretion
by its toxin (CT), which irreversibly switches on en-

Key points

Acute diarrhea is a stereotyped response to in-
fection and inflammation.

Mechanisms include increased:

 mucosal secretion

* propulsive motor patterns

+ increased visceral sensitivity

Symptoms include:
+ abdominal cramps

+ frequent loose stools
* urgency

Persistent symptoms may be due to:

+ continuing inflammation

« impaired mucosal absorption (Na*, Cl, water, bile
acids)

* persistent enterochromaffin hyperplasia and
increased availability of serotonin

+ alterations in enteric nerves

Chronic bowel dysfunction can be seen following:
* bacterial gastroenteritis

+ acute flare in colitis/ileitis

+ acute diverticulitis
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terocyte adenyl cyclase (for a review of this and other
toxins see Fasano).!

Neural amplifier »

The effect of CT is amplified markedly by stimulat-
ing enteroendocrine cells to release serotonin, which
then acts presynaptically to enhance neurotransmitter
release and amplify secretomotor reflexes. Similarly,
Rotavirus toxin and many other pathogens activate
mucosal nerves to induce widespread secretion.? Neu-
ral amplification occurs with all inflammation via the
release of sensitizing agents, such as prostaglandins,
tachykinins, nerve growth factor and serotonin.?

Inflammatory tissue damage

While cholera is associated with only minor inflamma-
tion Campylobacter, Salmonella and Shigella infections
produce marked mucosal damage, particularly in the
terminal ileum and right colon, followed by healing and
remodeling. This involves the ingrowth of blood vessels
and regenerating nerves together with repopulation of
the crypt from the stem cells, with increased production
of enteroendocrine cells containing serotonin.* Mucosal
lymphocytes increase, as does the local production of pro-
tective [gA immunoglobulin. The remodeled mucosa has
altered function, which will be the focus of this chapter.

Motility patterns associated with acute
infectious diarrhea

The general pattern in inflammation is one of inhibi-
tion of mixing activity but increased frequency of high-
amplitude propagated pressure waves (HAPCs). These
have been recorded in infection with enteropathogenic

Escherichia coli° and V. cholerae® and are likely to cause
the abdominal cramps associated with infectious diar-
rhea. HAPCs can be stimulated by irritants such as
sennosides and are blocked by indomethacin,” suggest-
ing prostaglandin mediation. Mucosal inflammation
causes enterocytes and fibroblasts to secrete prosta-
glandins. In addition, there is increased serotonin (5-
HT) availability, which stimulates peristalsis through
5-HT, and 5-HT, receptors (see Chapter 18).

Mechanisms of chronic diarrhea

As these acute effects fade, symptoms may remain as
some of the changes are very slow to resolve. Abnormal
gut permeability and mucosal lymphocytosis is pres-
ent in the majority of patients 6 months after Cam-
pylobacter gastroenteritis in spite of the fact that most
subjects claim to be asymptomatic.® While enterocytes
have a half-life of 48 hours, immunocytes and other
specialized cells within the mucosa and the lamina
propria are much more long-lived. Enteroendocrine
cell hyperplasia has been documented to persist for
years after infection,* and changes in nerve phenotype
may also be long-lasting after chronic inflammation.?
Damage to the terminal ileum may lead to permanent
impairment of bile acid reabsorption, which may con-
tribute to postinfective diarrhea reported after Cam-
pylobacter, Salmonella and Shigella enteritis.” Likewise,
the chronic damage induced by recurrent inflamma-
tion in poorly controlled ulcerative colitis may lead
to colonic shortening and fibrosis. Whether there are
changes in mucosal nerves after infection is unknown
in man, though it is well described in animal models."°

PI-IBS: key points

Develops in approximately 10% of cases of bac-
terial gastroenteritis. Characterized by:

+ frequent urgent stools

+ loose stools

+ abdominal pain

Associated with:
« accelerated whole-gut transit and increased visceral
sensitivity

« increased small bowel permeability

« activation of mucosal immunocytes (ileum, colon
and rectum)

« enterochromaffin cell hyperplasia

« increased postprandial serotonin release

« bile acid malabsorption in some patients

Prognosis: 40% recover by 5 years.
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Postinfective irritable bowel
syndrome (PI-IBS)

Epidemiology

Around 10% of irritable bowel syndrome (IBS) pa-
tients claim that infection was the origin of their IBS
symptoms. The precise incidence varies widely, being
17% in the UK in primary care but only 6% in the
USA in tertiary care." Several prospective studies in
Sheffield'*"* and Nottingham'*'>'¢ have shown an inci-
dence of 7-33% (Table 15.1). The higher percentage of
new IBS in the studies by Gwee and colleagues'>'> may
reflect the fact that these patients were all hospitalized,
whereas the other studies refer to community surveys,
in which only approximately 10% were hospitalized.
This phenomenon is not unique to the Western world,
since the study in China by Wang and colleagues'
showed a similar picture after an outbreak of salmo-
nellosis (Table 15.1).

Risk factors for developing PI-IBS

These include duration of initial illness, toxigenic
Campylobacter, female sex, hypochondriasis, neuroti-
cism and adverse life events in the preceding 3 months
(Table 15.2). Where multivariate analysis has included
psychological factors, it has been shown that female
sex is not an independent predictor;'>'® rather, females

appear to be two to three times more likely to develop
PI-IBS because they have a higher incidence of psycho-
logical disorders. When this is taken into account, sex
alone has no predictive value.

Pathology

Serial rectal biopsies from 15 individuals 2, 6 and
12 weeks after Campylobacter enteritis showed in-
creasedlymphocyteinfiltrationat2 weeksandastriking
increase in serotonin-containing enteroendocrine cells
(also called enterochromaffin or EC cells), though poly-
morphs and mast cells were not increased (Fig. 15.1). A
small group of individuals with long-standing PI-IBS
were shown in this study to have similarly increased
EC cells and lymphocytes. Gwee and colleagues also
showed increased lymphocytes at 3 months in those
who developed IBS symptoms. Other cells were not
assessed.’* The relationship between these mucosal
changes in the rectum and symptoms were clarified in
a subsequent much larger study'® of the rectal mucosa
3 months after infection, which showed a significant
increase in serotonin-containing enteroendocrine
(enterochromaffin, EC) cells and T lymphocytes in
those who developed PI-IBS. This agrees with several
studies which indicate that diarrhea-predominant IBS
(D-IBS), both postinfective and without such a history,
show signs of immune activation (Table 15.3). The

Table 15.1 Summary of studies reporting increased incidence of IBS following infectious gastroenteritis

Follow-up
Infection Year {months) n Criteria New IBS (%) OR (95% CI) Reference
Prospective studies
‘Gastroenteritis’ 1996 3 75 Romel 31 12
Bacterial 1997 6 390 Romell 7 14
Bacterial 1999 3 94 Romel 23 13
Campylobacter 2001 6 188 Romell 9 15
Campylobacter 2003 3 747 Rome 13 18
Case—control prospective studies
Bacterial 1999 12 575, 472 Rome | 4 119 74

(6.7-21)

Bacterial 2003 6 500 Rome Il 17 10.0 (3-31) 75
Shigella 2004 12-24 295 Rome Il 8 10.1 17

‘Bacterial’ means stool cultures positive, mostly Campylobacter, Salmonella and Shigella.
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Table 15.2 Risk factors for developing

PI-IBS Relative risk (95%
Risk factor confidence interval) Reference
Duration of initial iliness
>21 days 11.4 (2.2-58) 14
>15 days 4.6 (2.1-9.9) 17
Elongating toxin (Campylobacter) 10.5 (1.4-76) 15
Female gender 3.4(1.1-9.5) 14
2.5* 13
Hypochondriasis 2.0(1.8-2.5) 13
Adverse life event in previous 3 months 2.0(1.7-2.4) 13
Age >60 years 0.36 (0.1-0.9) 14

*Not significant after taking psychological factors into account in
multivariate analysis.

study of Chadwick and colleagues showed increases
in both CD3-positive T lymphocytes and in those car-
rying the interleukin 2 receptor (CD25), a marker of
immune activation.'” The changes in the rectal mucosa
were mirrored throughout the colon. This finding of
pancolonic immune activation and the observation
of increased small bowel permeability in PI-IBS* sug-
gest that these changes are not limited to the rectum.
EC hyperplasia is likely to also affect the small bowel
since D-IBS patients® have increased postprandial
serotonin. Interestingly, the most recent study by Wang
and colleagues,'” who obtained terminal ileal biopsies

in both PI-IBS and D-IBS without a history of recent
infection, showed increased ileal but not colonic mast
cells in both groups, supporting earlier studies which
also showed ileal mastocytosis in D-IBS patients.?'

Motility and sensitivity

Whole-gut transit was accelerated 3 months after in-
fection in all infected subjects, but more so in those
who developed IBS." Similarly, the threshold for dis-
comfort during balloon distension was also reduced.
This would be in keeping with the known sensitizing
effects of inflammation on nerve endings.’

354
Fig. 15.1 Changes in inflammatory 30 0 Control
cells in rectal mucosa after J_ .L g é ::Z::
Campylobacter jejuni infection. Cell 25 O 12 weeks
counts are per high-power field (x400). s m PI-IBS
Biopsies were taken 2, 5 and 12 weeks S 201 T
after infection. These were compared g
with those from eight patients with § 154
a typical story for PI-IBS following E
Salmonella, Campylobacter and
unknown infections. Owing to limited 0
material, no data are available for CD3
or mast cells for these patients. IEL ] T
CD8, intra-epithelial cytotoxic T cells
(scale x10); EC, enteroendocrine cells 0 T T T
(stained positive for synaptophysin). lym[fhtl):)iytes 'E;%)B & st colls

Redrawn from Spiller et al.*
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Table 15.3 Mucosal markers of

3T CD25* IL-18 Mast EC inflammation in IBS
Site lymphocytes lymphocytes mRNA  cells  cells Reference
Rectum ++ ND + - ++ 13,76
Rectum ++ ND - ND ’ 4
Rectum and colon ++ ++ - ‘ND 19
++ ++ ND
Rectum ++ + - ND 19
Colonandileum  ++ ND ++ - ND
++ ND ++ ++ ND 17
ND, not done; + = moderate increase; ++ = marked increased,: -=no change.-

Evidence of terminal ileal dysfunction in
D-IBS

The evidence of terminal ileal inflammation in D-IBS re-
ported by Wang and colleagues'” is interesting, since in-
flammatory cytokines such as interleukin-1 (IL-1B) are
known to downregulate the apical sodium-dependent
bile acid transporter (ASBT) in enterocytes in vitro? and
also in terminal ileal biopsies in patients with Crohn’s
ileitis.” Bile acid malabsorption has been reported in
D-IBS* and in 16 patients developing D-IBS after gas-
troenteritis.’ These patients responded well to cholestyr-
amine, implying that the main cause of diarrhea was bile
salt irritation of the colon. A similar conclusion can be
drawn from the study by Williams and colleagues, who
described a small group with acute onset of severe bile
acid malabsorption (less than 5% retention of labelled
bile acid at 7 days), who responded very well to chole-
styramine.” One important clinical clue was that, unlike
most D-IBS patients, they described nocturnal diarrhea,
something others have also noted.*

Clinical features

As many as a quarter of all individuals recovering
from bacterial gastroenteritis report that their bowel
habit has not returned to normal by 6 months." The

characteristic features are abdominal pain and loose or
watery stools, which occur on average on two days per
week. There was a decrease in hard or lumpy stools but
an increase in urgency and repeated defecation. Bloat-
ing also increased significantly.’* Within this larger
group of individuals with disturbed bowel habit, there
is a smaller subgroup who meet the Rome I criteria for
IBS.” As would be expected from the definition, these
showed more frequent abdominal pain but otherwise
had a similar spectrum of symptoms.*

Differential diagnosis

Where there is a clear-cut relationship between infec-
tion and the onset of IBS symptoms, the probability of
another coincidental disease is quite small.

However, when the patient consults some months
after the initial illness, the situation may be more con-
fused and a differential diagnosis should be considered
(see text box: Differential diagnosis of PI-IBS). If no
other diagnosis seems likely after a full history and
physical examination and if the Rome I criteria are
met in the absence of any alarm features, the diagnosis
is unlikely to be incorrect.? However, most would ad-
vocate simple screening with full blood count, calcium
and albumen.?

Clinical features of PI-IBS

Experienced by 10% of individuals 6 months
after bacterial gastroenteritis. Main features are:
« frequent loose stools

* urgency

+ abdominal pain often relieved by defecation
* bloating
* mucus per rectum
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Differential diagnosis of PI-IBS

Infection:

« giardiasis

« tropical sprue

+ small bowel bacterial overgrowth*

Malabsorption:
« lactose intolerance
* celiac disease

+ bile acid malabsorption

Inflammation:

* microscopic colitis*

* Crohn’s disease

+ ulcerative colitis

« diverticulitis*

* More likely over 65 years old.

Giardiasis should be considered if diarrhea persists.
It is a ubiquitous organism found throughout the world
and not restricted to those who have traveled to the
tropics. Microscopy of stools for cysts is unreliable and
only provides a diagnosis in 50%. If symptoms include
marked nausea and weight loss, a duodenal biopsy and
brush should be performed and will show adherent
microorganisms.” Tropical sprue is rarely diagnosed
other than in those returning from a spell in the tropics.
Biopsies show patchy villous atrophy and the condition
responds well to broad-spectrum antibiotics. Small
bowel contamination may present acutely in the elderly,
though they often have obvious predisposing features,
such as achlorhydria, previous gastrointestinal surgery
with blind loop formation, or small bowel diverticulosis.

Lactose intolerance is well recognized as a transient
event after gastroenteritis in infants and probably oc-
curs in adults. However, in adults there is already quite
a high incidence of lactose intolerance depending on
the racial origin, varying from 10% in northwest Euro-
peans to 40% in West Africa, 60% in Asia and 90% in
Chinese.”! Even with marked hypolactasia, symptoms
are rarely experienced unless the individual has a
substantial milk intake*’ (more than an equivalent of
240 ml milk per day). Only in such circumstances is a
trial of lactose exclusion worthwhile.

Celiac disease is present in 1% of the normal popu-
lation and 5% of the IBS population,* so endomysial
antibodies should also be assessed. Onset after infec-
tion is well recognized, presumably reflecting enhanced
immune activation by the infection exacerbating a pre-
existing but clinically covert condition.

Inflammatory bowel disease has a low a priori prob-
ability (1 per 1000 of the population) but can flare

after a bout of gastroenteritis. It should be considered
particularly if there are any sinister features, such as
anemia, rectal bleeding or weight loss.

Microscopic colitis has been described with an
acute onset and should be considered especially in the
middle aged and elderly. This is now diagnosed in 10%
of patients being colonoscoped for painless diarrhea in
Sweden,* and 20% of those older than 70 years.

Bile salt malabsorption has already been mentioned
as part of the spectrum of PI-IBS. Symptoms of diver-
ticular disease may become acutely worse after a bout
of diverticulitis.” Here, however, the severity and length
of pain associated with abdominal tenderness makes
this unlikely to be confused with gastroenteritis.

Rarely, but of great importance, there is the possibil-
ity of carcinoma of the colon. Symptom onset is usu-
ally insidious, but this condition should be considered
when there is a change of bowel habit in a middle-aged
or elderly individual. Indeed, because the consequences
of missing such a diagnosis are so serious, most guide-
lines recommend the imaging of the colon to exclude
a structural legion of the colon in all patients with new
symptoms beginning after the age of 45. Where there is
a family history of colon cancer at an early age, this age
limit should be lowered.”

Investigation and management

If any of the screening tests are positive or if symptoms
are severe or atypical, the next stage of investigations
would include mucosal biopsies from both the small
bowel to diagnose celiac disease and colonic biopsies
to exclude microscopic colitis. A lactose breath test may
be indicated if the patient consumes more than 240 ml
of milk daily and a selenium” homocholic acid taurine
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(SeHCAT) test if there is nocturnal diarrhea. However,
in most cases the screening test will be normal and the
clinical course excludes serious organic disease. Man-
agement should commence at the very first consultation
with a clear statement that it is most likely that the diag-
nosis will be PI-IBS. The essentially benign nature of the
condition should be explained and the patient should
be reassured that they do not have colonic cancer, which
many fear. Treatments can then be divided into dietary,
pharmacological and psychological methods.

Dietary management

A normal individual’s stool output is strongly influ-
enced by dietary fiber. Twenty grams of fiber in the
form of bran accelerates colonic transit and increases
stool weight. Vegetable fiber is somewhat less effective,
while readily fermentable fibers have still less effect.’
A careful dietary history therefore should establish
whether there is excessive fiber intake. Where this is the
case, a reduction would be appropriate. Since dietary
manipulation can be tedious, many have advocated a
strict exclusion diet as an initial first step. Those who
respond to this with resolution of diarrhea can then
reintroduce possible offending items one by one and
so identify a modified diet which will minimize symp-
toms. Items which are typically found to cause symp-
toms include dairy and wheat products.”

Pharmacological treatment

While reduction of dietary fiber may improve symp-
toms somewhat, urgency and cramps may remain
and drug therapy will be required. Only the last drug
described in this section has been specifically tested in
PI-IBS. Most of the recommendations are therefore ex-
trapolated from studies of D-IBS patients, at least some
of whom will be postinfective.

Opiates

Loperamide is an effective anti-diarrheal agent, reduc-
ing stool frequency and stool water,**** though it appears
less effective as regards abdominal pain.* Codeine phos-
phate is also highly effective, but it does cause nausea and
sedation in some individuals, which may limit its use.*

5-HT  antagonists (see also Chapter 18)
As a class, these slow colonic transit*? and inhibit the
colonic activation caused by eating.” Alosetron showed

efficacy in several large trials in D-IBS, improving stool
consistency and decreasing urgency. Overall, IBS symp-
toms responded in around 60% of patients compared
with 45% of those receiving placebo. Meta-analysis
(Cremonini and colleagues)* gives a number needed to
treat of 7.0 (95% CI 5.74-9.43), indicating that 11-17%
of D-IBS patients will respond specifically to this treat-
ment. Side-effects included severe constipation and
ischemic colitis (1 in 750; for review see Kamm).** These
side-effects led to its withdrawal, though it has been
reintroduced now under strict controls. Cilansetron is
a novel SHT3 antagonist which has been shown to be
effective and safe in a 6-month study of D-1BS patients.*®
A dose of 2mg t.i.d resulted in significant relief of IBS
symptoms (59%), abdominal pain or discomfort (61%)
and abnormal bowel habits including diarrhea and ur-
gency (64%). This study suggested that both males and
females responded to treatment with relief of abdominal
pain/discomfort in 57% /64% and relief from abnormal
bowel habits such as diarrhea and urgency in 60%/67%
for males/females respectively.

Cholestyramine

Cholestyramine can be dramatically effective in the
subgroup with terminal ileal damage and bile salt mal-
absorption. When SeHCAT retention at 7 days is less
than 5%, nearly all patients respond.”® Unfortunately,
cholestyramine tastes unpleasant and patients often
discontinue it. Nevertheless, a therapeutic trial of the
treatment may be useful in demonstrating the mecha-
nism of diarrhea, even if patients subsequently prefer
to use loperamide to manage their condition.

Anti-inflammatory treatment

We recently undertook a proof of principle trial of pred-
nisolone 30 mg daily for 3 weeks, starting 3 months
after infection. This was poorly tolerated, and although
lymphocyte numbers fell EC counts did not alter, nor
did symptoms improve.” The treatment may need to
be given earlier or for longer. Trials with better-tolerated
agents are indicated.

Psychological treatments

Since anxiety, depression and adverse life events are
all risk factors for PI-IBS, tackling such issues may be
helpful in improving quality of life regardless of bowel
symptoms. However, since PI-IBS patients tend to have
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a lower incidence of psychiatric disease than IBS pa-
tients without a history of infection,” such treatments
have not been tried specifically in PI-IBS.

Prognosis

There is only one prospective study, which indicates that
around 40% have recovered by 6 years.*® Symptoms are
therefore likely to be chronic, though they do not appear
to be progressive and some patients recover spontane-
ously. A much earlier study implied that adverse psycho-
logical features predicted a. poorer outcome,* a conclu-
sion supported by Neal and colleagues.®®

IBS-like symptoms in IBD in remission

Epidemiology

There are two substantial surveys which indicate that IBS
symptoms are frequent in patients with inflammatory
bowel disease (IBD) who appear by other measures to
be in remission.>*! This is true for both ulcerative colitis
and Crohn’s disease, though the symptoms appear more
severe in Crohn’s disease. The main symptoms are as
expected: pain and urgency. The presence of rectal bleed-
ing in active ulcerative colitis makes the clinical defini-
tion of relapse and remission easier than it is in Crohn’s
disease, in which small areas of inflammation could be
easily missed.

