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ABSTRACT

Gastrointestinal (GI) motility function and its regulation is a complex process involving collaboration and
communication of multiple cell types such as enteric neurons, interstitial cells of Cajal (ICC), and smooth
muscle cells. Recent advances in GI research made a better understanding of ICC function and their role in
the Gl tract, and studies based on different types of techniques have shown that ICC, as an integral part of
the Gl neuromuscular apparatus, transduce inputs from enteric motor neurons, generate intrinsic electrical
rhythmicity in phasic smooth muscles, and have a mechanical sensation ability. Absence or improper function
of these cells has been linked to some GI tract disorders. This paper provides a general overview of ICC;
their discovery, subtypes, function, locations in the GI tract, and some disorders associated with their loss
or disease, and highlights some controversial issues with regard to the importance of ICC in the GI tract.
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Interstitial cells of Cajal (ICC) were initially identified by
Cajalll who first described nerve-like cells at the ends of
motor neurons in organs innervated by peripheral nerves,
and on the basis of staining characteristics with methylene
blue and silver chromate, he classified them as primitive
neurons. Following Cajal’s first descriptions, these cells
were identified using different names till Dogiel gave
them the name, Cajal’sche zellen, i.e., ICC, and for more
than 100 years after their discovery the name of ICC is
still used. Taxi,*! on the other hand, using light and
electron microscopy, referred these cells as neuronoids in
an attempt to distinguish them from neurons, Schwann
cells, smooth muscle cells, fibroblasts, and macrophages,
although these cells co-stained with nerves. Later on,
ultrastructural studies suggested that ICC were either
primitive muscle cells!**! or fibroblast-like cells./*”) Langton
et al. !’ showed for the first time that these cells are
electrically rthythmic.
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ICC MARKERS

ICC were previously characterized by morphological criteria
till the discovery that ICC express the receptor tyrosine kinase,
Kit (CD117), for the ligand steel factor stem cell factor or SCI¥
and that the majority of the Kit-positive cells in the GI tract
are indeed ICC."' This discovery was the turning point in
the research of ICC and pushed it into a great advancement.
Significantly not all ICC do express ¢-Kit, such as those in the
deep muscular plexus in the human small intestine!' and still
other different cell types besides ICC do also express c-Kit,
such as mast cells, melanocytes, neurons, and glia.""! ICC
also express CD34!2 and stain for Wilm’s tumor gene protein
1 in a cytoplasmic pattern as well as for calretinin.!”! Other
proteins such as Na*/K*/2CI~ co-transporter, NKCC1, ")
neurokinin-1 receptor,” and CD44!!%) are expressed selectively
on some or all sub-types of ICC, but further studies need to be
conducted to confirm their use as selective markers of ICC in
the GI tract. Other recent studies have identified anoctamin
1 (Anol), a calcium activated chloride channel, as a new
and selective molecular marker for all classes of ICC in the
human and mouse Gl tract that permits the immunochemical
identification of these cells independent of Kit.!"”!

ICC ORIGIN AND DEVELOPMENT

ICC develop independent of neural crest-derived enteric
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neurons or glia and originate mainly from Kit-positive
mesenchymal mesodermal precursors. 1! In the chick, some
ICC in the stomach and duodenum may also develop from
multipotent, ventrally emlgrahng neural tube cells.?!
the small intestine of mice, ICC emerge from a populatlon
of Kit-positive precursor cells at about embryonic day 15.11
Kit signaling is critical during the late gestational period and
after birth for the development and maintenance of ICC
populations.?*# Kit-positive precursor cells that receive Kit
signaling retain Kit expression and develop into functional
ICC, whereas Kit-positive precursors that are not signaled
via this pathway become smooth muscle cells.

ICC ULTRASTRUCTURE

ICC have small cell bodies and several elongated processes.
Researchers have well-characterized ICC ultrastructural
features® that are regarded as a valuable tool for their
identification.®”) These include the presence of: (a)
Numerous mitochondria and caveolae; (b) a basal lamina,
although discontinuous; (¢) abundant intermediate
filaments; (d) moderately developed Golgi apparatus, few
ribosomes, and rough and smooth endoplasmic reticula;
and (e) close contacts established with nerve varicosities and
the formation of numerous gap junctions, both with each
other, forming a network through the bowel wall, and with
smooth muscle cells.

ICC TYPES

Several criteria have been used in classification of ICC.
For example, ICC have been grouped according to either
their localization within the muscle layers (submuscular,
intramuscular, myenteric, and subserosal), their basic
morphology (stellate and bipolar), or their primary
function (pacemakers and cells that mediate neuromuscular
neurotransmission and mechanoreception). Moreover, reports
have shown that there is some accordance between morphology,
localization, and function of the various types of ICC.126%7]

Several morphological types of ICC have been described
based on their anatomical locations [Figure 1].%%%! In the
Gl tract, most ICC occur around the circumference of the
myenteric plexus (Auerbach’s plexus) and these are called
interstitial cells of Cajal of the myenteric plexus (ICC-MY
or ICC-MP) or interstitial cells of Cajal of the Auerbach’s
plexus [ICC-AP]). These are multipolar cells with branched
processes connecting to each other and forming a network
around the myenteric plexus in the space between the
circular and longitudinal muscle layers.

