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Interstitial cells of Cajal (ICC) are important cells which coordinate gastrointestinal motility.
ICC express Kit receptor tyrosine kinase, and Kit immunohistochemistry reveals ICC mor-
phology and distribution in the gastrointestinal musculature. ICC show a highly branched
morphology and form unique networks. Myenteric ICC (ICC-MY) are located at the layer of
the myenteric plexus and serve as electrical pacemakers. Intramuscular ICC (ICC-IM) and
ICC in the deep muscular plexus (ICC-DMP) are distributed within the muscular layers, and
are densely innervated by excitatory and inhibitory enteric motor neurons and in close con-
tact with nerve terminals. Recent studies combined with morphological and functional tech-
niques directly revealed that ICC-IM and ICC-DMP are mediators of enteric motor neuro-
transmission. These types of ICC express several receptors for neurotransmitters such as
acetylcholine and substance P and show responses to excitatory nerve stimulations. ICC
also express receptive mechanisms for nitric oxide, which is an inhibitory neurotransmitter
in the gastrointestinal tract. They can respond to nitrergic nerve stimulation by cyclic GMP
production. Kit mutant mice lack ICC-IM and show attenuated postsynaptic responses after
intrinsic nerve stimulation. These findings indicate the importance for ICC in neurotransmis-
sion in the gastrointestinal tract.
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I. Introduction

The musculature of the gastrointestinal tract is organ-
ized into two layers separated by a neural network known
as Auerbach’s myenteric plexus. In the outer layer, smooth
muscle cells are arranged along the length of the intestinal
segments (longitudinal muscle), whereas in the inner layer,
smooth muscle cells are arranged transversally to the length
of the intestine (circular muscle); these are the basic ele-
ments involved in gastrointestinal motility. Several control
mechanisms cooperate in the regulation of the normal transit
of contents through the gastrointestinal tract, carried out by
organized patterns of contraction of the gastrointestinal mus-
culature. The central nervous system, enteric nervous system
and control systems within the musculature are activated by
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distension or chemical stimuli and influence transit. These
control systems do not act independently, but are closely
intertwined. Recent studies have highlighted that the inter-
stitial cells of Cajal (ICC) are the most important cells coor-
dinating gastrointestinal motility, both as pacemakers and as
intermediates between nerves and smooth muscle cells [33,
35].

ICC show a highly branched morphology and form net-
works associated with the enteric nervous system in the
gastrointestinal musculature. In general, ICC can be divided
into two groups by their functions [13, 33]. In most regions
of the gastrointestinal tract, a thin layer of ICC forms a
network of cells lying in the myenteric region, which act
as pacemakers. Electrical recordings from gastrointestinal
musculature reveal spontaneous rhythmic oscillations in the
membrane potential, which are called “slow waves”. Now,
ICC are known to be pacemaker cells, which are the source
of slow waves [14, 36, 42]. This type of ICC also regulates
the spread of slow waves from pacemaker ICC to smooth
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muscle cells [15]. The second group of ICC has an intra-
muscular location with individual ICC being distributed
amongst the smooth muscle cells and acts as mediators of
neurotransmission [14, 53, 54]. Although classical mor-
phological studies proposed this role, recent studies have
shown functional evidence about the role of ICC as media-
tors of neurotransmission.

II. Classification and Distribution of ICC
(Fig. 1)

ICC express Kit receptor tyrosine kinase, which is a
product of the KIT gene in laboratory animals and humans

Stomach

Small intestine

[4, 27]. The location of different types of ICC and their mor-
phological features obtained by Kit immunohistochemistry
are shown in Figure 1. Electron microscopic studies have
revealed the ultrastructural characterizations of ICC, such
as numerous mitochondria, abundant intermediate filaments
and gap junctions (Fig. 2) [13, 23, 24]. Immunohistochemi-
cal and ultrastructural studies using small laboratory animals
such as mice, rats and guinea pigs have revealed ICC char-
acteristics and distribution as follows.

1. ICC-MY (ICC-MP, ICC-AP): ICC at the layer of the

myenteric plexus (Auerbach’s plexus)
ICC-MY are located within the intermuscular space
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Overview of the types of ICC 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. D-J: ICC and nerve networks in the murine stomach (D, E), small intestine (F, G) and colon (H-J). ICC and nerves in whole mount
preparations are demonstrated by immunohistochemistry for Kit (ICC marker, green) and PGP9.5 (pan-neuronal marker, red), respectively.
ICC-MY with a multipolar shape are associated with myenteric ganglia (Auerbach’s ganglia) (MG). ICC-IM in the stomach and colon have a
bipolar shape and are associated with intramuscular nerve fibers. ICC-DMP in the small intestine are associated with deep muscular plexus.

ICC-SM are multipolar cells having many thin processes. Bar=100 pm.
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between the circular and longitudinal muscle layers
throughout the stomach, small intestine and large intestine.
ICC-MY have a multipolar shape with several cytoplasmic
processes that project a few branching processes, and form
gap junctions with each other. Although ICC-MY form an
independent network from the myenteric plexus in the
space of the myenteric layer, a cellular network of ICC-MY
surrounds the myenteric ganglia and connecting strands of

the myenteric plexus. ICC-MY are pacemaker cells in the
stomach and small intestine that generate slow waves in the
musculature [15, 35, 42].