Pathology

Before the advent of effective treatment, barium enemas
were often reported as showing a ‘hose-like;, rigid, nar-
rowed left colon even in remission. Now there is much
better treatment, these appearances are rare; however,
more subtle changes may persist, such as loss of crypts
and mucus cells.

The mucosal nerves show increased substance P
staining in patients with ulcerative colitis who required
significant steroid treatment during the previous year?
and, as described by Holzer in Chapter 17, tachykinin
receptors are upregulated in IBD patients. Decreased
staining for VIP immunoreactivity has also been noted
in IBD,* and experimental colitis leads to destruction
of nitrergic neurons.” There is frequent evidence of
distorted and abnormal nerves with altered peptide
content in resected Crohn’s disease specimens, though
the functional significance remains to be determined.**
Bile salt malabsorption in patients with a damaged ter-
minal ileum remains a possible cause of diarrhea with-
out inflammation, as does small bowel contamination
where stricturing has occurred.

Motility and sensitivity

Decreased compliance and increased rectal sensitivity
have been documented in acute colitis® and in some
cases with chronic disease.”® Studies in quiescent ul-
cerative colitis suggest that visceral hypersensitivity is
paradoxically not a feature.”” When ulcerative colitis
patients are subjected to repetitive sigmoid distension,
they do not show the decrease in thresholds for pain
perception seen in IBS patients (Fig. 15.2). Studies of
brain activation suggest that, under such circumstances,
IBS patients fail to show activation of the periaqueductal
gray,”® an area associated in animals with descending
antinociceptive pathways.” Failure of such antinocicep-
tive mechanisms may be a feature of depression, which is
more often associated with IBS than with IBD.

Clinical features

Although mean stool weights and colonic transit times
are within the normal range,* some IBS-like symp-
toms, such as abdominal pain, diarrhea and bloating,

Some IBS-like symptoms are experienced by ap-
proximately 50% of IBD patients in remission.

Urgency and abdominal pain are the common-
est symptoms.

Abnormalities in physiology include
* reduced rectal compliance

IBS-like symptoms in IBD in remission: key points

* increased sensitivity to rectal distension
Abnormalities in neuropeptides include
« increased substance P

« decreased VIP

Opiates are the main treatment at present.
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Fig. 15.2 Mean discomfort threshold
(green bars) during rectal balloon
distension in patients with ulcerative

colitis (UC) compared with IBS

- patients. Blue bars show thresholds
after 10 minutes of repetitive
distension of the sigmoid colon with
a balloon to 60 mmHg pressure.
Individual data points are shown
above. While IBS patients showed
sensitization, no such effect was seen
in either colitic patients or controls.>”

Reproduced by permission of BMJ
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are reported in around 50% of patients. They are more
likely in those with longer duration of colitis.*' Impor-
tantly, urgency is reported in over 10%.% This is a major
cause of impairment of quality of life because it leads to
fear of going out and severely curtails social activity.

Clinical management

This is similar to PI-IBS, the main measures being di-
etary modification and drugs. While opiates are gener-
ally contraindicated in acute colitis for fear of precipi-
tating toxic megacolon, they are reasonable treatments
for urgency and frequency in those in whom inflam-
mation appears quiescent. 5-HT, antagonists are also
likely to be effective by virtue of their antisecretory ef-
fects. Cholestyramine could also be tried, particularly
in patients with Crohn’s disease.

Prognosis

There is no systematic study of prognosis, but given
that inflammatory bowel disease has a remitting relaps-
ing course, the prognosis must be guarded.

Journals.

Symptoms following acute
diverticulitis

Epidemiology

Diverticulosis is an extremely common condition of
the elderly in industrialized countries. Its incidence is
strongly associated with a reduced intake of fruit and
vegetables and an increased intake of meat.*' Radiolog-
ical evidence of diverticulosis is found in two-thirds of
individuals aged 75 and older in the UK. Recent surveys
indicate that, while the majority are asymptomatic, a
small number suffer from recurrent lower abdominal
discomfort. The probability of being symptomatic is
doubled by a prior episode of diverticulitis.”

Pathology following acute diverticulitis

Fecoliths impacting within diverticula can breach
the epithelium, causing acute diverticulitis, following
which there is marked smooth muscle hypertrophy and
fibrosis.®? Several morphological studies have indicated
abnormalities of the enteric nervous system in diver-
ticular disease,®® while physiological studies on isolated
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Uncomplicated diverticulosis is probably
asymptomatic.

Acute diverticulitis doubles the risk of symptoms.
Symptoms include:

« recurrent, short-lived abdominal pain

* urgency, diarrhea and incontinence

Abnormalities of circular muscle include:
« thickening .
+ cholinergic hypersensitivity

Symptoms following acute diverticulitis: key points

Abnormalities in innervation associated with
symptoms include:

* impaired nitrergic inhibitory pathways

* increased tachykinins and galanin

Prophylactic antibiotics are the only treatments
shown to be of benefit in randomized controlled
trials.

Surgical resection may benefit recurrent diver-
ticulitis but not coincidental irritable bowel
syndrome.

muscle strips suggest overactive excitatory cholinergic®
and decreased inhibitory nitrergic pathways.®® More
recently, we have shown disorganization of the enteric
nervous system with altered phenotype (increased stain-
ing of substance P and neurokinin K). This change in the
neurochemical coding may reflect damage to nerves fol-
lowed by regrowth with an altered phenotype. Mucosal
biopsies also show that symptomatic patients show
increased staining with other markers of neural injury,
such as galanin and tachykinins.* The significance of
these changes is as yet unclear.

Abnormal motility and sensitivity
Narrowing of the lumen and thickening of smooth
muscle is associated with increased intraluminal pres-
sures, a feature most marked in patients with symp-
toms.”” There is also evidence of hypersensitivity to
rectal balloon distension in patients with symptomatic
but not asymptomatic diverticular disease, similar to
that seen in IBS.®® Whether this correlates with altered
innervation remains to be shown.

Clinical features

While most patients with diverticulosis are asymptom-
atic, those who have suffered an attack of acute diver-
ticulitis exhibit a high frequency of abnormal bowel
symptoms, as shown by Simpson and colleagues.” The
predominant symptoms were loose stools and urgency,
which occurred on a median of 5 and 3 days per week,
respectively, with frequent bouts of pain. This was as-
sociated with a surprising frequency of incontinence,
reported by 16% of patients, and an increased inci-

dence of passage of mucus per rectum and abdominal
bloating. Paradoxically, hard stool with straining was
also seen, though to a lesser extent.”

Differential diagnosis

These are characteristically elderly patients. Depending
on the barium enema report, a colonoscopy may also
be warranted to exclude a local neoplasm or colitis.
Other causes of diarrhea should also be considered
(see text box: Differential diagnosis of PI-IBS) and if
incontinence is a feature then careful evaluation of the
anal sphincter is warranted (see Chapter 13)

Treatment

There are few randomized control trials of treatment.
Long-term treatment with the poorly absorbed an-
tibiotic rifaximin appears to reduce the incidence of
recurrent pain,®® possibly by inhibiting episodes of
diverticulitis. Fiber supplements reduce the frequency
of constipation but do not alter pain and may exacer-
bate diarrhea.” Opiates should be used with caution
to avoid aggravating constipation, though they may be
useful to allow patients to leave their homes and travel
without fear of incontinence.

Where pain is persistent and CT scanning shows
the presence of bowel wall thickening,” resection of
the diseased segment should be considered, though
the results are variable.”>”* Patient selection therefore
needs to be careful. In particular, care should be taken
to avoid operating on patients with IBS, in whom
diverticulosis is an incidental finding. In making this
diagnosis, it would be helpful to note a long-standing
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Summary and conclusions

1 Diarrhea and inflammation are part of normal
defenses against infection.

2 Incomplete resolution of inflammation leads to
disease.

3 Inflammation-induced structural alterations in

4 Careful assessment of patients may allow

the nerves and enteroendocrine system may be
long-lasting.

definition of mechanisms that allow specific
treatments.

history of abdominal pain which predates the age at
which diverticulosis is likely.

Conclusions

Much remains to be learnt. Acute inflammation on
its own settles rapidly. Genetic polymorphisms in
the immune response may predict who will develop
postinflammatory syndromes. Likewise, whether
EC hyperplasia induces symptoms may depend on
polymorphisms of the serotonin transporter. The
lack of visceral hypersensitivity in ulcerative colitis
suggests that inflammation alone is not enough and
emphasizes the importance of central influences on
pain perception. We should therefore remember Hip-
pocrates, who in 400 BC stated ‘For this is the great
error of our day, that the physicians separate the soul
from the body. Although the conditions described
show important peripheral changes in the gut, ulti-
mately symptoms are experienced in the brain. We
ignore this at our peril.
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Functional Targets for

Pharmacotherapy: An Overview

L Ashley Blackshaw

Iintroduction

The aim of this section is to bring readers up to date
with the latest ideas and developments in drug treat-
ment of functional gastrointestinal diseases, with a
focus on peripheral targets. This chapter will briefly
outline what there is to aim at in terms of cellular tar-
gets, and the advantages and disadvantages of targeting

each one (Table 16.1). Subsequent chapters will detail
the progress with individual targets, in particular neu-
rokinins and serotonin.

Secretory cells

Because functional gastrointestinal diseases are gener-
ally regarded as involving disordered sensation and

Table 16.1 Functional targets along the brain—gut axis and the arguments for and against their relevance as targets for treatment

of functional diseases

Target For

Against

1

2

w

v

Secretory cells

Smooth muscle

Interstitial cells of Cajal
Enteroendocrine cells
Mast cells

Intrinsic enteric nerves

Extrinsic spinal afferent nerves

Extrinsic vagal afferent nerves

The central nervous system

Specific, easy to target historically

Likely benefit in constipation and diarrhea

Possibility of targeting pacemaker and
neuromuscular roles separately

Strong association with IBS; increased
numbers

Mucosal mast cells have strong association
with IBS

Association with motor patterns underlying
constipation and diarrhea

Specific, strong association with pain and
discomfort

Specific, prominent role in satiety, gastric
emptying and reflux

Likely to be origin of abnormality in several
patient groups

Potentially disrupt digestion

General target; effects on vascular smooth
muscle, etc. possible

Possible generalized effects throughout gut

Mediator release from these cells difficult
to target

Risk of influencing normal inflammatory
responses

Motility effects likely throughout gut

Possible overlap with effects on somatic
sensory pathways

Restricted to non-painful symptoms

General target; side-effects in other
systems likely

Targets 1-8 have the additional advantage over target 9 of being accessibie by peripherally restricted drugs.
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motility, rather than secretion, the first targets that
spring to mind are neural and muscular targets. How-
ever, it is worth considering secretory cells as targets
in certain circumstances. Exocrine secretions of the
gut include acid, pepsin, bicarbonate, proteolytic en-
zymes, absorptive cofactors and mucus. Their point of
addition to and removal from the progressing digesta
is crucial to normal function. Furthermore, the major
target of gastrointestinal medications over the last
30 years has been the parietal cell, simply because it

is the source of hydrochloric acid in the stomach and,

is involved in damage to the duodenal and esophageal
mucosa in ulcer disease and reflux disease, respec-
tively. Although these conditions are distinct from
functional gastrointestinal disease as defined earlier in
this book, there are large gray areas in which patients
who are endoscopy-negative will respond well to acid
suppression. Therefore, the prescription of proton
pump inhibitors is a good first-line approach to non-
cardiac chest pain, particularly because many of these
patients have positive esophageal pH monitoring
tests,’ indicating an underlying abnormality in gastro-
esophageal reflux. Bile secretion may be associated
with functional gastrointestinal disease, as a trigger
either for motor patterns or for symptoms.2 Although
bile production and release may be quite normal in
patients, there is evidence for disordered absorption
in diarrhea-predominant disease. The idea that bile
may contribute to symptoms was tested by Edwards
and colleagues,® who showed that perception of rectal
distension was exacerbated by a bile enema in normal
individuals. The effect on symptoms of chronic expo-
sure of the distal gut to bile has not been evaluated, and
remains a major potential source of lowered sensory
thresholds in IBS.

Smooth muscle and interstitial cells
of Cajal

The topic of whether functional gastrointestinal dis-
eases are predominantly motor or sensory disorders
has been debated intensely. Although irritable bowel
syndrome (IBS) is classified mainly according to bowel
habit, the motor patterns that give rise to diarrhea or
constipation are ill-defined. It is probably therefore
inappropriate to target smooth muscle function in
general. A therapy that reduces the strength of colonic

contractions will correspondingly reduce symptoms
arising from these contractions — an approach used
with some success in a minority of cases.* However,
because receptors on smooth muscle and contractile
mechanisms are broadly similar throughout the non-
sphincteric gut, there is also the potential of such a
therapy slowing gastric emptying and colonic transit,
which may detract substantially from the desired effect.
Interstitial cells of Cajal (ICC) represent an attractive
target as they may subserve a number of roles relevant
to functional diseases. Recent evidence has placed
them in the important position of neuromuscular
intermediaries. Thus, they are involved in translating
the release of excitatory and inhibitory neurotransmit-
ters.from enteric nerves into excitation and inhibition
(respectively) of the smooth muscle.® They are also in-
volved in pacemaker activity, and therefore the control
of contractile rhythms in the gut. Distinct populations
of ICC are involved in each of these functions, making
each one a selective target for either neuromuscular
function or contractile rhythms. More recently, ICCs
have been proposed to play a role in sensory func-
tion, being closely apposed between sensory endings
and smooth muscle (see Chapter 1).° Whether their
interaction with sensory nerves is chemical or struc-
tural and whether it is strong enough to constitute a
real target is yet to be established. Nonetheless, there is
emerging evidence that loss of ICC may be associated
with a defect in the function of sensory nerves. The
question of how to modify inhibitory motor func-
tion, excitatory motor function or sensory function
independently in ICC is one that has not been raised in
earnest. However, advances in the basic understanding
of how this cell type subserves these different functions
may quickly provide options for drug targeting in func-
tional diseases.

Enteroendocrine cells

Enteroendocrine cells represent in many cases the first
line of gut chemosensitivity. They have long been estab-
lished as the link between nutrient arrival in the gutand
secretory responses. Indeed, such links were the key to
our original understanding of the endocrine function
of the body. Hormones such as cholecystokinin (CCK),
secretin and gastrin are released by subpopulations of
enteroendocrine cells, and have direct and indirect
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effects on the secretory function of the pancreas and
stomach. It was many years between these discoveries
and those that related enteroendocrine cells with the
sensory function of the gut. The most prominent can-
didates in this regard are CCK and serotonin (5-HT).
Both of these are released from the small intestine, and
5-HT is also released from the large intestine. CCK is
released from D cells by fatty acids and acts on vagal
afferent endings positioned locally to evoke action
potentials that are transmitted to the brainstem (see
below). A wide range of sensory and reflex responses
may ensue, including satiety, nausea, reduced gastric
emptying, all of which are symptoms of functional
gastrointestinal disease. This link between CCK and
symptoms has prompted considerable effort in de-
veloping antagonists to the CCK receptors present on
vagal afferents (CCK1 receptors). It is not the purpose
of this chapter to detail the pharmacotherapy of func-
tional gastrointestinal disease. However, the reduction
of symptoms by CCK1 receptor antagonism after a
lipid meal serves to demonstrate the fact that interven-
tion with the actions of enteroendocrine cell products
may be an effective strategy in functional disease.” Of
course, CCK has many roles in addition to its contribu-
tion to sensory function, and these are the main reason
for the lack of specificity (and probably lack of success)
of CCK antagonists in the clinic.

Serotonin is released mainly from enterochromaffin
cells that line the whole gut. The stimuli for 5-HT re-
lease are many and varied, and include distension, pH,
nutrients, transmitters and toxins.® The release of 5-HT
by mechanical forces underlies one of the major theo-
ries about the triggering of peristalsis, which holds that
many types of mechanical stimulus in the gut trigger
peristalsis by distortion of enterochromaffin cells. The
5-HT released then acts on endings of submucous plex-
us neurons, which in turn activate the ascending and
descending pathways involved in the motor program.®
Although it is certain that 5-HT influences strongly
the initiation of peristalsis, whether its role is essential
or facilitatory is still debated. In addition to acting on
intrinsic enteric neurons, 5-HT also activates extrinsic
sensory nerves, both in the vagal'? and the spinal supply
throughout the gastrointestinal tract.' This may occur
as a paracrine action on mucosal sensory endings or
following circulation. Concentrations of plasma 5-HT
are sufficient to activate sensory nerves, particularly in

diarrhea-predominant IBS, in which levels are much
higher than normal after a meal.'? Its source is corre-
spondingly increased in the form of larger numbers of
enterochromaffin cells.” Given its source and its targets
in both the extrinsic and intrinsic innervation, there is
the potential for 5-HT to have effects on peristalsis and
sensory function independently. It is therefore possible
that current drug therapies targeted to 5-HT receptors
may have dual actions on both these systems. This may
not always be desirable, particularly in the constipating
action of 5-HT, receptor antagonists.* In Chapter 18,
Fabrizio De Ponti outlines the potential for agonists
and antagonists of several of the 5-HT receptors as
pharmacotherapies in functional gastrointestinal
diseases.

As far as enteroendocrine cell mediators that have
potential relevance to functional diseases are con-
cerned, 5-HT and CCK represent only the tip of the
iceberg. It is beyond the scope of this article to detail all
of them, so the reader is referred to reviews by Dock-
ray'* and Ahlman and Nilsson."

Mast cells

Mast cells are increasingly being implicated in the
pathophysiology of functional gastrointestinal dis-
eases, in particular IBS. They constitute both effectors
and sensors along neural pathways in addition to their
specific roles in inflammation and immune responses.
Depending on their origin and species, they may release
5-HT and therefore trigger cascades of sensory activa-
tion similar to those described above for enterochro-
maffin cells. They also contain histamine, tryptases,
cytokines and nerve growth factor. These factors may
be released by both IgE-dependent (antigen) and non-
IgE-dependent (bacterial toxins, neurotransmitters,
etc.) stimuli.'® Mast cells may be one of the final media-
tors of the effects of stress on gastrointestinal functions,
by virtue of their sensitivity to corticotropin releasing
factor (see Chapters 8 and 19). Mucosal mast cells are
increased in numbers in IBS in a way that correlates
closely with symptoms.'” They are also more frequently
degranulated, suggesting ongoing stimulation in dis-
ease. There are also abundant mast cells in the muscle,
serosa and mesentery that are candidates for activating
extrinsic sensory nerves, and the role of these relative to
mucosal mast cells is yet to be explored.
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Intrinsic enteric nerves

Within the enteric nervous system (ENS), there are
at least 18 classes of neuron by recent estimates (see
also Chapter 1). These are classified according to their
functional role and the transmitters they contain.
The approach to understanding enteric nerves as
targets for pharmacotherapy has been mainly to find
a drug or mechanism (receptor, enzyme, channel),
and subsequently investigate which classes of enteric
neurons are most likely to be involved in its action on
motility. The result is a relatively poor understanding
of the detail of drug targets in the ENS. Part of the
reason for the current situation is probably the fact
that several classes of enteric neuron can be found in
the same ganglion; often complex chemical coding is
the only way to identify each class. Significant progress
has been made by the identification of neuronal classes
by retrograde labeling from their destination and by
correlation of electrophysiological and morphological
features. A class of neuron that has provoked particular
interest recently is the Dogiel type II/AH neuron. Due
to their projections, morphology and electrophysi-
ological responses, they are proposed to serve a sensory
function within the ENS and are known as intrinsic
primary afferent neurons (IPANs). Understanding of
their adequate physiological and pathophysiological
stimuli is developing rapidly. Chemical stimulation of
the mucosa may activate [PANs either directly or via
release of mediators, including 5-HT, from enteroen-
docrine cells.’ Distension of the muscle layers may also
activate IPANs,'? but whether they are sensitive to both
types of stimulus is not yet established. This knowledge
would be an important step in targeting selectively the
mechanosensory or chemosensory reflexes initiated by
IPANs. They outnumber extrinsic sensory nerves by
severalfold and have the advantage of being confined to
their organ of innervation. This means that peripheral-
ly restricted drugs may modify aspects of both sensory
transduction and onward transmission, which is not
possible in extrinsic sensory nerves. Serotonergic drugs
are considered to exert many of their effects on both
transduction in IPANs and transmission from them.
The major transmitters contained within IPANs are
acetylcholine and tachykinins. However, these are also
the major transmitters in the excitatory motor neurons
of the ENS that innervate smooth muscle and ICC,

which limits the potential selectivity of drugs acting on
cholinergic and tachykininergic pathways. Peter Holzer
in Chapter 17 outlines the potential for tachykinins and
their receptors at both of these locations as targets in
functional gastrointestinal disease.