Interstitial cells of Cajal of the circular muscle (ICC-CM)
are the cell types found in the circular muscle. These are
mainly bipolar cells or spindle-shaped cells associated
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Figure 1: Overview of the types of interstitial cells of cajal in the
gastrointestinal tract. (a-c): Schematic representations of ICC in the
stomach (a), small intestine (b), and colon (c). ICC-MY (blue) are
located between circular (CM) and longitudinal (LM) muscle layers. ICC-
IM (red) and ICC-DMP (red) are located within circular and longitudinal
muscles. ICC-SM (green) are located at the submucosal surface of
the circular muscle layer in the colon. Redrawn from Satoshi lino and
Kazuhide Horiguchi, Acta Histochem Cytochem. 2006 December 28;
39(6): 145-153

with the long axis of the surrounding smooth muscle cells.
These cells do not form their own network. These ICC also
occur In the connective tissue septa and are being referred
there as interstitial cells of Cajal of the connective tissue
septa (ICC-SEP). Interstitial cells of Cajal of the longitudinal
muscle (ICC-LM) are the cell types found in the longitudinal
muscle. They are similar to I[CC-CM but are usually less
numerous. A collective term for ICC-CM and ICC-LM is
intramuscular interstitial cells of Cajal (ICC-IM). Interstitial
cells of Cajal of the deep muscular plexus (ICC-DMP) are
the cell types found in the deep muscular plexus. These
multipolar cells are associated closely with the nerve bundles
of the deep muscular plexus. Interstitial cells of Cajal of the
submucosa (ICC-SM) and interstitial cells of Cajal of the
submucosal plexus (ICC-SMP) are the cell types found in the
submucosa and submucosal plexus at the interface between
the submucosal connective tissue and the innermost circular
muscle layer. These cells form a loose network with each
other. ICC of the subserosa are the class of cells found in
the subscrosa.

ICC LOCATIONS ALONG THE GI TRACT

Esophagus

ICC in the smooth muscle of the esophagus and within
the lower esophageal sphincter (LOS) are of the ICC-IM
subtype. They are in close contact with nerve terminals and
make specific junctions (including nexuses) with smooth
muscle cells.'"”! There is no aggregation of ICC-IM around
the myenteric plexus or at the submucosal border, as in the
small and large intestines.!""!

Stomach

ICC are more densely located in the corpus and antrum
than in the fundus; the antrum contains both ICC-MY and
ICC-IM networks, whereas in the fundus only ICC-IM are
found.P**! Along the circumferential axis of the antrum,
ICC-MY are distributed more densely in the greater



curvature than in the lesser curvature.’®*V In the pylorus,
numerous c-Kit-positive ICC-IM are identified throughout
the circular and longitudinal muscle layers and around the
myenteric plexus.P? An important characteristic feature of
the pylorus is the presence of ICC-SM at the submucosal
border of the circular muscle layer in a confined area directly
adjacent to the sphincter.”’!

Small intestine

In the small intestine, ICC-MY are organized in bundles of
up to five cells, with overlapping processes.’* These bundles
extend into the adjacent portions of the longitudinal and
circular muscle layers as well as the interlamellar septa. ' These
ICC-MY have close associations with myenteric nerves
and have receptors for various neurotransmitters”! and
circulating hormones (e.g., cholecystokinin).® The density
of ICC-MY network has been reported to be higher in ileum
compared to other parts of the small intestine.®” ICC-DMP
have specialized contacts with both nerves and smooth
muscle cells, with synapse-like contacts with nitrergic and
cholinergic nerves and gap junctions with muscle cells,
allowing them to relay information from nerves to muscles.*"!
The tirst part of duodenum has a distinctive ICC distribution
that is different from the rest of the intestine; ICC-MY and
numerous ICC in circular muscle layer are present but no
ICC-DMP are observed.?’! Moreover, ICC-IM are found
predominantly in the inner one-third of the muscularis
propria.l**!

Large intestine

The colon has a submucosal nerve plexus (SMP) that is
present in the submucosa just beneath the innermost
circular layer but unlike the small intestine it lacks the
DMP# The ICC in the colon include subtypes of ICC-MY,
ICC-IM, and ICC-SMP. ICC-IM are dispersed throughout
the musculature and run parallel to smooth muscle cells in
both muscle layers."!! Close approximations to nerves are
frequent, while synapse-like close contacts are relatively
infrequent.®”)

There is a big controversy regarding the regional differences
of ICC distribution in the human colon. One pediatric
study found no ICC-MP or ICC-SMP in caccum with the
highest density of ICC present in the descending colon.
Similar distribution was found in sigmoid colon but with
less conspicuous ICC-MY."! In the anorectal region,
spindle-shaped ICC are present in both muscle layers,
parallel to the smooth muscle cells and are abundant,
surrounding the myenteric ganglia. ICC at the submucosal
plexus are less dense.? In the internal anal sphincter (IAS)
in adults, the density of ICC seems to be significantly lower
than that observed in the rectum. !