2. ICC-IM (ICC-CM, ICC-LM): ICC at the intramusculature
in the circular and longitudinal muscle layers

ICC-IM are distributed within the muscle layers of

the esophagus, stomach and large intestine. ICC-IM have a

Fig. 2.

Ultrastructural characteristics of ICC. A: ICC-IM (ICC) in the rat stomach circular muscle layer have an electron-dense cytoplasm,

many mitochondria and endoplasmic reticulum. Nerve terminals (N) are in close contact with ICC-IM. S shows smooth muscle cells in the cir-
cular layer. B: ICC-DMP (ICC) in the rat jejunum have caveolae, many mitochondria and well developed Golgi apparatus and endoplasmic
reticulum. Nerve fiber bundles (N) are in close contact with ICC-DMP. S shows smooth muscle cell in the circular layer. C: ICC-MY (ICC) in
the rat jejunum have caveolae, many mitochondria and well developed Golgi apparatus and endoplasmic reticulum. Myenteric ganglion (M) is
located near ICC-MY. S shows smooth muscle cells in the circular layer. Bars=1 pum.
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bipolar shape with few branching processes. Their axes are
oriented parallel to the muscle fibers in the circular and lon-
gitudinal layers. ICC-IM have gap junctions with each other
or with smooth muscle cells. They make a coarse network in
the muscle layers and associate with nerve fibers and termi-
nals. ICC-IM are innervated preferentially by enteric motor
nerves and act as mediators of neurotransmission [14, 53,
54]. A full description is presented below.

3. ICC-DMP: ICC in the deep muscular plexus layer of the
small intestine

ICC-DMP are present in the small intestine, and dis-
tributed between the inner and outer parts of the circular
muscle layer at the level of the deep muscular plexus
(DMP). ICC-DMP are multipolar cells with thin processes
along the nerve fibers in DMP. ICC-DMP have well-devel-
oped gap junctions with each other or with smooth muscle
cells. Although ICC-DMP make a thin network in the nar-
row space of the DMP layer, those in the proximal duode-
num make a three-dimensional complex with nerve fibers
[18]. ICC-DMP receive preferential innervation and recent
observations revealed ICC-DMP as one of the ICC-IM [55].

4. ICC-SM (ICC-SMP): ICC on the submucosal surface of
the circular muscle layer

ICC-SM is distributed along the submucosal surface of
the circular muscle layer of the gastric antrum and the colon.
These cells have a multipolar shape with several processes
and form their own network. ICC-SM have gap junctions
with each other or with smooth muscle cells, and are thought
to be pacemaker cells in the colon [30, 35, 42].

5. ICC-SS: ICC in the subserosal layer

ICC-SS are distributed in the subserosal layer of the
colon [44, 45]. These cells have a multipolar shape with
several processes and form their own network. The func-
tion of these cells is obscure.

II. Structural Relationship between ICC and
Nerves

As mentioned above, ICC are distributed near nerve
elements. Numerous ultrastructural studies have shown that
enteric motor neurons are closely associated with both ICC-
IM and ICC-DMP (Figs. 2, 3). In the stomach, nerve termi-
nals which contain numerous small clear vesicles and large
dense-cored vesicles often are in contact with ICC-IM. The
close contact areas between the nerve terminals and ICC-IM
often lack basal lamina and show 20 nm or less space. There
are specialized cell membrane differentiations similar to the
active zone of the presynaptic membrane and postsynaptic
density of the postsynaptic membrane [1, 2, 16, 28, 47].
ICC-DMP also show close contact with nerve terminals
containing accumulated synaptic vesicles [37].

Double-labeling immunohistochemistry for antibodies
against Kit and antibodies against vesicular acetylcholine
transporter (VAChT), substance P or nitric oxide synthase

(NOS) have been used to analyze the interaction between
ICC and motor neurons. The primary transmitters of excita-
tory motor neurons which innervate circular and longitudi-
nal muscles are acetylcholine and tachykinins. Therefore,
most enteric excitatory nerves are detected by VAChT
and substance P immunoreactivity [11]. Nerve fibers with
VACHT and substance P are closely associated with the cell
bodies and processes of ICC-IM in the stomach (Fig. 3)
[1, 16, 39, 47, 52]. In the small intestine, ICC-DMP are
heavily associated with nerve fibers containing VAChT and
substance P (Fig. 3) [7, 19, 25, 47]. Inhibitory neurons
have multiple transmitters, including nitric oxide (NO), vaso-
active intestinal polypeptide (VIP) and adenosine triphos-
phate (ATP). Many inhibitory motor neurons contain NOS
immunoreactivity and release NO as a relaxant to smooth
muscle [11]. Nerve fibers containing NOS are closely asso-
ciated with both cell bodies and processes of ICC-IM (Fig.
3)[1, 16, 39, 47, 52] and ICC-DMP [43, 47]. Transmission
electron microscope studies clearly showed close relation-
ships between ICC and enteric motor nerve terminals which
contain VAChT, substance P or NOS [43, 47, 48, 52].
These data demonstrate that ICC-IM and ICC-DMP are
densely innervated by excitatory and inhibitory enteric
motor neurons.