Extrinsic vagal and spinal afferent
nerves

Sensory information from the gastrointestinal tract
reaches the central nervous system (CNS) via the vagal
and spinal nerves. These follow the same anatomical
paths as the ‘autonomic efferent innervation, so that
the vagal innervation extends mainly over the proximal
part of the gut and the spinal innervation is provided by
the splanchnic nerves throughout most of the gut, and
the pelvic nerves in the distal gut.*® Extrinsic afferent
pathways are all relevant to functional gastrointestinal
disease as they may all give rise to symptoms directly.
This is the reason why there is an intense focus on ex-
trinsic sensory nerves as functional targets for novel
pharmacotherapies. This focus has already borne fruit,
which may provide clues as to which targets are worth
investigating in the future. Although all pathways can
be associated with symptoms, this is not normally the
case. We are, on the whole, blissfully unaware of events
in the gut with the exception of the occasional pang
of hunger or pleasant fullness after a meal. The fact
that many more events are perceivable in functional
gastrointestinal disease, which are generally unpleas-
ant, means that thresholds are lowered at some point
along sensory pathways. The way in which primary af-
ferents give rise to perceived sensations and how these
may be altered in functional diseases are dealt with
by Klaus Bielefeldt and Gerald Gebhart in Chapter
3. The present chapter will focus instead on how the
different classes of primary afferents may be separated
into classes according to the location of their endings
(Fig. 16.1), the pathways they follow, and their poten-
tial as targets in functional diseases. Vagal afferents have
been classified mainly according to the layer of gut in
which they terminate, because the location of endings
to a large extent determines their sensitivity. This is
supported by anatomical and electrophysiological
evidence. Spinal afferents are increasingly becoming
classified in a similar way to vagal afferents, particularly
with the adoption of similar methods for studying both
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Fig. 16.1 Three classes of extrinsic f
sensory fibers may be described |
according to the location of their

receptive fieids. Some of these may

have muitiple receptive sites and some

may have dual mechanoreceptive

function (muscular/mucosal

receptors). See also Chapter 1. IGLE, [ — Muscular (IGLE and IMA) |

intraganglionic laminar endings. IMA, — Mucosal

intramuscular endings.

pathways. Traditionally, they have been classed accord-
ing to their thresholds to distension, but this may have
led to several classes being overlooked because of their
insensitivity to distension.

Mucosal receptors

Mucosal receptors respond briefly to fine tactile stimu-
lation of the mucosal surface but not to distension
of the gut wall.?® Anatomical evidence shows projec-
tions of vagal endings into the lamina propria which
presumably correspond to this functional class of af-
ferents. They are most likely to function as detectors of
particles or texture, and may possibly signal flow when
functioning as a population, in a similar way to the sen-
sory innervation of the oral and anal regions. Mucosal
tactile information from most of the gut is unlikely to
be registered as conscious perception, even in patho-
physiological states. It therefore most likely plays a role
in the fine tuning of reflexes and transmission along
sensory pathways with other modalities. In addition
to their mechanosensory role, mucosal receptors have
been shown to respond to a number of chemical medi-
ators, including CCK, 5-HT, norepinephrine, opioids,
bradykinin, purines and prostaglandins. They also
respond to intraluminal changes in osmolarity, acidity
and alkalinity and bile concentration. This spectrum of
sensitivity has led to a major focus on mucosal recep-
tors in the generation of satiety, nausea and vomiting
from the upper gastrointestinal tract, because most
evidence is from vagal afferents which are known to
be connected with these functions. Mucosal receptors

— Serosal and mesenteric
@2 Myenteric ganglion
L

have, however, been identified in all pathways to the
gastrointestinal tract, and similar mechanosensitivity
has recently been shown for vagal, splanchnic and pel-
vic mucosal receptors.?'* It remains to be determined
whether their chemosensitivity is likewise preserved
across pathways, although there are indications that
sensitivity to acid, osmolarity, 5-HT and bile is shared
between vagal and splanchnic populations.!®!2
The functional role of splanchnic and pelvic mucosal
afferent mechano- and chemosensitivity is not well
understood, but may serve to modulate transmission
along spinal pathways detecting colorectal distension,
as shown by recordings from second-order neurons in
the dorsal horn.? Until a more precise understanding
of the roles of mucosal receptors in separate pathways
is reached, their relevance as targets for functional dis-
eases remains speculative. However, it is encouraging
that vagal mucosal receptors have already provided
targets for anti-emetic therapies (see below, Modula-
tion of extrinsic sensory nerves).

Muscular receptors

Tension receptors (also known as muscular receptors)
have resting activity that is often modulated in phase
with ongoing contractions. They are mechanosensitive
to contractions and distension with a slowly adapt-
ing, linear relationship to wall tension. Depending
on the pathway, this may be within or beyond the
physiological range. Vagal afferents tend to saturate
their responses at relatively low levels of distension,
whereas splanchnic and pelvic afferents continue to
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increase their firing well into the noxious range. There
is evidence for two populations of spinal distension-
sensitive afferents, one with low thresholds, like vagal
afferents, and one with high thresholds that respond
only slightly at subnoxious levels® (see also Chapter 3).
Low-threshold tension receptors as a population signal
the amplitude, pattern and direction of luminal con-
tractions to the CNS that is important in triggering re-
flexes controlling gastrointestinal function. Responses
of vagal tension receptors to distension are also impor-
tant in signaling food intake and mediating satiety and
fullness. Although there are varying accounts of the
chemosensitivity of tension or muscular receptors in
different organs, their location within the muscle layers
(see Chapter 1) suggests that signaling of contractions
and distension is their main function. A population
identified so far only in the vagal and pelvic innervation
at either end of the gut is known as tension/mucosal
(or muscular/mucosal) receptors.’>** They show fea-
tures of both tension receptors and mucosal receptors.
Presumably their role is a composite of those described
for tension receptors and mucosal receptors. The ex-
quisite responsiveness of muscular receptors to disten-
sion coupled with the characteristic hypersensitivity to
distension in functional disease patients makes these
neurons a prime target for pharmacotherapy. How this
may be achieved is discussed below (see Modulation of
extrinsic sensory nerves).

Serosal and mesenteric receptors

These have low resting activity and respond only
briefly to noxious intensities of organ distension. This
is not surprising in view of their lack of penetration of
the gut wall. It is possible that these receptors identi-
fied in vitro correspond to the high threshold/phasic
mechanoreceptors described earlier in vivo,” which
were also shown to have receptive fields outside the gut
wall, although a direct comparison is not possible. The
function of serosal and mesenteric receptors may be as
purely nociceptive mechanoreceptors that signal gross
distension or distortion of the gut. However, they may
instead or additionally signal changes in blood flow, a
role that is favored by their close proximity to blood
vessels.” Further to this role, they are frequently found
to be chemosensitive, and respond to low concentra-
tions of 5-HT and other mediators.’** This places
them in a good position to be systemic detectors of

mediator release from the gut mucosa. It is not yet
possible to determine which of these three functions
is the more likely to be the major role of serosal and
mesenteric receptors, nor is it possible to reconcile
their serving all three functions simultaneously.
However, it is clear that they form a major part of the
pelvic and splanchnic innervation of the colon and
rectum. Interestingly, mesenteric receptors are con-
fined to the splanchnic innervation, whereas serosal
receptors are evident in all three pathways.? This may
suggest that there are discrete functions of each type.
Their chemosensitivity to chemical mediators makes
serosal and mesenteric receptors potential targets in
functional diseases.

Silent nociceptors

Based on parallels with somatosensory pathways, an-
other class of primary afferents has been proposed that
may be distinct from the three above. They are known
as ‘silent nociceptors’ (or ‘mechanically insensitive af-
ferents’) as they are normally silent at all times, but
develop activity and mechanosensitivity during and
after inflammation through the action of inflamma-
tory mediators. These afferents have been identified
in the pelvic innervation of the colon in vivo,” but it is
possible that they may turn out to belong to one of the
classes described above when investigated in vitro. The
location of their receptive fields is not yet known, and
this may provide important clues as to how they relate
to the other classes. As their name suggests, they are
considered to be exclusively involved in mediating pain
from the gut, and may thus constitute a highly specific
target in functional diseases.

Modulation of extrinsic sensory nerves

For many years, the focus on the modulation of func-
tion in extrinsic afferents was driven by the concept of
their activation by endogenous chemical mediators,
and the use of antagonists to block this activation. A
good example of this was the involvement of 5-HT in
nausea and vomiting, which was shown to depend on
vagal innervation. Antagonists for 5-HT, receptors are
successful in reducing nausea and vomiting after radia-
tion, and this effect can be attributed to the blockade
of action of 5-HT released from the intestinal mucosa
on vagal mucosal receptors.*® More recently, k-opioid
agonists were shown to inhibit directly the responses of
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colonic distension-sensitive afferents, thus demonstrat-
ing that it was not necessary to identify endogenous
mediators for a drug to block. In fact, the lack of en-
dogenous activation of receptors may confer a higher
degree of selectivity of agonist drugs acting upon them.
This approach is limited only by the fact that the recep-
tor in question must be inhibitory on nerve function
and localized on primary afferent endings. The x-ago-
nists have attracted intense interest in the treatment of
functional gastrointestinal disease, several clinical
trials showing promise.> Qur laboratory has focused
on other inhibitory G-protein-coupled receptors, in-
cluding GABA,, metabotropic glutamate and galanin
receptors. All these have been shown to inhibit mecha-
nosensitivity in vagal afferents and, to some extent,
spinal afferents. GABA, receptors have been shown in
addition to reduce transmission centrally, and thus have
a double action. This is attributable for their potent in-
hibition of the triggering of transient lower esophageal
sphincter relaxations following gastric distension,*? and
has important implications for the pharmacotherapy
of gastro-esophageal reflux disease. The number of
other potentially useful G-protein-coupled receptors
is impressive, although many of these are currently ‘or-
phaned,, i.e. their natural ligands have yet to be discov-
ered. Any of these receptors that may exist on extrinsic
primary afferents are potential candidates for targeting
in functional gastrointestinal diseases, particularly if
they can be targeted selectively in the periphery, thereby
avoiding CNS side-effects. Other drug targets on extrin-
sic sensory nerves are emerging, including ion channels
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Fig. 16.2 Potential pharmacological targets on extrinsic
sensory neurons. Some receptors and ion channels emerging

(see also Chapter 3) which are summarized in Fig. 16.2
and in other reviews.***

The central nervous system

Upon reaching the spinal cord, sensory information
from the gut is subject to a high degree of convergence
with signals from somatic structures. This is the neu-
rophysiological correlate of referred sensation. From
the spinal dorsal horn upwards, sensory pathways are
therefore shared between the gut and the rest of the
body. Pharmacological intervention at these points is
therefore unlikely to be specific for gut sensations. De-
spite this, there are areas of the prefrontal and cingulate
cortex that are specifically activated during the process-
ing of sensory input from the gut, in particular affec-
tive aspects of the stimulus. These areas of the brain
are therefore potentially selective targets for the treat-
ment of functional disease. The therapeutic effect of
alosetron is associated with reduced activation in these
areas,” and suggests that it may be sufficient to alleviate
the unpleasantness associated with a sensation without
reducing the intensity of the sensation per se.

Conclusions

Although sensory pathways from the gastrointestinal
tract from the brain are obvious targets for the phar-
macotherapy of functional gastrointestinal disease, it is
clear from the literature that there are several other cell
types that may make equally useful targets. Because of
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from recent literature and conferences are shown. See also
references 20 and 29.
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the increasing evidence for specialization within and
between pathways, it is also clear that extrinsic primary
afferents should not be treated as a homogeneous
population. Although details of pharmacological tar-
gets are not the subject of this chapter, these are many
and varied. They include inhibitory and excitatory
neurotransmitter receptors, enzymes, ion channels
and intracellular mechanisms.
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CHAPTER 17

17

Tachykinin Receptor Antagonists:

Silencing Neuropeptides with a Role
in the Disturbed Gut

Peter Holzer

Tachykinins: mouth-watering yet
emetogenic

In 1931, UIf S von Euler and John H Gaddum reported
that both gut and brain contained a substance which
caused contraction of intestinal smooth muscle but
was different from any of the endogenous compounds
known at that time. The effects of the powdery extracts
were marked as P on the kymograph tracings, so that
since 1934 the term ‘substance P’ (SP) has been used in
theliterature.' In the late 1960s, SP appeared on the stage
as a hypothalamic peptide causing copious salivary se-
cretion, a biological activity which greatly helped Susan
E Leeman and her laboratory to identify SP as undeca-
peptide.? SP turned out to be the mammalian counter-
part of a family of peptides which had been extracted
from amphibian and non-vertebrate species and given
the name ‘tachykinins’ by Vittorio Erspamer.’* Soon,
novel members of this peptide family were discovered,
and in mammals SP was joined by neurokinin A (NKA)
and neurokinin B (NKB).* The first two tachykinin
genes, now termed TACI and TAC3 by the Human Ge-
nome Organisation Nomenclature Committee (http:
/fwww.gene.ucl.ac.uk/nomenclature), were charac-
terized in the late 1980s, and the pharmacological
evidence for a heterogeneity of tachykinin receptors was
corroborated by the identification of three tachykinin
receptor genes® called TACR1, TACR2 and TACR3.From
1991 onwards, potent non-peptide antagonists selective
for the tachykinin NK , NK, or NK; receptor were devel-
oped, which made possible the thorough exploration of
the pathophysiological implications of tachykinins.® In

212

2003, the first NK| receptor antagonist was successfully
turned into a drug, and aprepitant was approved for the
combination treatment of chemotherapy-induced em-
esis.” Meanwhile, the family of mammalian tachykinins
has been expanded by the discovery of hemokinin 1,
endokinin A, endokinin B and chromosome 14 tachy-
kinin-like peptide 1 (C14TKL-1).2

Molecular characteristics of
tachykinins and tachykinin receptors

The common structural feature of tachykinins is their
amidated C-terminal amino acid sequence F-X-G-L-
M-NH, (Fig. 17.1), which is fundamentally important
for their affinity to tachykinin receptors and biological
activity.**® Currently, three tachykinin genes have been
identified, but the gene encoding C14TKL-1 has not yet
been characterized (Table 17.1). SP and NKA are de-
rived from the TACI gene (previously called PPT-A for
preprotachykinin A), whose primary ribonucleic acid
(RNA) transcript is alternatively spliced to produce
four different types of mRNA (Table 17.1) which ei-
ther encode SP or SP plus NKA and some N-terminally
extended forms of NKA, such as neuropeptide K and
neuropeptide y (Fig. 17.1). The TAC3 (PPT-B) gene
gives rise to NKB, while the human TAC4 (PPT-C) gene
is alternatively processed to yield hemokinin 1 and/or
endokinin A, B, C or D (Fig. 17.1 and Table 17.1). En-
dokinin A and endokinin B are N-terminally elongated
forms of human hemokinin 1 (Fig. 17.1), whereas en-
dokinin C and D are not tachykinins in the strict sense
because their C-terminal sequence is F-X-G-L-L-NH,
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The tachykinin system in the gut

« The tachykinin substance P (SP) and neurokinin
A (NKA) are expressed in intrinsic enteric neurons
and extrinsic primary afferent neurons.

» Upon release, tachykinins can influence most
digestive effector systems by interaction with
tachykinin NK , NK, and NK, receptors.

Functional implications of tachykinins in the

gut: SP and NKA

+ Mediate slow synaptic transmission in the enteric
nervous system.

« Participate in enteric motor regulation, especially in
the colon.

« Facilitate ion and fluid secretion.

« Exert proinflammatory effects.

« Are transmitters of nociceptive afferent pathways.

« Contribute to emetic reflex transmission in the
brainstem.

Physiological versus pathophysiological roles of
tachykinins in the gut
+ Physiologically, SP and NKA are backup

The tachykinin system as drug target in gastrointestinal disease

cotransmitters of cholinergic enteric neurons and
nociceptive afferent neurons.
« Pathophysiologically, the expression of tachykinins
and their receptors is profoundly altered in
gastrointestinal disorders of various etiology.
In inflammatory bowel disease and experimentally
induced gastrointestinal inflammation, the
enteric nervous system is remodeled such that
the tachykininergic innervation becomes more
prominent relative to the cholinergic innervation.

» Tachykinin receptor antagonists are little active
in the normal gut but can correct functional
manifestations of experimental inflammation, such
as dysmotility, hypersecretion and hyperalgesia.

Therapeutic perspectives

* Antagonism of tachykinin receptors is a promising
option for the treatment of inflammatory bowel
disease, irritable bowel syndrome, vomiting and
abdominal hyperalgesia.

+ Antagonists targeting mutltiple tachykinin receptors
may be more efficacious than selective mono-
receptor antagonists.

Fig. 17.1 Amino acid sequence of major mammalian tachykinins.

Substance P
Neurokinin A
Neuropeptide K
Neuropeptide y
Neurokinin B
Chromosome 14 tachykinin-like peptide 1 (C14TKL-1)
Mouse/rat hemokinin 1

Human hemokinin 1

Human endokinin A/B*

Human endokinin C

Human endokinin D

D-A-

D-A-D-S-S-I-E-K-Q-V-A-L-L-K-A-L-Y-G-H-G-Q-I-S-H-K-R-H-

R-P-K-P-Q-Q-F-F-G-L-M-NH,
H-K-T-D-S-F-V-G-L-M-NH,
K-T-D-S-F-V-G-L-M-NH,
G-H-G-Q-I-S-H-K-R-H-K-T-D-S-F-V-G-L-M-NH,
D-M~H-D-F-F-V-G-L-M-NH,
R-H-R-T-P-M-F-Y-G-L-M-NH,
R-S-R-T-R-Q-F-Y~G-L-M-NH,
T-G-K-A-$-Q-F-F-G-L-M-NH,
-G-K-A-5-Q-F-F-G-L-M-NH,
K-K-A-Y-Q-L-E-H-T-F-Q-G-L-L-NH,
V-G-A-Y-Q-L~E-H-T-F-Q-G-L-L-NH

® Shown is the C-terminal decapeptidic fragment common to Endokinin A (47 amino acids) and Endokinin B (41 amino acids),
which are elongated forms of human Hemokinin 1 (11 amino acids).
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instead of F-X-G-L-M-NH, (Fig. 17.1). While SP, NKA
and NKB are conserved across mammalian species, the
amino acid sequence of hemokinin 1 shows consider-
able variation between humans and rodents.

Most of the biological actions of tachykinins,
particularly in the gastrointestinal tract, are medi-
ated by three tachykinin receptors,>*® currently termed
NK,, NK, and NK; receptors and encoded by three
genes, TACRI, TACR2 and TACR3 (Table 17.2). The
membrane topology of these receptors is typical of
metabotropic receptors with seven transmembrane
domains. Although SP,NKA and NKB are agonists with
preferential affinity for NK, NK, and NK, receptors,
respectively (Table 17.2), they are full agonists at all
three tachykinin receptors.® Human hemokinin 1 and
C14TKL-1 are preferential NK, receptor agonists, while
the receptor selectivity of endokinins A, B, C and D has
not yet been reported.® By modification of the amino
acid sequence of endogenous tachykinins, selective
agonists for all three tachykinin receptors have been
obtained, and this advance has been complemented
by the design of potent and receptor-selective non-
peptide antagonists for NK|, NK, and NK, receptors
(Table 17.2).

The amino acid sequence of the tachykinin recep-
tors varies slightly across mammalian species,® which
has little impact on the affinity of endogenous tachy-
kinins and receptor-selective agonists but is the reason
for remarkable species differences in the potency of
non-peptide tachykinin receptor antagonists.® Being
coupled to G-proteins, the tachykinin receptors uti-

lize the phospholipase C/phosphoinositide system as
major transduction pathway,** although other signal-
ing mechanisms, such as the adenylate cyclase pathway,
may also play a role.