Interstitial cells of Cajal in the gastrointestinal tract

Pancreas

Cajal reported initially that ICC were independent elements
scattered throughout the pancreas. Recently, researchers, using
non-conventional light microscopy, immunohistochemistry,
and transmission clectron microscopy, have confirmed the

presence of ICC in pancreas pancreatic interstitial cells of
Cajal.l*!

Outside the GI tract

ICC have also been found in many locations outside the
GI tract such as the upper urinary tract,™®! urethra,
myometrium,*”’ myocardium,™! uterus, fallopian tube,*’!
human placenta,P” and the ciliary muscle in monkeys.P!!

ICC FUNCTIONS

GI motility is essential for life and is a highly regulated and
coordinated process. Research in Gl motility started early in
the history from the observations of gastric contractions™
to the discovery of spontancous colonic contractions in the
cat tract using X-rays.”* Bayliss and Starling in 1899 found
that myogenic contractions causing cffective peristaltic
activity occurred even after neural activity was blockaded,
giving an evidence of an internal gut pacemaker. Cajal®!
proposed ICC as an important player in Gl motility via
mediating enteric transmission, and later on, Keith®®
proposed ICC as pacemakers. Now, we know that ICC
contribute to several important functions in the GI tract
including: (a) Generation of electrical slow wave activity, (b)
coordination of pacemaker activity and active propagation
of slow waves, (c) transduction of motor neural inputs from
the enteric nervous system, and (d) mechanosensation to
stretch of GI muscles.””? The following sections describe
these functions and their related controversies.

ICC AS PACEMAKERS

After providing an evidence of having an internal gut
pace-making action,’* Arthur Keith) made the first
suggestion that ICC may act as physiological pacemakers.
Then, Ambachel”! was the first to show that electrical slow
waves control intestinal contractions and to relate these
slow waves to ICC.

Slow waves in smooth muscle tissues are periodic oscillations
of the cell membrane potential consisting of a rapid upstroke
and a longer plateau phase followed by repolarization. These
fluctuations have characteristic frequencies in each organ
and in each animal, between 3 and 50 cycles per minute.
Slow waves cause alternation of brief periods of high and low
excitability; the period of high excitability corresponds to the
plateau phase of the slow wave. Upon excitatory stimulation,
the plateau phase of the slow wave rises above threshold for
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activation of L-type calcium channels, and consequently,
action potentials are generated. Slow waves determine the
maximum frequency and propagation characteristics of
contractions and exhibit an intrinsic frequency gradient and
found to propagate in an aboral direction (i.e., away from
the mouth or oral region).’®*?I In the stomach, the fundus
is believed to be electrically quiescent (i.c., without slow
waves) and the corpus is believed to be the source of slow
waves generation. The small intestinal slow waves originate
from a region in the proximal 1 cm of the duodenum and
propagate as an annular wavefront in an aboral direction
with a diminishing frequency gradient along the small bowel.
The colonic slow waves are not well characterized and have
multiple frequencies without a dominant rhythmicity.

Peristalses are waves of contraction propagating along the
GI tract for various distances as a means of mixing and
propelling its content distally. The rhythmicity of peristaltic
motor activity is determined by the electrical slow wave
activity in the musculature, which is believed to be generated

by ICC. )

A large number of studies using different models have
demonstrated the role of ICC as pacemakers as we will see
in the following sections.

In intact muscles

Early studies on intact muscle strips, using methylene blue
followed by illumination to induce photochemical ablation of
ICC, resulted in a significant block of slow-wave activity and
thus provided a strong evidence for the involvement of ICC
in the generation of slow waves.!®!! Other experiments used
rhodamine 123, a cytotoxic fluorescent dye that specifically
accumulates in the ICGC, although it might also accumulate
in enteric neurons; it was found that uptake of rhodamine
123 by ICC was associated with an alteration in electrical
rthythmicity.!®? In another study, strips of gastric muscle
tissues were incubated with the neutralizing antibody for the
receptor tyrosine kinase, Kit, (anti-c-kit antibody or ACK 2)
for 31-50 days. This procedure obliterated all ICC, including
ICC-MY, and abolished slow waves in the circular muscle
cells. Moreover, in this study, with the absence of ICC-MY,
electrical field stimulation was unable to phase advance or
pace gastric slow waves.!®!

In isolated and cultured cells

The first direct test for the pacemaker function of ICC
came when these cells were isolated from the submucosal
pacemaker area of the canine colon. These cells were
found to be spontaneously active and generating electrical
depolarizations similar to slow waves recorded in intact
smooth muscle cells.!®! Later on, electrical recordings
that were obtained from cultured murine ICC with the
whole-cell patch clamp technique have shown that ICC
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are thythmically active, producing regular slow wave
depolarizations with waveforms, and properties similar to
slow waves in intact tissues.!*"

Pacemaker regions

Slow waves are largest in amplitude in specific areas, and
using multiple intracellular electrodes for recording, they
always occur first near the region of the myenteric plexus
of the stomach and small bowel [ or near the submucosal
border of the colon.*®!