Expression of tachykinins and
tachykinin receptors in the gut

Since TACI mRNA prevails in the gut, SP and NKA
are the predominant tachykinins in this organ system,
whereas NKB has proved difficult to detect in the
bowel'®! -and the precise localization of TAC4 gene
products in the gastrointestinal tract has not yet been
determined. Although some SP is contained in entero-
chromaffin and immune cells of the gastrointestinal
mucosa, the major source of tachykinins in the gut is
the enteric nervous system.'®!" In the guinea-pig intes-
tine, SP is typically present in intrinsic primary affer-
ent neurons (IPANSs) of the myenteric and submucous
plexus and, within the myenteric plexus, in ascending
interneurons as well as in excitatory motoneurons to
the longitudinal and circular muscle (Fig. 17.2).1%"
Characteristically, most enteric neurons containing SP
co-express choline acetyltransferase, which means that
tachykinins are cotransmitters of cholinergic neurons.
These tachykininergic enteric neurons can be further
subgrouped by their content of calbindin/calretinin,
neurofilament protein triplet and dynorphin/enkepha-
lin-like immunoreactivity (Fig. 17.2). Primary afferent
neurons that originate from dorsal root ganglia and
reach the gut via sympathetic and sacral parasympa-

Table 17.1 Human tachykinin genes

Chromosomal

location Gene mRNAs  Peptides

Chromosome 7  TACT (PPT-A) «-TAC1 Substance P
B-TAC1 Substance P, neurokinin A, neuropeptide K
v TAC1  Substance P, neurokinin A, neuropeptide y
8-TAC1 Substance P

Chromosome 12 TAC3 (PPT-B) o-TAC3 NeurokininB
B-TAC3  NeurokininB

Chromosome 14 Chromosome 14 tachykinin-like peptide 1

Chromosome 17 TAC4(PPT-C} «-TAC4 Hemokinin 1, endokinin A, endokinin C
B-TAC4 Hemokinin 1, endokinin B, endokinin D
y-TAC4 Hemokinin 1, endokinin B
8-TAC4 Hemokinin 1, endokinin B

and gene products
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Table 17.2 Human tachykinin receptors, receptor agonists and receptor antagonists

Chromosomal Endogenous agonist

location Gene Receptor  potency order Selective agonists Selective antagonists

Chromosome 2 TACR1 NK, SP= hHK1 = NKA > NKB [Sar®,Met(0,)""]-Substance P Aprepitant (MK-869)
Ezlopitant (CJ-11,974)
Nolpitantium (SR-140,333)
Vofovitant (GR-205,171)

Chromosome 10 TACR2 NK, NKA > NKB > SP = hHK1 (B-Ala®)-Neurokinin A Nepadutant (MEN-11420)
Saredutant (SR-48,968)

TACR3 NK NKB > NKA > SP = hHK1 Senktide Osanetant (SR-142,801)

Talnetant (SB-223,412)

thetic nerves also contribute to the tachykinin content
of the gut.’®"" The peripheral fibers of these extrinsic
sensory neurons project primarily to submucosal ar-
terioles, but also supply the mucosa and enteric nerve
plexuses (Fig. 17.2).

The distribution of tachykinin NK,, NK, and NK,
receptors to gastrointestinal neurons and effector cells
(Fig 17.3) enables tachykinins to modify gastroin-
testinal motility, secretory activity, vascular diameter
and permeability, immune function, gut sensitivity
and nociception.'*'"'*!® NK| receptors are found on
longitudinal and circular muscle cells, interstitial cells
of Cajal (ICCs), IPANS, excitatory and inhibitory mo-

Fig. 17.2 Chemical coding and
projections of the most important
classes of tachykinin (TK)-

toneurons, secretomotor neurons, epithelial cells and
granulocytes of the rodent gut. In the human gastro-
intestinal tract, NK, receptors have also been localized
to the muscularis mucosae, the media of submucosal
blood vessels (Fig 17.3) and some immune cells. NK,
receptors are typically expressed by the longitudinal
muscle, circular muscle and muscularis mucosae and,
in addition, are present on epithelial cells and enteric
nerve endings (Fig 17.3). NK, receptors are largely con-
fined to enteric neurons; in the rodent intestine IPANSs,
ascending and descending interneurons, excitatory
and inhibitory motoneurons as well as secretomotor
neurons are NK -positive (Fig. 17.3).

immunoreactive neurons in the DRG @ | EPAN: TK/CGRP
mammalian gut. AIN, ascending '
interneuron; BV, blood vessel; CB, Oral 1 Aboral
calbindin; CGRP, calcitonin gene-
LM

related peptide; ChAT, choline

acetyltransferase; CM, circular

muscle; CR, cairetinin; DRG, dorsal

[ AIN: TK/ChAT/CRENK/NF |

-~

root ganglion; ELMN, excitatory

-
-

longitudinal muscle motoneuron;

MP

ENK, enkephalin; EPAN, extrinsic

[LAECMN: TK/ChAT/ENK/NF |

primary afferent neuron; IPANs,
intrinsic primary afferent neurons;
LAECMN, long ascending excitatory
circular muscle motor neuron; LM,
longitudinal muscle; MP, myent'erlc <
plexus; MU, mucosa; NF, neurofilament

protein; SAECMN, short ascending

excitatory circular muscle motor A
neuron; SMP, submucous plexus.

I

i

™
SMP

MU



216 SECTION D Advances in Pharmacotherapy
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Fig. 17.3 Cellular expression of
tachykinin NK,, NK, and NK; receptors
in the mammalian gut. Filled circles
depict neuronal somata, filled
triangles nerve endings. AECMN,
ascending excitatory circular muscle
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Physiological functions of
tachykinins in the gut

Transmitter function

SP and NKA are cotransmitters of intrinsic enteric and
extrinsic afferent neurons, which is consistent with
their vesicular localization and calcium-dependent re-
lease upon nerve stimulation.'!>1¢ Within the enteric
nervous system, tachykinins mediate slow postsynaptic
excitation, a process that is relevant to the communi-
cation among IPANs (mediated primarily by NK,
receptors), between IPANs and ascending as well as
descending interneurons (mediated by NK, receptors),
between ascending interneurons and excitatory mo-
toneurons (mediated by NK, receptors) and between
IPANs and inhibitory motoneurons (mediated by NK|
receptors).'"'”-* Furthermore, tachykinins participate
in excitatory neuromuscular transmission (mediated
by NK, and, to some extent, NK receptors), although
in this role they are subordinate to the principal trans-
mitter acetylcholine.'™'s?' Since NK, NK, and NK,
receptors are present on SP-expressing neurons, it ap-
pears likely that presynaptic tachykinin autoreceptors
exert feedback control of the transmission process.'"

Motor regulation
Tachykinins can both stimulate and inhibit gastroin-

MIPANS: NK/NK, | [C: KN, |

™ inhibitory circular muscle motor
neuron; DIN, descending interneuron;

L

ICC: Nm IcC ELMN, excitatory longitudinal muscle
motor neuron; ICC, interstitial cell
SMP of Cajal; LM, longitudinal muscle;

MIPANSs, myenteric intrinsic primary

afferent neurons; MM, muscularis

mucosae; MP, myenteric plexus; MU,

MU mucosa; SIPANs, submucosal intrinsic
primary afferent neurons; SMN,
secretomotor neuron; SMP, submucous
plexus.

testinal motility, the net response depending on the
type and site of tachykinin receptors that are activated
(see the text box: Motor actions and implications of
tachykinins in the intestine). Facilitation of gastro-
intestinal motor activity is typically brought about
by activation of NK, receptors on IPANs, ICCs and
muscle cells, NK, receptors on muscle cells, and NK,
receptors on IPANs, cholinergic interneurons and cho-
linergic motoneurons.'*!"1¢7?! The stimulation of NK|
receptors on ICCs enforces motility by prolonging the
duration of the slow waves generated by these cells.”?
Tachykinin-induced muscle contraction in the human
gut in vitro is prominently mediated by muscular NK,
receptors,'! and in the circular muscle of the isolated
human sigmoid it appears as if tachykinins acting via
NK, receptors are the main excitatory neurotransmit-
ters released by nerve stimulation.* NK, receptors also
make an important contribution to the effects of SP
and NKA in stimulating motility in the human small
intestine in vivo and in replacing the regular pattern of
interdigestive motor activity by a pattern of irregular
activity.?>? In contrast, the contractile response to NK,
receptor stimulation is predominantly mediated by
cholinergic neurons."

NK, and NK; receptors on inhibitory motor path-
ways within the enteric nervous system enable tachyki-
nins to depress motor activity (see the text box: Motor
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actions and implications of tachykinins in the intes-
tine) via release of nitric oxide and adenosine triphos-
phate.!"1#1%27 Accordingly, peristalsis in the guinea-pig
small intestine is first stimulated, and then inhibited,
by SP.2® While NK, and NK, receptors are responsible
for the stimulant response, NK, receptors mediate the
inhibitory effect of SP through activation of nitrergic
neurons.”

Despite the high pharmacological potency of tachy-
kinins in modifying gastrointestinal motility, NK,, NK,
and NK; tachykinin receptor antagonists have little
effect on gastrointestinal motor performance under
physiological conditions, both in vitro and in vive.?*
NK, receptor antagonists cause minor stimulation of
peristaltic motility in the guinea-pig isolated small in-
testine® and enhance the velocity of propulsion in the
rabbit isolated distal colon,’" which is consistent with
their ability to cause mild diarrhea in humans.”>* NK,
receptor antagonists, on the contrary, do not alter small
intestinal motility in humans® but lead to a minute
inhibition of peristalsis in the guinea-pig small bowel.?®
Only when the overwhelming cholinergic component
in the neural activation of smooth muscle has been
compromised does blockade of tachykinin receptors
impair peristalsis in the guinea-pig small intestine.**
SP and NKA thus function as a backup system in the
cholinergic activation of gastrointestinal muscle during
peristalsis, a role that in the guinea-pig small intestine

is brought about by NK and NK, receptors,” but in the
human intestine is primarily mediated by NK, recep-
tors.** However, when all three tachykinin receptors
are blocked simultaneously, peristalsis in the guinea-pig
distal colon is significantly depressed even without con-
comitant blockade of cholinergic transmission.”

From these findings it would appear that tachykinins
regulate motility primarily in the colon, a hypothesis
that has not yet been systematically tested. Further-
more, multi- or pan-tachykinin receptor antagonists
may be more efficacious than monoreceptor antago-
nists in modifying gastrointestinal motor activity and,
eventually, gastrointestinal motor disorders (see the
text box: Motor actions and implications of tachyki-
nins in the intestine).

Secretory regulation

Tachykinins modify endocrine and exocrine secretory
processes in the gastrointestinal tract, including the
stomach and pancreas.'"'*!* Electrolyte and fluid out-
put in the rodent intestine can be stimulated through
activation of tachykinin NK, and NK, receptors on
cholinergic and non-cholinergic secretomotor neu-
rons in the submucous plexus as well as NK, and NK,
receptors on epithelial cells. Mucosal ion transport in
the isolated human colon is enhanced by both NK, and
NK, receptor activation and subsequent stimulation of
enteric neurons.**

Stimulation of motor activity is mainly via
* NK| receptors on ICCs and muscle cells;

* NK, receptors on muscle cells;

* NK, receptors on IPANS.

Inhibition of motor activity is mainly via
* NK, receptors on inhibitory motoneurons;
* NK, receptors on inhibitory motor pathways.

Effects of tachykinin receptor antagonists on

gastrointestinal motility

* Minor effects of selective NK , NK, or NK, receptor
antagonists on normal peristalsis.

+ Inhibition of colonic peristalsis by NK , NK, and

Motor actions and implications of tachykinins in the intestine

NK, receptor antagonist combinations.
+ Inhibition of atropine-compromised peristalsis by
NK, or NK, receptor antagonists.

Pathophysiological implications in

gastrointestinal motor control

+ Tachykinins are cotransmitters and backup
messengers of cholinergic enteric neurons.

+ Gastrointestinal motor control by tachykinins is
more important in the colon than in the small
intestine.

+ Multi- or pan-tachykinin receptor antagonists are
more efficacious in gastrointestinal motor disorders
than monotachykinin receptor antagonists.
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The neurogenic actions of tachykinins in elicit-
ing electrolyte and fluid secretion in the intestine are
consistent with a role of SP and NKA as transmit-
ters of enteric secretory reflexes. The implication of
tachykinins in these reflexes may be threefold. Firstly,
tachykinins released from IPANSs or interneurons can
activate cholinergic and non-cholinergic secretomotor
neurons.** Secondly, SP can be released from axon
collaterals of IPANS close to the epithelial effector cells
and elicit chloride secretion via a mechanism resem-
bling an axon reflex.* Thirdly, tachykinins released
from extrinsic sensory nerve endings in response to
capsaicin, Clostridium difficile toxin A or distension
can stimulate enteric secretomotor neurons through
activation of NK| and NK, receptors.* 4>’

Proinflammatory function

Tachykinins, particularly SP, are vasoactive peptides
and may induce vasodilatation or vasoconstriction in
the digestive tract, the type of action depending on the
vascular bed and species under study.!"'* The tachyki-
nin-evoked vasodilatation in the intestine of cat, dog
and guinea-pig is mediated by NK receptors. Both SP
and NKA enhance blood flow in the proximal small
intestine of humans,* probably through activation of
NK, receptors which have been localized to the media
of submucosal blood vessels, at least in the human
colon. Conversely, blood flow in the rat gastric mucosa
is diminished by tachykinins by the constriction of col-
lecting venules, a mechanism which may depend on the
release of proteases from mast cells.*”

Another effect of SP, acting via endothelial NK|
receptors, is to increase venular permeability in the
intestine and thereby to facilitate the extravasation of
plasma proteins and leukocytes.!"*® In addition, tachy-
kinins can influence the activity of various immune
cells in the gut.*' Thus, NK, and NK, receptors have
been localized to monocytes/macrophages, granulo-
cytes, lymphoid cells and eosinophils, and stimulation
of tachykinin receptors can lead to the recruitment and
activation of granulocytes as well as mast cells in the
gastrointestinal tract.!»!®

Tachykinins and tachykinin receptors
in gastrointestinal disease

Pathological changes in tachykinin
expression

Many studies show that gastrointestinal infection,
inflammation and mucosal injury are associated with
time-related changes in the expression and release of
tachykinins in the gut. However, the alterations in SP
and NKA expression are variable, given that the intes-
tinal tachykinin levels in patients with inflammatory
bowel disease (IBD) have been reported to be either
decreased, increased (see the text box: Pathological
alterations of tachykinin (TACI mRNA, SP, NKA) ex-
pression in the gastrointestinal tract) or unchanged.
Importantly, whole-mount analysis of the myenteric
plexus has revealed that the chemical coding of enteric
neurons in ulcerative colitis is shifted inasmuch as the
ratio of SP-positive versus SP-negative cholinergic neu-
rons is significantly increased.”> Animal studies have
shown that experimental infection and inflammation
also causes changes in the gastrointestinal tachykinin
levels (see the text box: Pathological alterations of
tachykinin (TACI mRNA, SP, NKA) expression in the
gastrointestinal tract), which mirror those seen in IBD
to a variable degree."

Pathological changes in tachykinin
receptor expression

Perturbations of tachykinin receptor expression in
gastrointestinal disease are of particular relevance
to disease mechanisms and may provide important
therapeutic clues. Importantly, IBD is accompanied
by increased expression of NK, and NK, receptors in
the inflamed and non-inflamed regions of the human
ileum and colon (see the text box: Pathological altera-
tions of tachykinin receptor expression in the gastroin-
testinal tract).”*> The upregulation and ectopic occur-
rence of SP binding sites in pseudomembranous colitis
due to Clostridium difficile infection® is reproduced by
treatment of rats with Clostridium difficile toxin A.”
Several other studies have shown that the expression
of tachykinin receptors is either up- or downregulated
under conditions of experimentally induced infection
or inflammation (see the text box: Pathological altera-
tions of tachykinin receptor expression in the gastroin-
testinal tract).!



CHAPTER 17 Tachykinin Receptor Antagonists 219

Pathological alterations of tachykinin (TACT mRNA, SP, NKA) expression in the

gastrointestinal tract

Gastrointestinal disease
Increase in tachykinin expression
* Non-ulcer dyspepsia (stomach)
« Pancreatitis (pancreas)

* Pouchitis (ileum)

» Ulcerative colitis (colon)

« Irradiation (colon).

Decrease in tachykinin expression
= Gastro-esophageal reflux (stomach)
« Crohn’s disease (colon)

* Ulcerative colitis (colon)

« Chronic obstipation (colon)

Experimental models of gastrointestinal disease

Increase in tachykinin expression

* Helicobacter pylori infection (mouse stomach)

* Trichinella spiralis infection (rat and mouse small
intestine)

« Schistosoma japonicum infection (pig colon}

+ Treatment with Clostridium difficile toxin A (rat
small intestine)

+ Inflammation caused by dextran sulfate (rat colon)

Decrease in tachykinin expression

« Treatment with Escherichia coli endotoxin (rat
small intestine)

* Schistosoma mansoni infection (mouse small
intestine)

* Trichinella spiralis infection (ferret and guinea-pig
small intestine)

» Trypanosoma cruzi infection (mouse colon)

+ Inflammation caused by trinitrobenzene sulfonic
acid (guinea-pig small intestine, rat and rabbit
colon)

» Inflammation caused by zymosan (rat colon)

* Immune complex-induced inflammation (rabbit
colon)

Pathological alterations of tachykinin receptor expression in the gastrointestinal

tract

Gastrointestinal disease

Upregulation of tachykinin receptors

* Crohn’s disease (NK, receptors on lymphoid
cells, epithelial cells, endothelial cells and enteric
neurons, NK, receptors on eosinophils)

* Ulcerative colitis (NK receptors on lymphoid cells
and endothelial cells, NK, receptors on eosinophils)

* Pseudomembranous colitis due to Clostridium
difficile infection (SP binding sites on small blood
vessels and lymphoid aggregates)

Downregulation of tachykinin receptors

* Ulcerative colitis (downregulation of NK, receptors
on epithelial cells)

Experimental models of gastrointestinal disease

Upregulation of tachykinin receptors

* Infection with Cryptosporidium parvum (NK|
receptors in mouse intestine)

* Infection with Salmonella dublin (NK| receptors on
macrophages in rat intestine)

* Treatment with Clostridium difficile toxin A (NK,
receptors on epithelial cells in rat intestine)

Downregulation of tachykinin receptors

* Infection with Nippostrongylus brasiliensis (NK|
receptors on myenteric neurons and NK, receptors
on muscle cells in rat intestine)

+ Inflammation caused by trinitrobenzene sulfonic
acid {NK| and NK, receptors on vasculature,
muscle and nerve of rat and rabbit colon)
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Therapeutic potential of
tachykinin receptor antagonists in
gastrointestinal disease -

Although the alterations in the expression of tachy-
kinins and tachykinin receptors following gastroin-
testinal infection, inflammation and other injury are
variable, they attest to the dynamic regulation of the
gastrointestinal tachykinin system in health and disease
and prompt the hypothesis that various gastrointesti-

nal disorders involve an imbalanced function of SP and )

NKA." If so, tachykinin receptor antagonists may pro-
vide therapeutic benefit in diseases in which the tachy-
kinin system is upregulated. There is indeed preclinical
evidence that tachykinin receptor antagonists should
be useful in the treatment of gastrointestinal motor
disorders, diarrhea, IBD, functional bowel disorders
such as irritable bowel syndrome (IBS), abdominal
hyperalgesia as well as nausea and vomiting."' While
the antiemetic efficacy of the NK| receptor antagonist
aprepitant has been proved,”>*® clinical studies sub-
stantiating a therapeutic effect of tachykinin receptor
antagonists in other conditions of gastrointestinal dis-
ease have not yet been published.

Motor disturbances

There is good reason to think that tachykinins are in-
volved in pathological disturbances of gastrointestinal
motility, because the motor effects of tachykinins are

changed in certain gastrointestinal diseases and tachy-
kinin receptor antagonists are beneficial in experimen-
tal models of gastrointestinal dysmotility. For instance,
the efficacy of NK| receptor agonists in contracting the
colonic circular muscle in vitro is attenuated in IBD.*>
Simiilarly, the responsiveness of the colonic muscula-
ture to tachykinin receptor agonists is depressed by
trinitrobenzene sulfonic acid-induced colitis in the
rat and rabbit, whereas in ricin-evoked ileitis of the
rabbit tachykinin-mediated neurogenic contractions
are amplified."” The ability of NK, receptor agonists to
stimulate colonic circular muscle activity is increased
in some patients with chronic idiopathic constipa-
tion,” while NK, receptor-mediated transmission to
the colonic circular muscle is deficient in children with
slow-transit constipation.*

Tachykinin receptor antagonists are able to correct
many forms of experimentally disturbed motility in
the gut (see the text box: Effects of tachykinin receptor
antagonists in experimental models of gastrointes-
tinal motor disturbances). Specifically, NK, receptor
antagonists inhibit stress-induced defecation and
correct the hypomotility and muscular hyporespon-
siveness caused by anaphylaxis, inflammation and
pain.'’ Postoperative and peritonitis-induced ileus is
ameliorated by both NK, and NK, receptor antago-
nists, while the giant colonic contractions associated
with inflammatory diarrhea are effectively suppressed
by NK, receptor antagonists (see the text box: Effects of

gastrointestinal motor disturbances

Beneficial effects of NK | receptor antagonists on:

+ Acid-induced relaxation of ferret lower esophageal
sphincter

+ Inhibition of rat gastric motility after peritoneal
irritation

* Inhibition of rat gastrointestinal transit after
abdominal surgery

+ Disruption of migrating motor complex in rat
intestine after ovalbumin anaphylaxis

* Hyporesponsiveness of rat colon muscle
after trinitrobenzene sulfonic acid-induced
inflammation

Effects of tachykinin receptor antagonists in experimental models of

« Inhibition of rat colon motility by noxious rectal
distension

* Increased defecation in rat and Mongolian gerbil
after restraint stress

Beneficial effects of NK, receptor antagonists on:

+ Inhibition of rat gastrointestinal transit after
abdominal surgery

+ Giant contractions of rat colon in castor oil-
induced inflammatory diarrhea

+ High-amplitude motility in rat colon after acetic
acid irritation.
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tachykinin receptor antagonists in experimental mod-
els of gastrointestinal motor disturbances). Although
the usefulness of NK; receptor antagonists remains to
be explored, it appears that NK| receptor antagonists
are particularly useful in alleviating gastrointestinal
motor inhibition, whereas NK, receptor antagonists
are beneficial in attenuating pathological hypermotil-
ity without causing constipation.'!

Apart from acting on mast cells, enteric neurons
and muscle cells, tachykinin receptor antagonists may
correct gastrointestinal dysmotility by inhibiting the
function of extrinsic afferents which can contribute
to gastrointestinal motor dysregulation in two ways.!!
Firstly, they participate in autonomic intestino-intes-
tinal reflexes in which SP and NKA, released from the
central endings of sensory neurons in the spinal cord or
brainstem, mediate transmission to the efferent reflex
arc. Secondly, tachykinins released from sensory nerve
endings in the gut can disturb gastrointestinal motility,
an instance that may be reflected by the ability of NK|

receptor antagonists to ameliorate dysmotility caused
by esophageal acidification, anaphylaxis and inflam-
mation (see the text box: Effects of tachykinin receptor
antagonists in experimental models of gastrointestinal
motor disturbances).

Hypersecretion and inflammation

There is considerable evidence that the tachykinin sys-
tem contributes to gastrointestinal mucosal pathologies
associated with infection, inflammation and functional
bowel disorders." Thus, the secretory response to SP is
blunted in mucosal tissues isolated from patients with
Crohn’s disease or ulcerative colitis,* and tachykinin
receptor antagonists display beneficial effects in vari-
ous models of experimental gastrointestinal infection,
inflammation, injury and diarrhea (see the text box:
Effects of tachykinin receptor antagonists in experi-
mental models of gastrointestinal hypersecretion and
inflammation). Tachykinins play a particular role in the
inflammation (granulocyte, mast cell and macrophage

Beneficial effects of NK| receptor antagonists

» Cerulein-induced acute pancreatitis in mouse

« Choline deficiency-induced necrotizing pancreatitis
in mouse

* Ischemia—reperfusion-induced inflammation and
hemorrhage in rat duodenum

« Milk protein allergy-induced hypermastocytosis
and hypersecretion in rat jejunum

+ Anti-IgE-induced mast cell degranulation in
isolated human colon

» Cholera toxin-induced hypersecretion in rat
jejunum

« Clostridium difficile toxin A-induced inflammation
and hypersecretion in rat and mouse small intestine

» Trichinella spiralis-induced inflammation in mouse
small intestine

* Cryptosporidium parvum-induced colitis in mouse

+ Dinitrobenzene sulfonic acid-induced mast cell
degranulation, plasma protein leakage and damage
in mouse small intestine and colon

» Trinitrobenzene sulfonic acid-induced granulocyte

Effects of tachykinin receptor antagonists in experimental models of
gastrointestinal hypersecretion and inflammation

infiltration and damage in rat and mouse colon
* Dextran sulfate-induced colitis in rat
+ Acetic acid-induced rectocolitis in guinea-pig

Beneficial effects of NK, receptor antagonists

+ Cholera toxin-induced hypersecretion in rat
jejunum

* Clostridium difficile toxin A/B-induced diarrhea in
mouse

« Escherichia coli toxin STa-induced diarrhea in
mouse

« Trinitrobenzene sulfonic acid-induced granulocyte
infiltration and damage in guinea-pig ileum and rat
colon

« Acetic acid-induced rectocolitis in guinea-pig

« Castor oil-induced diarrhea in rat

Beneficial effects of NK, receptor antagonists
« Trinitrobenzene sulfonic acid-induced granulocyte
infiltration and damage in guinea-pig ileum
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activation) and hypersecretion evoked by Clostridium
difficile toxin A, which involves activation of capsaicin-
sensitive extrinsic afferent neurons, release of SP and
activation of NK| receptors on enteric neurons. 7!
Many types of gastrointestinal hypersecretion and in-
flammation depend on multiple tachykinin receptors
(see the text box: Effects of tachykinin receptor antago-
nists in experimental models of gastrointestinal hy-
persecretion and inflammation), which is exemplified
by the observations that the intestinal hypersecretion

evoked by Cholera toxin, the diarrhea caused by castor .

oil and the trinitrobenzene sulfonic acid-induced rec-
tocolitis in the rat are inhibited by both NK, and NK,
receptor antagonists.®%*

Of clinical relevance is the question of whether
tachykinins play a role in the initiation and/or
maintenance of gastrointestinal hypersecretion and
inflammation. Experimental data indicate that SP
and NKA participate primarily in the initial stage of
trinitrobenzene sulfonic acid- and acetic acid-induced
colitis.®® If so, tachykinin receptor antagonists may
be more beneficial in the initiation or reactivation of
inflammation than in the suppression of an ongoing
inflammatory process. This view is in keeping with the
proinflammatory activity of tachykinins, which com-
prises vasodilatation, enhancement of venular perme-
ability and modulation of immune cell activity." The
effect of SP in increasing vascular permeability in the
gastrointestinal tract is amplified in the inflamed tissue
because inflammation leads to downregulation of neu-
tral endopeptidase, which in normal tissue maintains
low levels of SP in the extracellular fluid and thus limits
its proinflammatory effects.>®¢

Preclinical studies suggest that various immune cells
in the gut are under the influence of SP and NKA.*"3¢
Of particular relevance to gastrointestinal inflamma-
tion and hypersecretion is a bidirectional interplay
between mast cells and tachykininergic neurons acting
via NK, receptors. Other tachykinin-responsive im-
mune cells in the gut include lymphocytes and granu-
locytes. In addition, it needs to be borne in mind that
immune cells are not only targets of tachykinin actions,
but under pathological conditions can themselves be
induced to synthesize and release tachykinins. This is
true for macrophages in the mucosa of the rat ileum
exposed to Clostridium difficile toxin A® and for eo-
sinophils from the mucosa of IBD patients.®

Hyperalgesia and pain

Since most of the spinal afferents supplying the rodent
gastrointestinal tract express SP, tachykinin receptor
antagonists have been explored for their therapeutic
potential in abdominal nociception and IBS.''"° A
double-blind pilot study has shown that the NK, re-
ceptor antagonist CJ-11,974 reduces IBS symptoms
and attenuates the emotional response to rectosigmoid
distension.”” This outcome is consistent with a number
of preclinical studies which attest to a beneficial effect
of tachykinin receptor antagonists in abdominal pain
and hyperalgesia (see the text box: Effects of tachyki-
nin receptor antagonists in experimental models of
gastrointestinal hyperalgesia and pain)." In addition,
genetic deletion of NK, receptors abolishes pseudoaf-
fective pain responses to intracolonic capsaicin and
prevents the development of mechanical hyperalgesia
in response to inflammation.”

Experimental studies with selective receptor an-
tagonists show that all three tachykinin receptors play a
role in gastrointestinal nociception and inflammation-
induced hyperalgesia.” In addressing the question of
which tachykinin receptors should be targeted in the
treatment of gastrointestinal pain, two issues need to be
considered. Firstly, there are species differences, given
that the pain responses to colorectal distension in the
rat are preferentially inhibited by NK, and NK, recep-
tor antagonists, whereas in the rabbit NK, receptor
antagonists are clearly active (see the text box: Effects
of tachykinin receptor antagonists in experimental
models of gastrointestinal hyperalgesia and pain).”*7
Secondly, it appears that the analgesic efficacy of
multi- and pan-tachykinin receptor antagonists is
superior to that of mono-receptor antagonists. Thus,
the inflammation-induced hypersensitivity to noxious
colorectal distension in rats is not affected by intrathe-
cal treatment with an NK| or NK; receptor antagonist
alone but inhibited by their combined administra-
tion.”” Similarly, the afferent signaling of a noxious
acid stimulus from the stomach to the rat brainstem is
attenuated only by simultaneous administration of an
NK, an NK, and a ionotropic NMDA-type glutamate
receptor antagonist.”

Conceptually, tachykinin receptor antagonists may
target multiple relays in the pathways of gastrointestinal
nociception from the periphery to the brain (Fig. 17.4).
Apart from blocking tachykininergic transmission
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gastrointestinal hyperalgesia and pain

Beneficial effects of NK| receptor antagonists

+ Cardiovascular pain response to peritoneal
irritation and jejunal distension in rat

+ Inflammation-induced hypersensitivity to noxious
colonic distension in rabbit

Beneficial effects of NK, receptor antagonists

« Cardiovascular pain response to peritoneal
irritation and jejunal distension in rat

« Visceromotor pain response to gastric and
colorectal distension in rat

« Enhanced c-Fos expression in spinal cord after
trinitrobenzene sulfonic acid-induced irritation of

Effects of tachykinin receptor antagonists in experimental models of

rat colon

« Inflammation- and stress-induced hypersensitivity
to noxious rectal distension in rat

+ Enhanced firing of lumbosacral afferents after
distension of inflamed rat colon

« Nippostrongylus brasiliensis-evoked hypersensitivity
to noxious jejunal distension in rat

Beneficial effects of NK, receptor antagonists

* Visceromotor pain response to colorectal distension
in rat

+ Inflammation-induced hypersensitivity to noxious
colorectal distension in rat

from primary afferents, NK , NK, and NK; receptor an-
tagonists may be indirectly antihyperalgesic owing to
their beneficial activities on disordered gut function."
By correcting hyper- or hypomotility, hypersecretion

and inflammation, they are likely to reduce the sensory
gain of extrinsic afferents in the gastrointestinal tract.
In IBS therapy, the effects of brain-penetrant NK| re-
ceptor antagonists at the level of the gut and afferent

CNS Inhibition Alleviation Alleviation of Inhibition
of emesis of anxiety depression of stress
reactions
Alleviation of hyperalgesia
Afferent
Gl Indirect reduction of sensory
tract gain of extrinsic afferents
Correction Correction Inhibition Inhibition of
Fig. 17.4 Summary of the possible of hypo of hyper of hyper- inflammation
effects of tachykinin NK,, NK, and NK; motility motility secretion
receptor antagonists in the treatment
of gastrointestinal (Gl) disease at the
level of gut, primary afferent neurons @ @ @ @ IEI @

and central nervous system (CNS).
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system may combine favorably with their inhibitory
actions on emesis, anxiety, depression and stress reac-
tions in the brain (Fig. 17.4).71!3258787

Nausea and vomiting

In preclinical studies, NK| receptor antagonists inhibit
vomiting caused by a variety of factors, including the
anticancer agent cisplatin, irradiation, copper sulfate,
morphine, apomorphine and motion.”” This broad-
spectrum profile of activity against peripherally and

centrally acting emetogenic stimuli and the require-

ment for brain penetration demonstrate that NK
receptor antagonists interrupt the emetic reflex at a
central site of action within the brainstem, close to the
nucleus of the solitary tract and the Botzinger com-
plex.” The experimental observation that NK, receptor
antagonists block both the acute and delayed phase
of cisplatin-induced emesis has been reproduced in
clinical trials. In particular, the NK, receptor antagonist
aprepitant enhances the antiemetic efficacy of 5-HT,
receptor antagonists and dexamethasone in humans
and, in this combination, provides significant control
over the delayed phase of chemotherapy-induced nau-
sea and emesis.”>*® As a consequence, aprepitant was
licensed in 2003, making this compound the first NK|
receptor antagonist in clinical use. Trials to assess the
activity of NK| receptor antagonists in motion sickness
and postoperative vomiting are under way.
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Fabrizio De Ponti

Serotonin (5-HT) and its receptors

It has been known for more than 60 years that there
is a significant amount of serotonin (5-hydroxytryp-
tamine or 5-HT) in the gut,' distributed mainly in
enterochromaffin cells and, to a lesser extent, in enteric
neurons.” 5-HT can be released in response to increased
intraluminal pressure or to vagal stimulation.> 5-HT
is also localized in descending interneurons, which
project to other myenteric ganglia and/or submucous
ganglia. Release of 5-HT from enteric neurons can be
demonstrated in response to depolarizing stimuli (for a
detailed review, see Tonini and De Ponti, 1995).2

Modulation of intestinal functions by 5-HT
receptors

5-HT has a bewildering range of effects in the intes-
tine, largely due to the presence of multiple receptor
subtypes, which appear to be present on several classes
of myenteric neurons and on smooth muscle cells
(Table 18.1). The issue is further complicated by the
recent report that genes for 5-HT receptors display
marked population and molecular genetic complex-
ity.s

Serotonin Receptor Modulators

Genetic complexity may also affect the transporter
protein responsible for the 5-HT reuptake process
(serotonin transporter or SERT). Apart from changes
in the expression or pharmacological profile of SERT
associated with dysfunctions of central serotonergic
transmission (e.g. depression and migraine), it is note-
worthy that, in guinea-pigs with experimental colitis, a
concomitant increment of 5-HT availability and a de-
crease in MRNA SERT expression were detected in the
inflamed colonic mucosa.” Clinical evidence suggests
that similar alterations mightalso occur in patients with
either irritable bowel syndrome (IBS) or inflammatory
bowel disease.® Moreover, SERT polymorphisms may
be responsible for pharmacogenetic differences, as sug-
gested by the colonic transit response to alosetron in
patients with diarrhea-predominant IBS.°

5-HT receptors that are known to affect gut motor
function are those belonging to the 5-HT,, S5HT,, 5-
HT,, 5-HT, and 5-HT, subtypes.*'*** In addition, the
presence of 5-HT receptorsis reported in enteric neu-
rons,'* but it should be noted that they are not included
in the official International Union of Pharmacology
(IUPHAR) classification of 5-HT receptors and are still
considered ‘orphan’ receptors.'

Serotonin in the gut

1 In the gut, 5-HT is distributed mainly (>90%) in
enterochromaffin cells and, to a lesser extent, in
enteric neurons.

2 5-HT released from EC cells may affect several
subtypes of enteric neurons (intrinsic and
extrinsic sensory neurons as well as motor and
secretomotor neurons) and final effector cells

(smooth muscle cells and enterocytes).

3 Several 5-HT receptor subtypes are now
identified.

4 Therefore, manipulation of 5-HT levels or 5-HT
receptor subtypes represents a rational target for
therapeutic intervention.

228
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Table18.1 Synopsis of major 5-HT receptor subtypes in the gut

5-HT,, 5-HT 5 5-HT,, 5-HT,, 5-HT, 5-HT, S-HT,
Distribution in Enteric Entericneurons  Smooth Longitudinal  Enteric Enteric Smooth muscle
the gut neurons (?), circular muscle smooth muscle neurons neurons,
smooth muscle (?) smooth muscle
Functional Reduced Facilitation of Contraction Contraction Enhanced Enhanced Relaxation
response transmitter  peristalsis, transmitter transmitter
release contraction release release,
relaxation
Agonists 8-OH-DPAT  Sumatriptan a-Me-5-HT  «-Me-5-HT 2-Me-5-HT Tegaserod 5-CT
Buspirone Rizatriptan, BW723C86 CPBG Prucalopride  8-OH-DPAT
‘naratriptan
Antagonists  WAY100635 GR127935 Ketanserin, $B200646 Ondansetron GR113808 Methiotepin
(5-HT1,,, MDL100907 SB204741 Alosetron GR125487 Metergoline
antagonist) Cilansetron Piboserod SB258719
SB216641 SB269970
(5-HT,-selective) SB656104
BRL15572
(5-HT,-selective)
Effectors G, G, Gy Gy Ligand-gated G, G,
ion channel

Neuronal 5-HT receptors may enhance or inhibit
transmitter release and include the 5-HT , (inhibi-
tory)'s, the 5-HT, and the 5-HT, subtype (both excit-
atory). Smooth muscle 5-HT receptors may contract or
relax the effector cells and belong to the 5-HT,, (medi-
ating contraction), 5-HT, or 5-HT, subtypes (both me-
diating relaxation). In the human small bowel, 5-HT,,
receptors mediating contraction and 5-HT,-receptors
mediating relaxation coexist on smooth muscle cells."”

In thelast 15 years, the increased availability of selec-
tive 5-HT receptor agonists and antagonists has given
impetus to a large number of investigations aimed at
developing therapeutic agents for functional gut dis-
orders. However, selectivity for a given 5-HT receptor
subtype is usually a relative concept and it should be
acknowledged that the trend towards labeling a drug

as a ‘selective’ ligand for a given 5-HT receptor subtype
often leads us to overlook the fact that a single mol-
ecule may be endowed with multiple pharmacological
actions at therapeutic doses, some of which may con-
tribute to the desired effects, whereas others may be the
source of side-effects. Table 18.2 illustrates the complex
pharmacological profile of some serotonergic agents
used in gut disorders. Conversely, although selectivity
for a given receptor subtype is desirable to reduce side-
effects, it is also true that single-receptor modulating
drugs are less likely to achieve a substantial therapeutic
gain because of the multifactorial pathophysiology of
functional gut disorders. Indeed, designing clinical tri-
als of new therapeutic agents for functional syndromes
presents a considerable challenge.'® Currently available
agents for the treatment of functional disorders were

5-HT, receptors

5-HT, receptors are a key therapeutic target

because they have the potential to control

* motility (5-HT, receptor stimulation may exert a
prokinetic effect)

+ fluid secretion (5-HT, receptor stimulation may
increase intraluminal fluids)

+ visceral sensitivity (5-HT, receptor stimulation may
activate visceral afferents)
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Table 18.2 Multiple pharmacological properties of some 5-HT receptor ligands

Proposed indications in

Main pharmacological

Additional pharmacological properties

Compound gastroenterology property

Cisapride Gastro-esophageal reflux, 5-HT,receptor agonist
prokinetic agent in several
gut motor disorders

Mosapride Gastro-esophageal reflux, 5-HT,receptor agonist
prokinetic agent in gut
motor disorders

Buspirone Functional dyspepsia 5-HT,, receptor agonist

(patients with impaired
gastric accommodation)

Functional dyspepsia
(patients with impaired
gastric accommodation)

Sumatriptan

5-HT,,, receptor agonist

5-HT, receptor antagonist (this action may impair the
prokinetic effect)

HERG K* channel blocker (this action may theoretically
favor the prokinetic effect and certainly has a pro-
arrhythmic effect that ied to withdrawal from the market)

Its metabolite is a potent 5-HT, receptor antagonist

Dopamine D, receptor antagonist
-Its metabolite 1-(2-pyrimidinyl)piperazine is an
o,-adrenoceptor antagonist

5-HT,, receptor agonist

Low-affinity 5-HT, receptor agonist

Some authors consider this compound as a 5- HT,, receptor
agonist (see text)

developed in the past three decades, focusing mainly
on the underlying motor disorder (e.g. delayed gastric
emptying), which indeed affects a significant propor-
tion of patients. More recently, visceral hypersensitivity
(altered peripheral sensation or central processing of
peripheral sensory signals) has become a major target
for drug development.