Mutant animal models

Three mutant models have been used to investigate the roles
of ICC in the regulation of GI motility; W/W" mice (c-Kit
loss-of-function mutants), SI/SI¢ mice (steel-Dickie mutant
mice, in which the gene encoding the c-Kit ligand [SCF]
is defective), and Ws/Ws rats (containing c-Kit gene
mutation).l”)

In mutant animals

In W/W" mice, the networks of ICC-MY are grossly
underdeveloped in the small intestine where pacemaker
activity is lacking even though ICC are present in the
DMP [Figure 2].1%I In the same mouse model, ICC-MY
are evident in the stomach, where slow-wave activity can
be recorded.l®”! These data give a strong suggestion that
ICC-MY but not ICC-DMP are crucial for generating
slow-wave activity.

Similar experiments in Ws/Ws rats and steel-Dickie mutant
mice (SI/SIY) confirmed these data. In one ultrastructural
study, features of ICC-DMP and ICC-MY corresponding
to c-Kit-expressing cells in each location were studied
by comparing Ws/Ws rats to their normal siblings and
suggested that ICC in the rat intestine are heterogeneous
in ultrastructure, c-Kit dependency in the cell maturation,
and functional role."" Another study group tested the effect
of steel factor mutation on ICC development and intestinal
electrical rhythmicity using SI/SIY mice and suggested that
the ¢-Kit signaling pathway, including stimulation by SCEF,

Control (+/+)

TMIE

wiwv
--58 mv
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Figure 2: Absence of slow waves in W/W" mice. Normal slow waves
recorded in wild-type control mice small intestine smooth muscles
(a) are lost in W/WY mutant mice; (b) Ward et al., 1994. J. Physiol.
London 480:91-97



Is an important factor in the development of functional
ICC networks in the small intestine.! Smooth muscles
of these animals are apparently unaffected by Kit or SCF
mutations, and the muscles are capable of generating Ca**
action potentials, contractile responses, and responses to
agonists,'%! and so excluding the possibility that these
differences between mutant and control animals are due to
smooth muscle changes.

With regard to the role of ICC in regulating peristaltic
contractions along the gut by their generation of slow waves,
one study monitored movement of barium sulfate in the
small intestine of W/W" mice using radiography. Regular
peristaltic waves were observed and distal movement of
intestinal contents was noted in the control mice, but these
were absent in the mutant ones.” The action potentials and
contractions appeared random, the contents of the small
intestine moved back and forth in an irregular manner in the
W/W"mice, and the net propulsive effect of the contractile
activity in the mutant mice was much weaker than that in
the control mice. In support of these findings, Ishii et al,”!
reported that transplantation of bone marrow-derived cells
that serve as potential sources of gut ICC may incorporate
into ICC networks and improve dysmotility in W/W" mice.

In the colon, impaired colonic contractions were recorded
in Ws/Ws rats. The wild-type, but not Ws/Ws rats showed
low- and high-frequency cyclic depolarization that was
associated with highly regular myogenic motor patterns at
the same frequencies. In Ws/Ws rats, irregular patterns of
action potentials triggered irregular muscle contractions.

Although big evidence from literature supports the role of
ICC as pacemakers, conflicting results have been reported
in some in vivo studies suggesting that ICC may not be
necessary for the generation of slow waves. For example, in
one study, both wild-type and W/W" mice were implanted
with two pairs of electrodes in the stomach and small
intestine and GI slow waves were recorded both under
anesthesia and in the conscious state. This study has shown
that in the stomach, regular slow waves were recorded with
no difference between the two groups of animals. The
in vivo slow waves from the small intestine of the W/W"
mice were, however, impaired compared to those recorded
from the control mice, reflected as a decrease in the slow
wave frequency and rhythmicity.””! Some other in vitro
experiments paralleled these results and found that muscle
strips taken from small intestine of W/W" mice in a tissue
bath continued to generate slow waves and rhythmic phasic
contractions, but both were more irregular in frequency and
smaller in amplitude." In another study, the role of ICC
in small intestinal transit and its response to exogenous
pacing were investigated in W/W"mice and found that both
gastric and intestinal slow waves were completely entrained

Interstitial cells of Cajal in the gastrointestinal tract

in both control and W/W" mice. Additionally, there was no
significant difference in small intestinal transit between
the controls and the W/W" mice, and pacing showed no
effects on it in either group of mice.””" Although ICC-MY
are regarded as the dominant pacemakers in gastric muscles,
still other types of ICC (e.g., ICC-IM or ICC-SEP) can also
generate spontancous depolarizations, referred to as unitary
potentials” or spontancous transient depolarizations.””)
In the absence of ICC-MY, this basic rthythm of activity of
ICC-IM or ICC-SEP in the antrum or pyloric region of the
stomach can drive low-frequency slow waves (also referred to
as regenerative potentials, slow potentials, or slow wave-like
action potentials, see Refs 7%771). A recent study suggests that
ICC-IM or ICC-SEP might provide dominant pacemaker
activity in the orad corpus of the guinea pig stomach because
this area of the stomach generates high-frequency slow waves
in the absence of [CC-MY.I®"!