These difficulties in clearly defining a drug target
explain why the exponential growth of compounds
of potential interest for the treatment of functional
gut disorders'® has not yet filled the gap between basic
and clinical research. Indeed, only a few 5-HT receptor
ligands have received marketing authorization for the
treatment of gut disorders.

5-HT, and 5-HT, receptors are the most extensively
studied in the gut and will be dealt with in detail in the
next two sections. Other 5-HT receptor subtypes are
not yet established targets for therapeutic intervention:
they will be covered later (see Emerging serotonergic
agents for functional disorders).

5-HT, receptors
5-HT, receptors are located at several peripheral and
central sites and have the potential to control motility,
intestinal secretion and visceral sensitivity (Figs 18.1
and 18.2; Table 18.3).

From a functional standpoint, in vitro studies in
the isolated ileum have repeatedly shown that 5-HT,
receptor antagonists do not affect peristalsis when ap-

5-HT, receptors

5-HT, receptors are another key therapeutic
target. Their stimulation has the potential to
« exert a prokinetic effect

« favor fluid secretion
The effect on visceral perception is still unclear.
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5-HT, receptor antagonists -
5-HT; receptor agonists +

| Visceral sensitivity |

5-HT; receptor antagonists -
5-HT, receptor agonists + (7)
5-HT, receptor agonists - (?)
5-HT, receptor antagonists - (?)

[__Antral motility |

5-HT, receptor agonists +

Fig. 18.1 Therapeutic targets in patients with functional
disorders of the upper gut and effects of serotonin (5-HT)
receptor ligands. Stimulation is indicated by + and inhibition

S-HT,
&
N

Excitatory
motor neuron

+ AChTK
Ascending reflex \ &
contraction Secretomotor
neurons

Fig. 18.2 Modulation of intestinal motility by 5-HT, receptors.
Distension by intraluminal contents stimulates sensory
neurons (intrinsic primary afferent neurons), which trigger
an ascending excitatory reflex (leading to contraction)

and a descending inhibitory reflex (leading to relaxation).
Transmitters released by interneurons in the ascending reflex
include acetylcholine (ACh) and Substance P (a tachykinin),
whereas descending interneurons belonging to different

< / Afferent neurons

neuron

i ]

5-HT, receptor agonists +

o m ]

5-HT, receptor agonists +

5-HT,gp receptor agonists -
5-HT,, receptor agonists — (?)
5-HT, receptor agonists -
5-HT,, receptor agonists -

5-HT, receptor agonists +

5-HT, receptor agonists + or -
(depending on the model)

by —; ? indicates that there is debate in the literature or that
the effect is not conclusively proved. LOS, lower esophageal
sphincter; Gl, gastrointestinal.

5-HT/SOM/ 5',-HT’
NONIPIACh  /+

AChTK Inhibitory

motor neuron
5-HT
NONIPIATP) 4

5-HT, +

Descending reflex
relaxation

subpopulations may use serotonin (5-HT), somatostatin (SOM),

vasoactive intestinal polypeptide (ViP), nitric oxide (NO), ACh

and other mediators as transmitters. Excitatory motor neurons
release ACh and tachykinins (TK) at the neuromuscular

junction, whereas inhibitory motor neurons may release NO,
VIP or ATP depending on the gut level and on the animal
species. + indicates stimulation; - indicates inhibition;

? indicates circumstantial evidence.
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Table 18.3 Potential mechanisms by which 5-HT receptor ligands may influence gut function

Absorption/secretion

Visceral sensitivity

Increased absorption/reduced
secretion through an action on
secretomotor neurons: hence,
inhibition of diarrhea

Increased secretion, hence
diarrhea

Reduced visceral sensitivity
through an action on intrinsic
or extrinsic primary afferent
neurons

Antiemetic effect

Stimulation of vagal afferents
with possible occurrence of

Examples Motility

5-HT, Alosetron Reduced transmitter release

receptor Cilansetron from excitatory and inhibitory

antagonists neurons: hence, inhibition
of peristalsis and enhanced
compliance

5-HT, MKC-733 Enhanced transmitter release

receptor from enteric neurons, hence

agonists accelerated gut transit (the
reported delay in gastric
emptying in humans may bea -
consequence of nausea)

5-HT, Tegaserod Enhanced transmitter release

receptor Prucalopride (acetylcholine, tachykinins,

agonists etc.) from excitatory, inhibitory
and sensory neurons, hence
prokinesia
Direct relaxation of smooth
muscle cells (increased
compliance with indirect effect
on visceral sensitivity)

5-HT, Piboserod Reduced transmitter release,

receptor hence delay in transit

antagonists

5-HT .0 Sumatriptan Gastric relaxation, increased
receptor Naratriptan gastric accommodation,
agonists Rizatriptan possibly via facilitation of
nitrergic inhibitory pathways
5-HT,, Buspirone Gastric relaxation, increased
receptor Flesinoxan gastric accommodation
agonists (independent of nitrergic
pathways?)
5-HT, SB269970 Inhibition of smooth muscle
receptor SB656104 relaxation, hence decreased

antagonists compliance

Increased secretion, hence loose
stools and diarrhea

nausea

Reduced visceral sensitivity
through an action on afferent
pathways (circumstantial
evidence)

Decreased secretion ?

Reduced sensitivity to gastric
distension secondary to
increased accommeodation

Reduced sensitivity to
distension through a central
site of action

Reduced visceral sensitivity
through a direct effect on
visceral afferents?

plied to the serosal side.? Conversely, they exert an in-
hibitory effect when applied intraluminally, suggesting
blockade of 5-HT, receptors on intrinsic sensory neu-
rons.”?' Both neurogenic contraction and relaxation
(Fig. 18.2) can be induced in vitro by 5-HT,-receptor
activation in experimental animals.?>?

In vivo, more complex interactions seem to occur
because of the multiple peripheral and central sites of
action.>!® In rodents, the observation that 5-HT- and re-

straint stress-induced increase in fecal pellet output were
antagonized by the 5-HT, receptor antagonists ondanse-
tron, granisetron or YM 114 and by FK 1052 (a mixed 5-
HT,/5-HT, receptor antagonist) was suggestive for arole
for 5-HT, receptors in modulating colonic transit.**
Autoradiographic studies indeed detected high densities
of ['#I](S)-iodozacopride (a 5-HT, receptor ligand) in
the myenteric plexus of the human colon.?”



CHAPTER 18 Serotonin Receptor Modulators 233

In humans, ondansetron has no effect on small
bowel transit in healthy volunteers,” or in patients with
diarrhea=predominant IBS.® However, ondansetron
slows colonic transit***! and inhibits the colonic motor
response to a meal® in healthy subjects. In a double-
blind, placebo-controlled study on 50 IBS patients,
ondansetron reduced bowel frequency and improved
stool consistency in the diarrhea-predominant sub-
group (28 patients).»

Further evidence in favor of a role for 5-HT, recep-
tors in humans was provided by Prior and Read,*
who found a dose-dependent reduction in postpran-
dial colonic motility with granisetron, and by von der
Ohe and colleagues,* who reported reduction of the
postprandial colonic hypertonic response in carcinoid
diarrhea with ondansetron.

5-HT, receptors

5-HT, receptors mediate a number of responses in the
gut (Figs 18.1 and 18.3; Table 18.3)." Prokinesia may
result from increased release of acetylcholine (and
tachykinins) from excitatory neurons and may operate
in human small bowel and stomach,**’ but early stud-
ies failed to identify this pathway in the human colonic
circular muscle.” Besides these actions, 5-HT, receptors
also affect secretory processes at the mucosal level.*

It should be noted that, in contrast with what is
observed in one of the most widely used experimental
models (the guinea-pig colon, where neuronal 5-
HT, receptors mediate contractile responses that are
mainly cholinergic in nature),***! human colonic cir-
cular muscle strips are endowed with 5-HT, receptors
located on smooth muscle cells, where they mediate
relaxation.?>424* A recent report* suggests the presence
of 5-HT, receptors on cholinergic neurons supplying
the longitudinal muscle in the human colon. All these
findings should be considered in the light of some
clinical studies reporting a colonic prokinetic effect
of cisapride, while in others cisapride was found to
have no effect on stool frequency or transit time (for a
review, see De Ponti and Malagelada).' These conflict-
ing results are not unexpected if one considers that the
net in vivo response to 5-HT, receptor stimulation is
the result of a number of actions at different levels, that
cisapride is a mixed 5-HT, receptor agonist/5-HT, re-
ceptor antagonist, and that the underlying pathophysi-
ology may strongly influence the clinical effect.

There are animal® and human* data suggesting
that 5-HT released by mucosal stimulation initiates
a peristaltic reflex by activating 5-HT, receptors on
sensory neurons containing calcitonin gene-related
peptide (CGRP). These effects are mimicked by mu-

- 5-HT,?
HTa 5-HT/SOM/ ‘
* l NONIPIACh '+
—— D=
AChTK ACh/TK Inhibitory
Excitatory Sensory & motor neuron
motor neuron neuron |~ S-HT4
NONIPAATP) £

M L
Ascending reflex \
contraction

Enterocytes

Fig. 18.3 Modulation of intestinal motility by 5-HT, receptors.
Distension by intraluminal contents stimulates sensory
neurons (intrinsic primary afferent neurons), which trigger
an ascending excitatory reflex (leading to contraction)

and a descending inhibitory reflex (leading to relaxation).
Transmitters released by interneurons in the ascending reflex
include acetylcholine (ACh) and substance P (a tachykinin),
whereas descending interneurons belonging to different

Smooth muscle

- R, \
(_Intraluminal content ) |

e e

5-HT, - Descending reflex

5-HT, + relaxation

subpopulations may use serotonin (5-HT), somatostatin (SOM),
vasoactive intestinal polypeptide (VIP), nitric oxide (NO), ACh
and other mediators as transmitters. Excitatory motor neurons
release ACh and tachykinins (TK) at the neuromuscular
junction, whereas inhibitory motor neurons may release NO,
VIP or ATP depending on the gut level and on the animal
species. + indicates stimulation; - indicates inhibition;

? indicates circumstantial evidence.
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cosal application of selective 5-HT, receptor agonists
(prucalopride and tegaserod).” However, experimen-
tal evidence for this mechanism in humans is so far
limited to the small bowel.

Whether 5-HT, receptor agonists can affect visceral
sensitivity is controversial. In healthy volunteers, cis-
apride significantly lowered thresholds for perception
and for discomfort during gastric distension, but also
significantly enhanced the size of the meal-induced
fundus relaxation (i.e. improved gastric accommoda-

tion).”® In another study,® eight healthy subjects were :

studied on two different days, each after 7 days’ treat-
ment either with placebo or cisapride. Intraduodenal
infusion of lipids caused relaxation of gastric fundus,
and this effect was unchanged by cisapride. Cisapride
did not influence gastric sensitivity to distension or
gastric compliance.

A study carried out in awake rats also suggests an
effect of tegaserod on colorectal sensitivity not linked
to alterations in compliance at the doses of 0.1 and
0.3 mg/kg i.p.: tegaserod was found to increase pain
threshold to colorectal but not to gastric distension.®

In healthy subjects, tegaserod is reported to decrease
sensitivity to rectal distension, as assessed by inhibition
of the RIII reflex.”

5-HT, receptor modulators

5-HT, receptor antagonists

Among 5-HT, receptor antagonists, alosetron was ini-
tially approved by the US Food and Drug Administra-
tion (FDA) for the treatment of diarrhea-predominant
IBS in women, but safety concerns (ischemic colitis af-
fecting between 1 in 700 and 1 in 1000 patients receiv-
ing the drug) led to drug withdrawal only a few months
after approval. Recently, alosetron was reintroduced
into the market with restrictions on its use. It has an
indication only for women with severe diarrhea-pre-
dominant IBS who have failed to respond to conven-

tional therapy (see the FDA dedicated internet address:
http://www.fda.gov/cder/drug/infopage/lotronex/
lotronex.htm). The starting dose of alosetron is now
1 mg once daily, which, if well tolerated, after 4 weeks
may be increased to 1 mg twice daily (i.e. the dose used
in controlled trials) in case the control of symptoms is
not adequate.

Other 5-HT, receptor antagonists are now under
development. Apart from the well-known antiemetic
effect, theoretically 5-HT, receptor antagonists may
act on multiple therapeutic targets in functional gut
disorders:*** by modulating visceral sensitivity;*> by
increasing compliance (i.e. increasing the ability of
the gut to adapt to distension);* by blocking excitatory
5-H'F, receptors located on sensory, ascending and de-
scending neuronal pathways involved in peristalsis; and
by increasing jejunal fluid absorption.* For this reason,
5-HT,-receptor antagonists may slow transit. A recent
study,” which failed to observe a significant effect of
alosetron on transit parameters, discusses important
issues in the optimization of experimental design of
trials designed to find mechanistic explanations for
drug action in functional gut disorders.

Several animal models point to the role of 5-HT, re-
ceptorsin modulating visceral sensitivity.'” Granisetron
and tropisetron (but not ondansetron) were found to
inhibit the fall in blood pressure and intragastric
pressure observed in rats after duodenal distension.*®
Whether the site of 5-HT receptors modulating affer-
ent information is on peripheral afferent nerve fibers or
outside the gut, however, is unclear. For instance, alos-
etron, administered either centrally or peripherally in
dogs, seems to modulate the visceral nociceptive effect
of rectal distension in dogs.*

In humans, reduced perception of colonic disten-
sion may also depend on increased compliance of the
colon to distension.* In other studies, granisetron was
found to reduce rectal sensitivity in patients with IBS,*
whereas ondansetron had no effect.®® Interestingly,

Constipation-predominant IBS (C-IBS)

1 The relative risk of being a responder in terms
of global relief of gastrointestinal symptoms in
C-IBS is significantly higher with tegaserod 12

and 4 mg compared with placebo, with a number
needed to treat of 14 and 20, respectively.
2 Diarrhea is the most frequent side-effect.
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however, ondansetron reduced nausea and gastric
sensitivity to distension during intraduodenal lipid
infusion in healthy subjects.®!

As regards the possible use of 5-HT, receptor antag-
onists in functional dyspepsia, Talley and colleagues®
performed a pilot, dose-ranging, placebo-controlled,
multicenter, randomized trial with 320 functional
dyspepsia patients, who received placebo (1 =81) or
alosetron 0.5 mg b.d. (n=77), 1.0 mg b.d. (n=79) or
2.0 mg b.d. (n = 83) for 12 weeks, followed by 1 week
of follow-up. The measure of primary efficacy was
the 12-week average rate of adequate relief of upper
abdominal pain or discomfort. Twelve-week average
rates of adequate relief of pain or discomfort were 46,
55, 55 and 47% in the placebo and 0.5 mg, 1.0 mg and
2.0 mg in the alosetron groups, respectively. Alosetron
0.5 or 1.0 mg showed potential benefit over placebo for
early satiety and postprandial fullness. Constipation
was the most commonly reported adverse event. Thus,
the therapeutic gain with alosetron appeared to be rela-
tively modest in this population of dyspeptic patients.

Another trial carried out in 36 healthy volunteers®
assessed the effects of placebo and alosetron 0.5 and
1 mg b.d. on fasting and postprandial gastric volumes
(using single photon emission computed tomography)
and symptoms based on a 100 mm visual analog scale,
30 minutes after the maximum volume had been in-
gested. Alosetron significantly reduced postprandial
symptoms (1 mg alosetron reduced aggregate score
by approximately 40% with respect to placebo) and
nausea, and tended to reduce bloating. Effects on pain
and fullness were not statistically significant. There was
no significant effect of the 5-HT, antagonist on the
volume of meal tolerated. Since 5-HT, receptors are
unlikely to be involved in the control of gastric tone,
these observations are probably to be interpreted as ef-
fects on visceral afferents and are not due to increased
postprandial gastric volume.

5-HT, receptor antagonists have also been tested
in IBS. In a double-blind, placebo-controlled, paral-
lel-group study,® a total of 462 patients with IBS (335
females) had a 12-week treatment period with the fol-
lowing doses of alosetron: 0.1,0.5 and 2 mgb.i.d. In the
total population and in the female subpopulation (but
not in the males}, alosetron 2 mgb.i.d. significantly in-
creased the proportion of pain-free days and decreased
the visual analog scale score for diarrhea. It also led to a

significant hardening of stool and a reduction in stool
frequency in the total population.

In another study,*® 623 non-constipated females
with IBS were randomized to receive alosetron 1 mg
twice daily or mebeverine 135 mg three times daily for
12 weeks. The primary efficacy end-point was monthly
responders for adequate relief of IBS-related abdomi-
nal pain and discomfort (defined as patients reporting
adequate relief in at least 2 out of 4 weeks). There
were significantly more responders in the alosetron
group compared with mebeverine at months 2 and 3
(P<0.01).

Camilleri and colleagues® studied 647 female IBS pa-
tients with diarrhea-predominant or alternating bowel
patterns: 324 patients were assigned 1 mgalosetron and
323 placebo orally twice daily for 12 weeks. Once again,
adequate relief of abdominal pain and discomfort was
the primary end-point. The dropout rate was 24% in
the alosetron group and 16% in the placebo group. The
difference was mainly due to a greater occurrence of
constipation in the alosetron group. Adequate relief for
all 3 months of treatment was reported in a greater pro-
portion of alosetron-treated patients (difference 12%).
Alosetron also decreased urgency and stool frequency.
Constipation occurred in 30% and 3% of patients in
the alosetron and placebo groups, respectively.

A recent meta-analysis of the efficacy of alosetron in
IBS concluded that the average number need to treat
is approximately 7 and that one in four patients may
develop constipation.®

Cilansetron, a new 5HT, receptor antagonist, under-
went recently clinical trials.”®”" It showed efficacy for
relief of urgency and improvement of stool frequency
and consistency in the treatment (6 months) of male
and female patients suffering from IBS with diarrhea
predominance.”’ At the dose of 2 mg t.i.d, Cilansetron
was well tolerated with a low constipation rate.

5-HT, receptor agonists

Stimulation of 5-HT, receptors can exert a prokinetic
effect, but it can also stimulate nausea and vomiting.
Indeed, the 5-HT, receptor agonist MKC-733 can
accelerate gastric emptying in animal models, but it
was recently reported to delay gastric emptying in hu-
mans,” possibly as a consequence of the induction of
nausea. In a recent study,’”? Coleman and colleagues de-
termined the effect of oral MKC-733 (0.2, 1 and 4 mg)
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on upper gastrointestinal motility compared with
placebo in three randomized, double-blind, crossover
studies in healthy males. Antroduodenal manometry
was recorded for 8 hours during fasting and 3 hours
postprandially (n = 12). Gastric emptying and small
intestinal transit were determined by gamma-scintig-
raphy (n = 16). Gastric emptying, accommodation and
antral motility were determined by echoplanar mag-
netic resonance imaging (n=12). MKC-733 (4 mg)
increased the number of migrating motor complexes

recorded in the antrum and duodenum, but had no
effect on postprandial motility. MKC-733 delayed -

scintigraphically assessed liquid gastric emptying and
accelerated small intestinal transit. Echoplanar mag-
netic resonance imaging confirmed the delayed gastric
emptying and demonstrated a significant increase in
cross-sectional area of the proximal stomach. Thus,
MKC-733 delays liquid gastric emptying in association
with relaxation of the proximal stomach, stimulates
fasting antroduodenal migrating motor complex ac-
tivity and accelerates small intestinal transit.

To date, no other studies are available in the litera-
ture on the gastrointestinal effects on 5-HT, receptor
agonists in humans.

5-HT, receptor modulators

5-HT, receptor agonists
The most extensively studied 5-HT, receptor agonists
are cisapride, tegaserod and prucalopride. However,
the potential of cisapride to induce ventricular ar-
rhythmias and prolongation of the QT interval
through blockade of human ether-a-go-go related
gene (HERG) K* channels” led to withdrawal of the
compound, which is now available on a limited access
basis. Alarge number of studies have been published on
cisapride, but these will not be discussed here because
cisapride is no longer used.

Among second-generation 5-HT, receptor ago-
nists, tegaserod’*” and prucalopride’”” have already

undergone clinical trials, which have been targeted
mainly to the treatment of lower gut disorders.”® How-
ever, because of carcinogenicity in animals, it is unclear
whether prucalopride will reach clinical practice.

Second-generation 5-HT, receptor agonists such as
tegaserod and mosapride seem to be devoid of HERG
K* channel-blocking properties,””*-#! and at least some
of them (tegaserod,® prucalopride”***) may be more
active at the colonic level than cisapride. Interestingly,
mosapride, whose main metabolite is a 5-HT, receptor
antagonist,” displays little or no prokinetic activity
in the colon,* similarly to what is observed with the
mixed 5-HT, receptor agonist/5-HT, receptor antago-
nist cisapride. Mosapride is marketed in Japan and is
targeted for the treatment of upper gut disorders, such
as gastro-esophageal reflux disease.*’” It was found not
different from placebo in the treatment of functional
dyspepsia.®®

In healthy subjects, Degen and colleagues® have
shown that intravenous (0.6 mg) and oral (6 mg)
tegaserod accelerate gastric emptying,and small bowel
and colonic transit. Tack and colleagues® reported that
tegaserod 6 mg b.i.d. enhances fasting gastric com-
pliance and allows larger intragastric volumes, both
before and after a meal. The absolute bioavailability
of tegaserod is approximately 10% and food reduces
tegaserod C___and the area under the plasma concen-
tration curve. The terminal elimination half-life is ap-
proximately 11 hours.”

As regards the use of tegaserod in functional gut
disorders, Prather and colleagues studied the effects of
tegaserod on gastric, small bowel and colonic transit in
24 patients with constipation-predominant IBS, who
were randomized to 1 week of tegaserod (2 mg twice
daily) or placebo.’! Interestingly, tegaserod accelerated
orocecal transit, leaving gastric emptying unaltered,
and also tended to accelerate colonic transit. No seri-
ous adverse events were reported.

Tegaserod results in global relief of IBS symptoms in
females with symptoms of constipation-predominant

Diarrhea-predominant IBS

1 In patients with IBS, alosetron induces adequate
relief of pain or global improvement of symptoms

with an average number needed to treat of 7
2 one in four patients may develop constipation.
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IBS.*>* The effective doses of tegaserod are 4-12 mg
per day in two divided doses (2 or 6 mg twice daily).
Relief was associated with significant improvement in
a number of secondary end-points, such as pain-free
days, frequency of bowel movements, and stool con-
sistency. The drug was significantly effective, providing
8-21% advantage over placebo in female patients, par-
ticularly in those with documented constipation dur-
ing the baseline run-in period. Tegaserod appears to be
relatively safe, with no serious adverse effects reported
in the clinical trials program and in the cohort treated
in open evaluation for over 6 months.”

The other 5-HT, receptor agonist, prucalopride, is
being investigated for a range of conditions includ-
ing constipation-predominant IBS-and slow-transit
constipation. In a double-blind, crossover study in
24 healthy volunteers,’ prucalopride 1 and 2 mg for
1 week significantly increased the number of stools and
the percentage of loose/watery stools compared with
placebo. These parameters returned to baseline within
1 week after stopping prucalopride. Prucalopride also
significantly shortened mean colonic transit time and
total gut transit time.

Administration of prucalopride 1 and 2 mg for
1 week in healthy volunteers significantly increased the
number of stools and the percentage of loose/watery
stools.” Prucalopride accelerated orocecal and whole-
gut transit, while having no effect on gut sensitivity to
distension and electrical stimulation.

In a randomized, double-blind study in 50 healthy
volunteers, prucalopride 0.5-4 mg daily for 7 days
significantly accelerated colonic transit at 4, 8, 24 and
48 hours and proximal colonic emptying, while hav-
ing no significant effects on gastric emptying or small
bowel transit.*®

In a multicenter, randomized, double-blind study in
251 patients with chronic constipation, prucalopride
0.5-2 mg b.i.d. for 12 weeks significantly increased
stool frequency and consistency throughout the study
period, with a dose-dependent increase in the number
of responding patients.”’

Diarrhea is the most common side-effect reported
with tegaserod and prucalopride and occurs in ap-
proximately 10% of the subjects.”

5-HT, receptor antagonists
Because of the different locations of 5-HT, receptors in

the gut, it is difficult to predict the net effect of a selec-
tive antagonist in vivo. 5-HT, receptor antagonists do
not seem to affect normal bowel motility in animals®
or humans,” although they may antagonize both the
ability of 5-HT to sensitize the peristaltic reflex and
5-hydroxytryptophan-induced defecation/diarrhea, at
least in animals.?!%10!

Preliminary clinical data on the possible role of se-
lective 5-HT, receptor antagonists in the treatment of
functional gastrointestinal disorders are now available.
Piboserod (SB207266A) is one of the best characterized
5-HT, receptor antagonists so far. It displays subnano-
molar affinity (pK, 9.98) in the human intestine® and,
at single oral doses of 0.5—5 mg in healthy male volun-
teers, significantly and dose-dependently antagonized
the effects of cisapride in a pharmacodynamic model
of 5-HT, receptor activation (increase in plasma al-
dosterone levels).'”® Dynamic modeling in this study
predicted that a dose of approximately 1 mg piboserod
would block 90% of the cisapride-induced aldosterone
response.

Piboserod prolongs orocecal transit time in patients
with diarrhea-predominant IBS,'” hence the proposed
indication in this subset of patients. The ability of
piboserod to affect visceral sensitivity is unclear. At
variance with 5-HT, receptors, limited data are avail-
able to supporta role for 5-HT, receptors in controlling
visceral sensitivity.'* Although oral piboserod (20 mg
daily for 10 days) tended to increase the distension
volume required to induce the sensation of discomfort
in diarrhea-predominant IBS patients, this effect did
not reach statistical significance.' Interestingly, in a
rat model of intestinal hyperalgesia,'® piboserod per se
had no effect but potentiated the effects of submaximal
doses of granisetron, suggesting that 5-HT, receptors
may cooperate with 5-HT, receptors in inhibiting
intestinal hyperalgesia. This observation poses a ratio-
nale for the development of dual antagonists (5-HT,/5-
HT, receptor antagonists).”

Emerging serotonergic agents for
functional disorders

5-HT, receptor agonists

In the past decade, several studies have documented the
effects of the 5-HT ,  receptor agonist sumatriptan on
gastric motility and sensitivity in the same dose range
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used in migraine.''® Houghton and colleagues'®

were the first to show that intravenous administration
of sumatriptan in healthy subjects delayed gastric emp-
tying of a nutrient liquid meal. Subsequently, Coulie
et al.'” showed that sumatriptan in humans caused a
notable delay in gastric emptying of both liquids and
solids. Of course, this effect is not desirable in dyspeptic
patients in whom gastric emptying is already delayed.
However, the same authors'® reported that, in healthy
volunteers, sumatriptan caused significant relaxation

of the gastric fundus and enabled accommodation ;

of considerably larger volumes before thresholds
for perception or discomfort were reached during
isovolumetric distension. The fact that perception
thresholds were altered by sumatriptan in response to
isovolumetric, not isobaric, distension suggests that the
effect of sumatriptan was determined by the change in
gastric tone rather than by an effect on visceral sensitiv-
ity. These observations provide a rationale for testing
sumatriptan as a means for relieving symptoms in
dyspeptic patients with defective postprandial gastric
accommodation. In dyspeptic patients, the injection
of subcutaneous sumatriptan was shown to restore
gastric accommodation, improving the symptoms of
early satiety.''

Malatesta et al.''" evaluated the effect of sumatriptan
and of the anticholinergic agent hyoscine on gastric ac-
commodation after liquid ingestion in normal subjects
and dyspeptic patients. This study showed that, both
in dyspeptic patients and in normal controls, gastric
size measured after water distension was modified by
sumatriptan, with a reduction in transverse and an
increase in longitudinal size. Gastric distension with
500 ml of water induced the onset of nausea, bloat-
ing, heartburn and, to lesser extent, epigastric pain. As
expected, the symptom score was higher in dyspeptics
than in controls. In this study, sumatriptan showed a
beneficial effect only on the nausea induced by gastric
distension both in dyspeptics and in controls, without
affecting the other symptoms.

Because distension of the proximal stomach is a
potent stimulus for the occurrence of transient lower
esophageal sphincter relaxations (TLESRs, a major
mechanism of reflux in patients with gastro-esopha-
geal reflux disease), the effect of sumatriptan on the
frequency of postprandial TLOSRs and gastro-esopha-
geal reflux was also studied in healthy subjects.'’?

Esophageal manometry and pH monitoring were per-
formed in 13 healthy volunteers for 30 minutes before
and 90 minutes after a semiliquid meal. Sumatriptan
6 mg subcutaneously or placebo were administered on
separate days 30 minutes after the meal. Sumatriptan
significantly increased postprandial lower esophageal
sphincter (LES) pressure, but did not reduce reflux
events. On the contrary, reflux was more frequent after
sumatriptan than after placebo. TLESRs were more fre-
quent after sumatriptan, particularly in the second 30-
minute period after drug administration. The authors
concluded that sumatriptan prevents the natural decay
inrate of TLESRs that occurs after a meal and favors the
occurrence of gastro-esophageal reflux in spite of the
increase in LES pressure. The sustained postprandial
high rate of transient LES relaxations after sumatriptan
may be a consequence of a prolonged fundic relaxation
and retention of the meal in the proximal stomach.

The use of animal models has provided more insight
into the possible mechanism mediating the gastric
motor effects of sumatriptan. Coulie and colleagues,'®
using an in vivo cat model, suggested that sumatriptan-
induced fundic relaxation occurs through the activa-
tion of a nitrergic pathway. However, they did not pro-
vide evidence on the 5-HT receptor subtype involved
in this response. In guinea-pigs, it was demonstrated
that 5-HT-induced gastric relaxations are mediated
through activation of a 5-HT -like receptor.””> Some
authors also considered 5-HT , receptors, since their
presence is reported in enteric neurons,'* and suggested
that sumatriptan might act via this receptor subtype.'®
However, 5-HT , receptors are not included in the of-
ficial International Union of Pharmacology (IUPHAR)
classification of serotonin receptors,'® and none of the
authors reporting the gastric motor effects of su-
matriptan in vivo has ever tested the effect of 5-HT ,
receptor antagonists because of the lack of selective
agents suitable for in vive use. The fact that the effect
of sumatriptan was fully reversed by GR127935 (dual
5-HT,,, receptor antagonist) and SB216641 (selective
5-HT, , receptor antagonist) supports the involvement
of 5-HT, receptors (Fig. 18.4).""#!"*> The involvement
of 5-HT, receptors in the response to sumatriptan is
unlikely, because the affinity value of sumatriptan for
this receptor subtype is low.

Gastric relaxation and enhanced accommodation to
a distending stimulus seem to be a class effect of trip-
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tans, since they occur not only with sumatriptan but
also with second-generation triptans (rizatriptan and
naratriptan), at least in a canine model (Fig. 18.5)."%

Whether the site of action of sumatriptan is central
or peripheral remains to be determined. The fact that
the compound penetrates poorly the blood-brain bar-
rier and can relax the guinea-pig isolated stomach''®
would argue against a central site of action, although
evidence for the presence of 5-HT _  receptors in the
gut is still lacking.

Rouzade and colleagues studied 5-HT |, receptors by
using flesinoxan (a 5-HT |, receptor agonist). They sug-
gested that activation of these receptors in the central
nervous system can increase gastric tone and decrease
gastric sensitivity to distension in rats.'” However, Xue
and colleagues''® have recently reported a peripheral
inhibitory effect exerted by the 5-HT |, receptor agonist
buspirone on murine fundic tone, Likewise, flesinoxan
induced gastric relaxation in conscious dogs via 5-HT
receptors (as indicated by blockade with the selective
5-HT,, receptor antagonist WAY-100635), a response
mediated through a non-nitrergic vagal pathway.'*® In-
terestingly, a preliminary account of a crossover study
of buspirone in patients with functional dyspepsia

1B/D

showed a reduction in symptoms and enhanced gastric
accommodation to a meal.'®

In conclusion, in dyspeptic patients with impaired
fundic relaxation to a meal or altered gastric sensitiv-
ity to distension, prokinetics (such as motilin receptor
agonists) are contraindicated (because of the possible
further impairment of fundic relaxation), whereas a gas-
tric-relaxing drug could decrease early satiety, a cardinal
symptom of dyspepsia. Long-term studies with different
classes of orally active fundus-relaxing drugs seem war-
ranted to confirm their therapeutic potential.

5-HT, receptor ligands
The pharmacological profile of the 5-HT, receptor is
similar to that of the 5-HT,, receptor subtype. Indeed,
8-OH-DPAT [8-hydroxy-2-(di-n-propylaminotetra-
lin)], a compound previously considered a selective
5-HT,, receptor agonist, is now known to be a partial
agonist at the 5-HT, receptor.'?!

5-HT, receptors mediate relaxation in human co-
lonic smooth muscle'® and in the guinea-pig ileum.'?
Janssen and colleagues also proposed that the 5-HT,
receptors may modulate relaxation of the proximal
stomach in conscious dogs by a mechanism not involv-
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ing nitric oxide.'*'** 5-HT, receptors are also involved
in the inhibitory effect of 5-HT on peristalsis.'?

One intriguing finding is that 5-HT, receptors are
expressed by rat primary afferent nociceptors which
terminate in the superficial layers of the spinal cord
dorsal horn, and that the 5-HT, receptor subtype is
involved in nociceptor activation by 5-HT.'?

To the best of our knowledge, no selective 5-HT,
receptor ligands are yet available for clinical use, but
selective antagonists suitable for in vivo administration
are being developed and are expected soon.

5-HT reuptake inhibitors (antidepressants)
Although, strictly speaking, antidepressants are not
5-HT receptor ligands, they are briefly discussed in
this section because, by prolonging the availability of
physiologically released 5-HT, they may modulate gut
sensorimotor function.

Antidepressants (both tricyclic compounds and
selective 5-HT reuptake inhibitors) are indeed in-
cluded in management algorithms for functional
gastrointestinal syndromes, but their role is still de-
bated because only a few controlled studies are avail-

rizatriptan (c), all at the dose of 400 nmol/kg.
Reproduced with permission from reference
115.

able. Antidepressants are recommended for severe or
refractory symptoms of pain, and most of the studies
on the use of antidepressants in functional syndromes
were carried out in patients with the irritable bowel
syndrome.'?’

Because of their complex pharmacological proper-
ties (both central and peripheral), antidepressants may
exert useful actions at more than one site along the
brain—gut axis. Two studies showed that imipramine
can prolong orocecal and whole-gut transit times
in diarrhea-predominant IBS subjects and controls,
while paroxetine reduced orocecal transit times with
no effect on whole-gut transit times.'?*'* Although,
as the authors acknowledge, demonstration of altered
transit by antidepressants does not imply therapeutic
usefulness, the above studies have shown that antide-
pressants can alter motor function independently of
mood effects, since the antidepressants were taken only
for 4-5 days. As regards the modulation of afferent in-
formation from the gut by antidepressants, a report'*®
suggests that this is a possible mechanism of action. In
healthy volunteers, imipramine can increase pain and
perception thresholds to esophageal balloon disten-
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Antidepressants and IBS

The mechanism of action of antidepressants on
colonic sensorimotor function is unclear. They may
exert both central and peripheral actions.

Antidepressants have a different side-effect pro-
file:

» tricyclic compounds tend to induce constipation
because of their anticholinergic properties;

« selective 5-HT reuptake inhibitors tend to be
prokinetic.

sion. Thus, antidepressants seem to have analgesic and
neuromodulatory properties independent of their psy-
chotropic effects, and these effects may occur sooner
and at lower doses than is the case when these drugs are
used for the treatment of depression.'*"!*

Several authors have investigated the effects of
5-HT reuptake inhibitors, such as paroxetine,”>'*
sertraline’ and venlafaxine'* on gastric sensorimotor
function. In particular, Tack and colleagues' reported
that pretreatment with oral paroxetine (20 mg daily for
7 days) had no influence on fasting gastric tone, fasting
gastric compliance or the perception of gastric disten-
sions in healthy volunteers studied with a barostat. The
authors suggested an effect of paroxetine on gastric
accommodation to a meal because of a significant dif-
ference in the postprandial fundic relaxation between
paroxetine and placebo. However, it should be noticed
that the difference was small and that, in another
study,* paroxetine did not have any effect on fasting
or postprandial gastric volume, measured using single
photon emission computed tomography (SPECT) im-
aging of the stomach.

Mertz and colleagues'* tried to determine how ami-
tryptiline affects digestive symptoms and perceptual
responses to gastric distension. Patients were random-
ized to 4 weeks of amitryptiline 50 mgtakenatbedtime,
versus placebo. Seven out of seven patients reported
significantly less severe gastrointestinal symptoms after
4 weeks on amitryptiline compared with placebo. Five
of seven patients had evidence for altered perception
of gastric balloon distension during placebo treatment.
However, the subjective symptom improvement on
amitryptiline was not associated with normalization
of the perceptual responses to gastric distension. The
authors concluded that the beneficial effect of low-dose
amitryptiline was not related to changes in the percep-
tion of gastric distension and that increased tolerance
to aversive visceral sensations might play a role in the

therapeutic effect, but the results need to be confirmed
in sufficiently powered studies.

Although recent studies on the effects of antidepres-
sants on colonic sensorimotor function only partly
match initial expectations,'*”'** it is probably too early
to dismiss the hypothesis of a beneficial effect in IBS.

Conclusions

I have provided an overview of several investigational
agents targeting 5-HT receptors for the treatment of
functional gut disorders. On the basis of currently
available information, 5-HT, receptor antagonists have
a strong rationale for the treatment of female patients
with diarrhea-predominant IBS, who may also benefit
from the reduction of visceral sensitivity. However, the
safety issues of alosetron limit its use to severe cases of
IBS. Ongoing studies will determine whether IBS and
other functional gut disorders are responsive to other
5-HT, receptor antagonists. Because accelerated deliv-
ery of colonic contents into the rectum with reduced
compliance is not specific for IBS (it may occur in in-
flammatory conditions or radiation-induced colonic
damage), 5-HT, receptor antagonists may turn out to
be useful even in some organic conditions with altered
bowel habits and lower abdominal pain.

Selective 5-HT, receptor agonists and antagonists
have the potential to become new classes of drugs with
colonic prokinetic or antiprokinetic effect, respectively.
However, their role in functional disorders still needs to
be fully characterized, especially as regards the control
of visceral sensitivity. Among 5-HT, receptor agonists,
tegaserod is already marketed in several parts of the
world (though not yet in the European Union) for
constipation-predominant IBS in women.

The 5-HT, receptor agonist sumatriptan, in spite of
its interesting profile with respect to gastric sensorimo-
tor function in dyspeptic patients, is an unlikely con-
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tender for the everyday management of functional dys-
pepsia, because of several uncertainties about possible
undesired effects: its promotion of TLOSRs associated
with a delay in gastric emptying, its possible enhance-
ment of esophageal visceral sensitivity (induction of
chest pain), and its vasoconstrictive effect on coronary
arteries. More basic work is needed to define the exact
mechanism of action of sumatriptan in dyspeptic pa-
tients and to clarify whether 5-HT receptor agonists
deserve further clinical development.

5-HT, receptor ligands may offer interesting oppor-,
tunities for drug development, but in the present state
of knowledge a deeper insight into the function of 5-
HT, receptors along the brain—gut axis is a prerequisite
for targeted drug development in this area.
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Many transmitters involved in the physiological func- :

tioning of the gastrointestinal tract have been identi-
fied during the last 20 years. The hypothesis that their
release and/or the distribution of their receptors may
be altered in both inflammatory and functional bowel
disorders has recently emerged. In addition to sero-
tonin (5-HT), several other neurotransmitters, such
as tachykinins, corticotropin releasing factor (CRF),
nerve growth factor (NGF), proteases and glutamate,
may participate in alterations in enteric nervous sys-
tem functioning and brain—gut communications or
sensory signaling of the gut.

Peripheral versus central CRF in
initiating enteric nervous system
mediated gastrointestinal disorders

Corticotropin releasing factor is the primary media-
tor of the hypothalamic~pituitary—adrenal endocrine

Emerging Transmitters

limb of the stress response. In the late 1980s, CRF was
identified as an important factor involved at central
nervous system level in the effects of stress on gas-
trointestinal' and colonic’ motility. More recently,
it has been shown that CRF participates in stress-
induced alterations of gut sensitivity> and immune
reaction.**

Centrally mediated effects

In several animal species, most of the gastrointestinal
motor effects of stress are suppressed by central ad-
ministration of a non-selective CRF antagonist, such
as 0-helical CRF, , or CRF antibodies. For example,
slowing of gastric emptying induced by acoustic stress
is blocked by i.c.v. administration of both a-helical
CRF,,, and CRF antibodies."” However, CRF does
not appear to be the only peptide involved at brain
level in the genesis of stress-induced slowing of gastric
emptying, and thyrotropin-releasing hormone plays

Three emerging transmitters

Corticotropin releasing factor

Many effects of stress on digestive functions are
linked to the central and peripheral release of this
neuromediator. Blockade of its receptor to prevent its
deleterious effects on visceral sensitivity is a relevant
target and selective antagonists are now available.