Pacemaker mechanism

Some hypotheses were suggested to explain the mechanism
of slow wave generation by ICC. One mechanism proposed
that a chloride channel is responsible for the rhythmic
depolarizations that lead to the upstroke of the slow
wave.®l Another alternative mechanism proposed that
Ether-a-go-go-related gene (ERG) potassium channels may
function as the pacemaker channel.® Yet the most plausible
hypothesis for slow wave generation proposes an increase
in intracellular calcium through release from the smooth
endoplasmic reticulum, which precedes the upstroke of the
slow wave, and this is used frequently to determine the origin
and spread of the slow wave.¥! The trigger for pacemaker
activity is a localized drop in calcium levels in the much
smaller pacemaker unit caused by the uptake of calcium by
mitochondria resulting in the activation of a non-selective
cation channel in the cell membrane that is normally
inhibited by the higher calcium levels. The ensuing current
through the non-selective cation channel is the pacemaker
current, and the summation of multiple of pacemaker
currents produces the unitary currents which are the basic
pacemaker events in ICC."* Coordination and propagation
of the pacemaker currents are achieved by voltage-dependent
calcium channels that are not L-type (i.c., dihydropyridine
resistant) but have T-channel-like properties.®

ICC-smooth muscle coupling

Hirst and his colleagues performed double electrode
recording experiments and showed that ICC and smooth
muscle cells in the stomach are electrically coupled
in situ, and that slow waves originate in ICC and conduct
to smooth muscle cells.!®! Kito and Suzuki made similar
recordings from the small intestine and found that ICC-MY
generate pacemaker potentials that spread electrotonically
to circular smooth muscles.’”! Optical experiments using
fluorescent Ca’+ dyes have also confirmed the temporal

7

Volume 19, Number 1
Safar 1434
January 2013

The Saudi Journal of
Gastroenterology



Al-Shboul

sequence of activation in ICC and smooth muscle cells. 58!
Pacemaker cells may be coupled to smooth muscle cells
by gap junctions as in the submucosal plexus of the
canine colon,!® but at other sites, such as between ICC
and the muscle layers of the mouse’s small intestine,
gap junctions are not found and coupling appears to be
mediated by an abundance of close apposition contacts.*”)
Within certain muscle layers, no gap junctions can be
recognized by electron microscopic techniques, such as in
the longitudinal muscle of the intestine and in the colon
of a variety of species.”! Other mechanisms such as peg
and socket connections have been proposed that might,
under appropriate conditions, provide clectrical coupling
through the accumulation of potassium in the narrow cleft
between the peg and the socket.”

ICC IN NEUROTRANSMISSION

In spite of the structural evidence for direct enteric nerve
to smooth muscle communication,!”! a number of studies,
based upon the close and the functional relationship between
ICC and enteric nerve fibers, have strongly suggested the
role of ICC in neurotransmission [Figure 3].%%

Immunohistochemical studies have revealed that nerve
fibers stained with the primary transmitters of excitatory
motor neurons, such as vesicular acetylcholine (ACh)
transporter and substance P, are closely associated with cell
bodies and processes of ICC-IM in the stomach,”" and
with ICC-DMP in the small intestine. %%

Many inhibitory motor neurons that contain nitric oxide

synthase (NOS), vasoactive intestinal polypeptide (VIP), or

Extrinsic Intrinsic Intrinsic Extrinsic
nervous nervous nervous nervous
system system system system

N N

Motor neurons

e E B e i

=

Smooth muscle

Smooth muscle

Figure 3: Innervation of smooth muscle cells. Two mechanisms for
neuronal innervation of gastrointestinal smooth muscle exist. Most
innervation occurs through interstitial cells of Cajal. Neurons can
also directly innervate intestinal smooth muscle cells. Redrawn from
Mazzone A, Farrugia G. Evolving concepts in the cellular control of
gastrointestinal motility: Neurogastroenterology and enteric sciences.
Gastroenterol Clin North Am 36: 499-513, 2007
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adenosine triphosphate are also closely associated with both
the cell bodies and processes of ICC-IM."”> Moreover, it was
found that different ICC types express various receptors for
different neurotransmitters such as M2 and M3 receptors for
muscarinic ACh, and VPACI receptors for VIP suggesting
with the previous data, that ICC are densely innervated by
excitatory and inhibitory enteric motor neurons.

In W/W¥ mice, ICC-IM were reported to be absent
in gastric fundus, LOS, and pyloric sphincter without
affecting the distribution of inhibitory nerves or the
density of cholinergic nerve bundles. These mice showed
that NO-dependent inhibitory neurotransmission was
reduced, hyperpolarizations to sodium nitroprusside were
attenuated, " and cholinergic responses were also lost.!""!

In small intestine, ICC-DMP replace ICC-IM, and in
one ultrastructural study, ICC-DMP were found to be
innervated by both cholinergic and nitrergic nerves, and
were the only cells to possess specialized synapse-like
junctions with nerve varicosities and gap junction contacts
with smooth muscle cells.® Loss of ICC-DMP by blocking
Kit was shown to cause loss of cholinergic and nitrergic
neural responses.!'””! Previous studies suggest that ICC-IM
in the stomach and ICC-DMP in the small intestine have
important roles in mediating the enteric neural input to
the Gl muscle cells.

Despite the previous in vitro evidence for ICC role in
neurotransmission, a study was done on isolated whole
stomach of wild-type and W/W"mice and found that normal
gastric distension-induced adaptive relaxation occurred in
both mice groups.!'™

In another study, intraluminal manometry was performed under
anesthesia in neuronal NOS knockout mice (nNOS), W/W"
mice, and control mice."”! The LOS in the nNOS~ mice was
significantly hypertensive and its relaxation to swallowing and
efferent vagal stimulation was markedly impaired. In contrast,
the LOS in the W/W" mice is hypotensive and relaxes normally
to swallowing and efferent vagal activation. These results
negate the role for ICC in neural transmission.

In a recent study, circular smooth muscles from LOS of wild
type and W/WY mutant mice were studied using intracellular
and tension recordings in vitro. It was suggested that there
was a significant variability in the generation of nitrergic
neurotransmission in the LOS of W/W" mutant mice,
whereas purinergic and cholinergic neurotransmissions
are intact and the altered nitrergic responses appear to be
associated with abnormal Ca**-dependent signaling initiated
by spontanecous Ca’* release from sarcoplasmic reticulum
in smooth muscle cells, and so c-Kit-positive ICC are not



essential for nitrergic neurotransmission in mouse LOS
smooth muscle.!'%!

In the colon, no role was found for ICC in nitrergic
neurotransmission. In one study, spontancous activity of
nitrergic nerves caused sustained inhibition of muscle
activity in both wild-type and Ws/Ws rats. Electrical field
stimulation of enteric nerves, after blockade of cholinergic
and adrenergic activities, elicited inhibition of mechanical
activity and biphasic inhibitory junction potentials both in
wild-type and mutant rats.” Moreover, one group examined
neural reflexes in the distal colonic segments prepared
from the wild type and W/W" mice by applying a localized
distension on the segments from both mice groups. In
the segments from the mutant mice, localized distension
induced neural reflexes similar to those observed in the wild
type mice, suggesting that ICC have no important role in
the ascending and descending neural reflexes in the mouse’s
distal colon.!"”)

In the anal sphincter, one group assessed the basal IAS tone
and the rectoanal inhibitory reflex in vivo by a purpose-built
solid-state manometric probe and by using wild-type,
nNOS-deficient (nNOS), eNOS-deficient (eNOS™),
and W/W" mice and showed a reduced basal pressure and
normal relaxation to rectal distention, a phenomenon
called rectoanal inhibitory reflex mediated by the inhibitory
nitrergic pathway.!'" In another in vivo study, distention of
the rectum elicited a volume-dependent relaxation of the
anal sphincter in W/W" mice; the degree of relaxation was
lower than that in the control mice at low distention volume
but comparable to the control mice at high distention
volume.!""” These experiments suggest limited or no roles of
ICC in the nitrergic relaxation of the anal sphincter.

In short, the majority of in vitro studies establish the role for
ICC-IM and ICC-DMP in mediating neural transmission
between the enteric nerves and the GI smooth muscles.
However, in vivo motility studies and some recent in vitro
studies question the role of ICC as neural mediators.?”

Synaptic contacts between enteric motor nerve
terminals and ICC-IM

With the aid of electron microscopy, plenty of specialized
junctions between ICC-IM and nerve terminals with spacing
of less than 20 nm are observed.””! Ultrastructural studies
have also identified areas of clectron density at junctions
between enteric nerve varicosities and ICC-IM in the Gl
tract of several species.[?>110

Moreover, members of the soluble N-ethylmaleimide-sensitive
fusion protein attachment protein receptors (SNAREs) that
are involved in the release of neurotransmitters are present
in developing enteric nerves, """ and several of these SNARE

Interstitial cells of Cajal in the gastrointestinal tract

proteins have been identified in enteric neurons of the
murine stomach, including synaptotagmin, syntaxin, and
synaptosomal-associated protein 25 (SNAP-25).11% Varicose
terminals of cholinergic and nitrergic motor neurons express
synaptotagmin and SNAP-25, and these terminals lie in close
opposition to ICC-IM, but not to smooth muscle cells.!"!"