Nerve growth factor

This growth factor plays an important role in long-
term effects of stress and inflammation on the sen-
sory system and the mucosal barrier in relation to
mast cells. Further research is needed to confirm its

major role in the genesis of functional bowel disor-
ders such as irritable bowel syndrome, but antago-
nists for its receptors are not presently available.

Proteinase-activated receptor 2

This is a very promising target as it is widely distrib-
uted in the gastrointestinal tract. At colonic level, it
can be cleaved directly and subsequently activated
by luminal serine proteases (trypsin, bacterial pro-
teases), triggering alterations of the mucosal barrier
and subsequently hypersensitivity to distension
similar to that observed in irritable bowel syndrome.

248
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an important role in cold-stress-induced alterations of
gastrointestinal motility.”

CRE ailso plays an important role in stress-induced
colonic motor and transit stimulation. In a model of
emotional stress, fear of receiving electric footshocks
increases colonic motility through the central release
of CRE?® Defecation induced by passive avoidance stress
was also shown to be mediated through the hypotha-
lamic release of CRF (see Chapter 8). These effects are
not mediated through the stimulation of the hypo-
thalamic—pituitary—adrenal :axis, since CRF-induced
motor effects of stress persisted after hypophysectomy
or adrenalectomy.®

CRE is also involved at brain level in the modula-
tion of visceral pain. Indeed, the hypersensitivity of
the gastrointestinal tract initiated by restraint stress
is blunted by i.c.v. administration of o-helical CRF,
and mimicked by central administration of CRE? This
effect of central CRF is linked to the peripheral acti-
vation of mast cells within the gastrointestinal tract,
which sensitizes mechanoreceptors in the gut or favors
mast cell degranulation in response to a baric stimulus
such as distension.'® CRF may also be involved in mast
cell degranulation induced by restraint stress, but the
mechanism involved remains unclear.

In contrast, brain CRF is not involved in the deleteri-
ous effect of stress on gut inflammatory responses, and
the release of CRF by the brain has an anti-inflamma-
tory influence.* However, colitis induces hypothalamic
CRF expression and blunts the CRF gene response to
stress in rats.’? Several important findings have sug-
gested that, in addition to its role at brain level in the
control of gastrointestinal function, CRF also plays a
role at peripheral level.

Peripherally mediated effects

Although the origin of peripherally circulating CRF
and its distribution, or that of its related peptides, in
various tissues is still debated, numerous recent studies
suggest that CRF may act peripherally to modulate sev-
eral gastrointestinal functions, including motility, per-
meability and inflammatory response (see Chapter 8).
Moreover, urocortin gene expression has been found
in peripheral tissues, particularly in the colonic enteric
nervous system, and CRF is expressed in peripheral
inflamed tissues of rodents'® and humans." Peripheral
administration of CRF or analogs such as urocortin

and sauvagine alters colonic motility and induces fecal
output in rats.'®

Alocal proinflammatory role of CRF has been dem-
onstrated in acute models of gut inflammation'® and
the peripheral origin is supported by the observations
that CRF stimulates in vitro the secretion of cytokines'
and the proliferation of immunocytes.”® Peripheral
CREF is secreted by both T and B cells stimulated by li-
popolysaccharide or concanavalin A, and recent evi-
dence indicates that both CRF1 and CRF2 receptors are
present in the lamina propria mononuclear cells of the
human colonic mucosa'® and that CRF2 receptors are
overexpressed in inflamed tissues. In a model of Clos-
tridium difficile toxin A-induced ileal inflammation,
CRF1 receptor antagonist was found to be anti-inflam-
matory.'® CRF has also been proposed to be directly
responsible for the enhancement of colonic epithelial
permeability induced by stress. This peripheral site of
action is supported by the increase in macromolar
permeability induced by CRF in Ussing chambers.®
The mechanism by which stress or CRF increases gut
paraceliular permeability is not completely elucidated,
but it has been suggested recently that it involves CD4*
lymphocytes, interferon y (IFNY) and the contraction
of the epithelial cell cytoskeleton through the activa-
tion of myosin light chain kinase.®

No studies have yet shown that the involvement of
CREF in stress-induced visceral pain is of peripheral
origin. However, acute restraint stress-induced rec-
tal hypersensitivity to rectal distension is linked to
increased colonic paracellular permeability, and this
increase in colonic paracellular permeability may be of
peripheral origin.?

Types of receptors involved in the
gastrointestinal effects of CRF and related
peptides

Recently, two genes encoding G-protein-coupled CRF
receptors — putative targets for CRF-related peptides —
have been cloned.”! CRF1 receptors are expressed widely
in the brain and gastrointestinal tract, while three differ-
ent CRF2 receptor splice variants have been described,
also distributed within the brain and the gut, though not
always in the same structures. Additionally, CRF2 recep-
tors are also localized on vagal afferents.”” The discovery
of endogenous selective CRF2 receptor agonists — the
type 2 urocortins (Ucn 2 and Ucn 3) — has improved our
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knowledge about the type of receptor involved in the
effects of stress and/or CRF (see Chapter 8).

Nerve growth factor: its
role in modulating motility,
viscerosensitivity and inflammation

One of the family of neurotrophins, NGF has a key role
in the survival and establishment of the phenotype of
responsive primary afferent neurons during develop-

ment.” NGF is produced by a range of cell types from .

smooth muscle cells to neurons, including macro-
phages, mast cells and epithelial cells. Recent studies
have revealed that these trophic factors also play a criti-
cal role throughout life by regulating neurotransmitter
and neuropeptide synthesis, and by influencing neu-
ronal morphology and synaptic functions.”* Respon-
siveness to NGF is conferred by the high-affinity trkA
receptor but also, to a lesser extent, by a less specific
low-affinity p75 receptor.”

NGF and motility

Very few data are available concerning the influence of
NGF on gut motility. Diarrhea is a side-effect in patients
treated with brain-derived neurotrophic factor (BDNF)
and neurotrophin 3 (NT-3), and in patients with severe
constipation, treatment with subcutaneously injected
recombinant BDNF or NT-3 increased stool frequency.
The rapid onset of action has suggested a direct effect
on neurotransmission at the level of the enteric nervous
system.%

NGF and visceral pain

Injected locally or systematically, NGF has hyperal-
gesic effects by acting: (1) at the peripheral terminals
of primary sensory neurons either indirectly, via mast
cell degranulation,” or directly, by a tyrosine kinase-
mediated change in transduction/receptor sensitivity,
or (2) in dorsal root ganglion cell bodies following its
retrograde transport.”® More recently, it was shown that
NGF-induced hyperalgesia in some conditions may re-
quire the presence of the normal sympathetic postgan-
glionic terminals® or may be dependent on circulating
neutrophils.®® Similar observations have been made
concerning visceral pain. Indeed, the pronociceptive
role of NGF has been identified in the urinary bladder
in a model of turpentine-induced cystitis associated

with an increase in NGF expression.”’ Administration
of exogenous NGF into the lumen of urinary bladder
produces a rapid and sustained bladder hyper-reflexia,
and pretreatment with a soluble receptor (a molecule
consisting of two trkA receptors) attenuates viscerovis-
ceral hyper-reflexia.*

In rats, intraperitoneal injection of NGF dose-de-
pendently decreases the threshold of pain in response
to colonic distension. Moreover, in a model of hy-
persensitivity to colonic distension triggered by ex-
perimental colitis in rats, it was shown that antibodies
against NGF restore a normal threshold of abdominal
response to colonic distension.* In this model, it has
also been suggested that other growth factors, such as
BDNE, may also participate in trinitrobenzene sulfonic
acid-(TNBS) induced lowering of the threshold to co-
lonic distension.

Neonatal stress resulting from maternal deprivation
initiates long-term alterations in gut permeability and
gut hypersensitivity to distension, and these two effects
have been linked.* Maternal deprivation is associated
with central overexpression of NGF.* Recently, it has
been shown that these long-term effects of NGF on
colonic sensitivity and permeability are suppressed by
neonatal treatment with NGF antibodies. These long-
term alterations are mimicked by NGF administration
during the neonatal period. All these data support an
important role of NGF in the long-term development
of gut hypersensitivity.”

NGF and gut inflammatory reactions
NGEF has a pivotal role in modulating sensory neuro-
peptide release, which plays a role in gut inflammatory
reactions. NGF expression in the gut mucosa is in-
creased in various inflammatory conditions. Mucosal
NGF upregulation was observed in TNBS colitisand in-
flammatory bowel disease.”” NGF has a protective effect
on TNBS-induced colitis in rats, as pretreatment with
anti-NGF causes a significant two- to threefold increase
in the severity of the experimental inflammation, as as-
sessed by a macroscopic damage score, a histological
ulceration score, and myeloperoxidase activity in the
tissues. The amount of calcitonin gene-related peptide,
but not that of substance P, in the colon is significantly
reduced by NGF immunoneutralization.*®

The anti-inflammatory properties of NGF in experi-
mental colitis have been attributed in part to its action
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on sensory nerves. However, immunoregulatory cells,
such as T cells, express different neurotrophins and
neurotrophin receptors, such as trk and p75. This
suggests multidirectional communication between
immune cells and neuronal structures as well as epi-
thelial cells, in which NGF plays @ major role. This is
evidenced by the fact that NGF reduces apoptosis in
CD4* cells extracted from the inflamed colon of CD4*
cell-repopulated SCID mice.*®

Proteinase-activated receptor 2:
consequences of their activation for
gastrointestinal functions

Proteinase-activated receptors (PARs) are G-protein-
coupled receptors that are activated by the proteolytic
cleavage of their N-terminal domain. The new N-ter-
minal sequence that is exposed by proteolysis acts as a
tethered ligand, which binds to and activates the recep-
tor. PAR-2 is highly expressed in the gastrointestinal tract,
where it is found in endothelial cells, colonic myocytes,
enterocytes (on both basolateral and apical membranes),
enteric neurons, terminals of mesenteric afferent nerves
and immune cells. The discovery of this novel receptor
family has highlighted a new role for proteinases as sig-
naling molecules that can affect tissue functions via the
PARSs. In the gastrointestinal tract, PAR-2 may be acti-
vated by tryptase from mast cells but also by luminal pro-
teases such as trypsin and possibly bacterial proteases.

Activation of PAR-2 and motility

From the pioneering work of Corvera and colleagues*
showing that PAR-2 activating peptide (PAR2-AP)
and trypsin inhibit in vitro colonic motility, much has
been published concerning the site of action. Because
this response was unaffected by indomethacin, I-NG-
nitroarginine methyl ester, a bradykinin B, receptor
antagonist and tetrodotoxin, and because PAR-2 is
highly expressed by colonic myocytes, a direct action
on smooth muscle has been postulated. However,
enteric neurons express PAR-2*! and local application
of trypsin and tryptase evokes slowly activating excit-
atory responses reminiscent of slow synaptic excitation
in enteric neurons.*? This type of effect suggests that
one component of the motor inhibition linked to PAR-
2 activation corresponds to the selective activation of
uniaxonal S-type neurons immunoreactive for nitric

oxide synthase, which are characteristic of inhibitory
neurons projecting to the circular muscle layer.”

PAR-2 and visceral pain

Prolonged thermal and mechanical hyperalgesia is
observed shortly after intraplantar administration of
PAR-2 agonists, these effects being mediated through
the central activation of neurokinin 1 (NK1) receptors
and the release of prostaglandins.* In rats, intracolonic
infusion of PAR-2 agonists (PAR2-activating peptide
(SLIGRL), trypsin) initiates delayed hypersensitivity
to colonic distension, occurring 6—24 hours after their
administration. These effects are mediated locally,
since they are not observed after systemic adminis-
tration.* They are also inhibited by an NK1 receptor
antagonist but not by indomethacin, suggesting that
afferent nerves containing substance P are involved.
Interestingly, this pronociceptive effect of local acti-
vation of PAR-2 is associated with increased colonic
paracellular permeability. Blockade of such increased
permeability to 'Cr-EDTA prevents the occurrence of
hypersensitivity to rectal distension, suggesting that
activation of the local immune system by luminal tox-
ins and antigens is responsible for the sensitization of
primary afferent terminals to mechanical stimuli.

PAR-2 and the immune system of the gut
In vitro, the activation of PAR-2 at the mucosal site
of the intestinal wall generates the release of pros-
tanoids,* and in Ussing chambers the effects of PAR-2
on short-circuit current is suppressed by indometha-
cin.* In mice, it has been shown that intraluminal in-
fusion of PAR2-AP and trypsin triggers an inflamma-
tory reaction with neutrophilic attraction, increased
cytokine expression (interleukin 1B, interleukin 2,
IFNY), increased paracellular permeability and bacte-
rial translocation.* It has been recently evidenced that
these effects partly involved afferent nerves and nitric
oxide and in part depends upon the release of IFNy
from CD4" cells.* However, low doses of intracolonic
PAR2-AP directly activate receptors located on epithe-
lial cells to promote cytoskeletal contraction by acti-
vating myosin light chain kinase, and subsequently the
increase in paracellular permeability. In contrast to its
local proinflammatory effects, systemic administration
of SLIGRL has been shown to reduce inflammation in
a model of TNBS colitis in mice.*
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enteroendocrine cells 204-5

extrinsic vagal and spinal afferent nerves 206-7

intrinsic enteric nerves 206

mast cells 205

modulation of extrinsic sensory nerves 2089

mucosal receptors 207

muscular/tension receptors 207-8

secretory cells 2034

serosal and mesenteric receptors 208

silent nociceptors 208

smooth muscle and interstitial cells of Cajal 204
pharyngeal stimulation, in dysphagia 185
phenylephrine 169
piboserod 232,237
positron emission tomography (PET) 35
prokinetics, bacterial overgrowth 142
proteinase-activated receptor 2 (PAR-2) 248, 251

gastrointestinal functions 251

activation of PAR-2 and motility 251

gut immune system 251

PAR-2-activating peptide 251

visceral pain 251
prucalopride 232,236,237
pseudo-obstruction, primary/secondary 143—4
pudendal neuropathy 1834

radionuclides, gastric emptying test 127
rectal balloon expulsion test 172-3
rectal distension (CRD) 97-100, 196
rectal evacuation disorders 170-3
rectospinal neurons 11
rectum

coronal section 163

see also anorectal

repetitive transcranial magnetic stimulation (rTMS), GI func-

tion 185-6
RET, Hirschsprung’s disease 52,53-5, 158
RET-GDNF-GFRalphal signaling system 157-8
rizatriptan 232, 240

S neurons 19-21, 19-20

sacral nerve stimulation 169, 170

sacral spinal afferent pathways 11
Salmonella dublin model, NK1 receptors 219
SB269970 232

SB656104 232

SB207266A 237

Schistosoma mansoni model of infection 219
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scleroderma, pseudo-obstruction 143—4
secretomotor neurons 8

secretory cells, functional target for pharmacotherapy 203—4

sensitization
central vs peripheral 28-30
visceral afferent pathways 28-9
sensory neurons see enteric primary afferent neurons

serosal and mesenteric receptors, functional target for pharma-

cotherapy 208
serotonin (5-HT)
modulation of intestinal functions 228-30
mucosal mechanosensation 26
release 205
visceral hypersensitivity 30-1
serotonin antagonists see alosetron
serotonin receptor(s)
subtypes 229
therapeutic targets 231
serotonin receptor modulators 26, 22847
5-HT[U]3[u] receptor(s) 229-36
5-HT[U]3[u] receptor agonists 235-6
5-HT[U]3[u] receptor antagonists 194, 234-5
modulation of intestinal motility 231
5-HT[U]4[u] receptor(s) 230,233—4,236-7
5-HT{U]4[u] receptor agonists 236-7
5-HT[U]4[u] receptor antagonists 237
modulation of intestinal motility 233
emerging agents for functional disorders 237—41
5-HT reuptake inhibitors (antidepressants) 240-1
5-HT[U]1[u] receptor agonists 229, 237-9
5-HT[U}7[u] receptor ligands 229, 239-40
list and mechanisms 232
serotonin transporter (SERT) 228
sertraline 241
Shah—Waardenburg syndrome 156, 158
small bowel disorders 134-46
altered mucosal permeability 140
bacterial overgrowth 141-2
chronic pseudo-obstruction 1424
disordered sensitivity 136, 140
disturbed sensorimotor function 140-1
specific disorders 1424
stressors 92,93
small bowel motor function
abnormal patterns 137-9
autonomic-dependent inhibition 95-6
migrating motor complexes 134-7, 135
normal activity 134-6
stress-induced intestinal barrier dysfunction 96
small bowel sensitivity 136

smooth muscle, functional target for pharmacotherapy 204

somatosensory cortex, representation 36
spinal afferent nerves 11

functional target for pharmacotherapy 206-7
spinal injury 176-87

megacolon 155
spinal pathways, gastric nociception 26-7
stress

animal models, blockade 99

central influences/mechanisms 79-89

GI motility disorders 85-6

and IBS 66

peripheral influences 90-101

and viscetal distension 31

and viscerosensitivity 97-100
sumatriptan 230, 232, 237-9, 240, 241
swallowing 176-80

central processing/regulation 178-80

brainstem swallowing centre 178-9
suprabulbar influences 179-80

dysphagia after CNS injury 180-2

neurophysiology, afferent/efferent systems 177-8

and pharyngeal stimulation 185

physiological events 176-8

recovery after cerebral injury 182
sympathetic innervation 8,9

stress and 92-3
synthetic aperture magnetometry (SAM) 38

tachykinin(s) 212-19
experimental models of GI disease 219
expression 214-15,219
genes/gene products 214-15
molecular characteristics, amino acid sequence 214

physiological/proinflammatory functions in gut 21618

motor regulation 216-17
secretory regulation 217-18
salivary secretion and emetogenic effects 212
TK-immunoreactive neurons 215
transmitter function 216
tachykinin receptor antagonists 212-27,220-7
in experimental models 220,221,223
list 215
NK[U]1-3[u], possible effects 223
therapeutic potential 2204
hyperalgesia and pain 2224
hypersecretion and inflammation 221-2
motor disturbances 220-1
nausea and vomiting 224
tachykinin receptors
amino acid sequence 214
gut expression 214-16
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pathological changes in gut expression 218-19
[S]99m(s]Tc-HIDA 142
tegaserod 31, 144, 232,234, 2367, 241
tension receptors, functional target for pharmacotherapy 207-8
terminal ileal dysfunction, postinfective (PI-IBS) 192
thalamus, activation 37 )
tracers, neuroanatomical 4
transcranial magnetic stimulation (rTMS), GI function 185-6
transmitters 248-53
corticotropin-releasing factor (CRF) 248-50
emerging 248-53
nerve growth factor (NGF) 248, 250-1
proteinase-activated receptor 2 (PAR-2) 248, 251
Trichinella spiralis enteritis model
AH neurons 21,23
macrophages 64
tachykinins 219
trinitrobenzene sulfonic acid (TNBS) colitis 21,23, 221
tropisetron 234
Trypanosoma cruzi model 73,219
tumor necrosis factor-alpha 95

U50,488 31
ultrasonography, test of gastric motor function 127

vagal afferent nerves 11
functional target for pharmacotherapy 206-7
vagal parasympathetic axons 8-9

vagal pathways, gastric nociception 26-7
vasomotor neurons 8
venlaxafine 241
visceral afferent pathways, sensitization 28-9
visceral (balloon) distension 25-9, 29
visceral EPs 3840
visceral hypersensitivity
central modulation 31
and serotonin 30-1
and stress 97-100
visceral neuropathies 55-8
visceral pain
and disease 27-30
electrophysiological evaluation 38—40
epidemiology 28
proteinase-activated receptor 2 (PAR-2) 251
viscerofugal neurons 8
voltage imaging 16-18
voltage-gated ion channels, action potentials 29-30
voltage-sensitive dyes 16-17

water avoidance stress-induced stimulation of colonic function,
blockade 99

X-linked intestinal neuropathy 55-8

YM-114 232
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