Additionally, electron-dense regions in ICC-IM opposing
the presynaptic membrane specializations at enteric motor
nerve terminals were observed which contain members
of postsynaptic density proteins (PSDs) like PSD-95,
but labeling was not resolved in smooth muscle cells.""
These observations suggest that the ICC-IM—enteric
neuron junction is functional and support the existence
of a specialized kind of transmission of neural information
between enteric nerves and ICC.Y

ICC IN SETTING THE MEMBRANE POTENTIAL OF
SMOOTH MUSCLE CELLS

ICC were found to hyperpolarize intestinal smooth
muscle cells by generating and releasing the inhibitory
gascous neurotransmitter carbon monoxide which is a
hyperpolarizing factor and helps set the intestinal smooth
muscle membrane potential gradient.!''

ICC IN STRETCH SENSING

Stretching of antral muscles by approximately 25% with
precise length ramps caused depolarization and increased
slow wave frequency by a non-neural mechanism.!""”!
The response to stretch is absent in muscles of W/WY
mice (which lack ICC-IM), suggesting that ICC-IM
provide stretch sensitivity in gastric muscles. Products of
arachidonic acid metabolism, such as prostaglandin E2,
are likely to mediate stretch-dependent responses, and the
cyclooxygenase enzyme II (COX-II) which is expressed
by ICC-IM might mediate the stretch sensor mechanism
associated with the ICC; since stretch-dependent responses
were inhibited by the COX-II inhibitor indomethacin and
they were absent in COX-1I-deficient mice."" Some studies
have suggested that a mechanosensitive Na* channel current
1s present in human intestinal ICC and appears to play a role
in the control of intestinal motor function." In spite of
the previous evidence for the role of ICC in stretch sensing,
in vivo physiological tests need to be done to further confirm
this function.!””!

ICC AND MOTILITY DISORDERS

There is an evidence of correlation between alterations to
ICC and some motility disorders. Researchers have reported
that ICC abnormalities and damage accompany various
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types of Gl motility disorders and pathologies in almost all
areas of the gut.'"”! For example, in one gastric emptying
disorder associated with a distended stomach full of milk, a
pronounced intestinal ileus and irregular pattern of phasic
contractions of intestinal muscles developed in animals
treated with a neutralizing antibody for Kit."”! Sanders
and co-workers also found that animals exposed to such
treatment lost ICC-MY in the small intestine and slow waves
could not be recorded from the affected muscles.”! The
coming sections introduce some of the disorders in different
regions of the GI tract that showed some changes in ICC.

Esophagus

Achalasia

Achalasia is a disorder of the LOS, characterized by high
sphincter tone and inability to relax and lack of peristaltic
contractions of esophageal body.!''! The etiology of
this disorder includes parancoplastic syndromes and
autoimmunity, occasionally with antibodies directed to
Auerbach’s plexus, but many cases are still idiopathic.'"” The
ganglia and nerve bundles are frequently reduced or absent in
the area of the LOS and distal esophagus.!""® Ultrastructural
studies have noted that the ICC are altered in this arca as
well, with loss of contacts between the ICC and nerves and
reduction in mitochondria."™ In the autosomal recessive
syndrome, Allgrove’s syndrome (achalasia, addisonianism,
and alacrima), gastric cardiac ICC are decreased in some
cases. 2!

Gastro-esophageal reflux disease

Gastro-esophageal reflux disease (GERD) is a condition
in which food or liquid travels backwards from the
stomach to the esophagus. This action can irritate the
esophagus, causing heartburn, acid regurgitation, and other
symptoms.!"?!) Esophagus itself may be correlated to changes
in ICC and in advanced stages of GERD; inflammatory
changes in the esophageal wall will also involve the ICC
leading to their impairment. This destruction leads to loss
of effective contraction of esophagus, maintaining reflux
and thus aggravating the symptoms. %!

Stomach

Gastroparesis

Gastroparesis is a condition that affects the ability of
the stomach to empty its contents without physical
blockage (obstruction). Slow wave functions are described
to be abnormal in both gastroparesis and functional
dyspepsia.l'?*12* Examination of a stomach resected for
severe gastroparesis revealed hypoganglionosis, neuronal
dysplasia, and decreased myenteric and intramuscular
ICC.I»I A relationship between viral infection and some
cases of gastroparesis has been described; viral infections
of the stomach or intestines may lead to inflammation that
particularly damages the ICC.!%!
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Infantile hypertrophic pyloric stenosis

This is a congenital disorder characterized by functional
gastric-outlet obstruction. In this disorder, infants present
with postprandial projectile vomiting and a palpable “olive”
pyloric sphincter. While the pyloric lumen is not occluded,
the hypertrophic muscle of the sphincter may not coordinate
well with the gastric contractions, leading to the vomiting.
Using both electron microscopy and immunohistochemistry,
ICC were found to be absent in the hypertrophic circular
muscle layer in these patients.[13]

Small intestine and colon

Diabetic gastroenteropathy

Gastroenteropathy causes considerable morbidity in
patients with diabetes mellitus and may manifest in
dysphagia, heartburn, abdominal pain or discomfort,
carly satiety, postprandial fullness, bloating, nausea,
vomiting, constipation, diarrhea, and fecal incontinence.!'*’!
Some studies reported a decrease in ICC, although the
mechanism of this is not determined.!"?®! In addition, loss of
c-Kit-positive ICC has been noted in the colonic muscularis
propria of patients with diabetes mellitus.!"*”! This suggests
that damage to the ICC in diabetes mellitus may be the
underlying etiology of the dysmotility that accompanies
the discase.

Chronic idiopathic intestinal pseudo-obstruction

Chronic idiopathic intestinal pseudo-obstruction (CIIP)
1s characterized by defective Gl propulsion together with
symptoms and signs of bowel obstruction in the absence of
any lesion or mechanical obstacle.!™” CIIP is regarded as
a neuropathy, myopathy, or both.*I' Several studies have
indicated that ICC are decreased or absent in some idiopathic
CIIP patients.!"*2%%] There is also a second subgroup of
CIIP patients with myocyte changes suggestive of visceral
myopathy in whom ICC-AP are absent in the dilated portion
of the megaduodenum."** CIIP can also occur in the colon.
Electrophysiological studies show that these patients have
absent or decreased slow wave rhythms!™*! and absent or
decreased ICC are also demonstrable in some cases. 31?3

Hirschsprung’s disease

In this discase, the enteric nervous system is
absent (aganglionosis) in a portion of the GI tract (mostly
distal colon) and slow wave activity is absent in the affected
area.!® There is a lot of debate regarding the role of ICC
in Hirschsprung’s disease; some studies have demonstrated
a decreased density of ICC in the aganglionic area,!’*”]
while others have shown absent or sparse ICC in both the
aganglionated and ganglionated portions of the resected
bowels.!*) However, other studies have shown no differences
in the colonic distribution of ICC between Hirschsprung’s
disease patients and controls.!"*?!



Anorectal malformations

Anorectal malformations comprise a wide spectrum of
diseases, which can affect boys and girls, and involve the
distal anus and rectum as well as the urinary and genital
tracts. Defects range from the very minor and casily treated
with an excellent functional prognosis, to those that are
complex, difficult to manage, are often associated with other
anomalies, and have a poor functional prognosis.'* One
study reported that colonic hypomotility seen in patients
with anorectal malformations is caused by defects in
distribution or density of ICC."* More recently, rescarchers
found lower density of ICC in the terminal intestine of rats

with anorectal malformations.!'+!

ICC PLASTICITY

ICC show a high degree of plasticity, which means that loss
of ICC in some disorders does not necessarily mean death
of these cells.!"*! Transdifferentiation and apoptosis have
been proposed as mechanisms for ICC loss. Some study
groups have shown that ICC can transdifferentiate (change
into another adult cell type) into a fibroblast/smooth muscle
phenotype not expressing Kit, and this cell in turn can
transdifferentiate back into a Kit-expressing ICC following
the removal of the insult.”*'*! Other studies on both normal
and diseased human colonic tissues have shown ongoing
apoptosis as identified by the TUNEL assay, by identifying
activated caspase-3 in Kit-positive ICC, and by electron
microscopy.!'*

On the other side, an increase in the number of ICC can
be achieved by an increase in the survival of the remaining
ICC, by development from precursor cells, and by an increase
in the proliferation of ICC. A recent report describes a
population of CD34-positive cells that have a low level
of Kit expression in the tunica muscularis of the gut and
when properly stimulated, may be capable of regenerating
ICC.*I ICC can also be induced to proliferate by several
molecules including steel factor activation of the Kit
receptor, neuronally derived nitric oxide, serotonin through
the serotonin receptor 2B (5-HT2B receptor) and heme
oxygenase-1. 14714l

CONCLUSIONS

ICC are mesenchyme-derived cells, belonging to the family
of smooth muscle cells in which the activation of Kit
signaling is required for their development. The discovery
that ICC express c-Kit has helped a lot in learning and
understanding the morphology and physiological roles
of ICC. Morphological studies have identified different
phenotypic classes of ICC with different regulatory roles
within the gut that contribute to both the regulation of
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excitation—contraction coupling and to connectivity between
smooth muscle cells and the motor output of the enteric
nervous system.

ICC functions include: (a) Generation of electrical slow wave
activity in phasic regions of the Gl tract, (b) coordination of
pacemaker activity and active propagation of slow waves, (c)
transduction of motor neural inputs from the enteric nervous
system, (d) mechanosensation to stretch of GI muscles,
and (e) sctting the membrane potential gradient of gut
smooth muscles. However, further in vivo studies are needed
to support these proposed roles of ICC in the GI tract.

ICC abnormality or decrease in number has been reported in
some Gl tract diseases. However, understanding the nature
of the inter-relationship between ICC and the generation of
human gut motility disorders and the underlying mechanism
for ICCloss is still in progress. Future effort has to be spent to
better understand and characterize the nature and function
of ICC by looking for more specific markers that will help
in quantifying ICC in normal versus diseased tissues, which
will in turn clarify the importance of these cells and elucidate
the basis of some GI tract disorders.
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