IV. Functional Investigations of ICC and
Neurotransmission

The structural proximity of ICC with enteric nerve
terminals does not necessarily imply functional interaction
between ICC and nerves. Structural interaction of smooth
muscle cells and nerve terminals is also frequently observed
in the gastrointestinal musculature [28]. To elucidate the
functional relationship between ICC and nerves, we need to
show evidence that ICC actually receive neural inputs via
appropriate receptors and transduce transmitter signals to
intracellular signals and events.

Molecular studies using reverse transcription-poly-
merase chain reaction (RT-PCR) from isolated murine ICC
confirm the expression of neurotransmitter receptors on
ICC. Both ICC-IM from the gastric fundus and ICC-MY
from the small intestine expressed muscarinic acetylcholine
receptors (M, and M3 subtypes), neurokinin receptors (NK1
and NK3 subtypes) and VIP receptor (VPACI1 subtype)
[6]. Immunohistochemical studies have clearly shown the
expression of receptors in ICC subtypes. A well-studied
receptor is neurokinin 1 (NK1) receptor (substance P recep-
tor), expressed in the ICC-DMP of the small intestine (see
review [7]). As far as we examined, all ICC-DMP in the
murine small intestine showed NK1 receptor (Fig. 3) [19]. It
has also been shown that ICC-DMP express muscarinic M,
receptor (Fig. 3) [21] and somatostatin 2A receptor [41].
Serotonin 5-HT; receptor was expressed in both ICC-DMP
and ICC-MY in the rat ileum [12]. Serotonin 5-HT, receptor
was detected in both ICC-DMP and ICC-MY in the murine
small intestine [26]. Purinergic P2Y, receptor was expressed
in guinea pig ICC-IM, ICC-DMP and ICC-MY [46]. Puri-
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Fig. 3. ICC are associated with nerve fibers and express receptors. A, B: ICC-IM (Kit immunoreactivity, green) in the murine fundus are asso-
ciated with cholinergic nerve fibers containing VAChT (A, red) and nitrergic nerve fibers containing NOS (B, red). ICC-IM are aligned horizon-
tally in the circular muscle layer and vertically in the longitudinal muscle layer (arrows). N shows NOS-containing nerve cell bodies in the
myenteric ganglia. Whole mount preparations were imaged by confocal microscope. C—E: Neurokinin 1 receptor (NK1R) distribution in the
murine small intestine. ICC-DMP (arrows in C and D) labeled with Kit antibody (green) specifically express NKI1R (red) in the circular muscle
layer (CM), whereas ICC-MY (arrowheads) are immunonegative for NK1R between circular and longitudinal (LM) muscle layers. Immunoelec-
tron microscopy (E) reveals ICC-DMP (ICC) expressing NK1R and associated with nerve fibers (N) in the DMP. F-H: Muscarinic M, receptors
(M2R) distribution in the guinea pig small intestine. M2R (green, arrows) positive cells are observed between the inner circular (asterisks) and
outer circular muscles (CM) shown by actin immunoreactivity (F, red). Smooth muscle cells in the outer circular muscle also showed M2R.
ICC-DMP (arrows in G) contain both M2R (green) and NKIR (red) immunoreactivity in the musculature. Immunoelectron microscopy (H)
shows that M2R-immunopositive cells (ICC) are typical ICC-DMP and associated with DMP (N). Bars=50 pum (A, B, D), 20 um (C), 10 pm (F,
G), 1 pm (E, H).



150 lino and Horiguchi

nergic P2X, and P2Xs receptors were detected in ICC-MY
of the guinea pig ileum [5]. Cholecystokinin A receptor was
expressed in both ICC and smooth muscle cells in the rat
pylorus [29]. Bombesin receptor subtype-3 was expressed
in almost all ICC in the rat gastrointestinal tract [32]. G
protein-coupled receptors, including neurotransmitter recep-
tors, act via several protein kinases such as protein kinase A
(PKA) and C (PKC). Indeed, ICC express PKA, PKCy and
PKCB subtypes [31, 40].

Recent morphofunctional studies have revealed excita-
tory neurotransmission on ICC-DMP. In the murine ileum,
almost all ICC-DMP were closely apposed to substance P
containing nerve fibers and all ICC-DMP expressed NK1
receptor on their surface (Fig. 4) [19]. Electrical field stimu-
lation (EFS) causes nerve activation and release neurotrans-
mitters such as substance P in situ (Fig. 4). One minute EFS
(10 Hz, 0.5 ms pulse duration) of the ileal musculature
caused NK1 receptor internalization (receptor aggregation
in the cytoplasm) in ICC-DMP (Fig. 4) [19], and the same
responses could be induced by the administration of exoge-
nous substance P to small intestinal muscles [19, 25]. NK1

NKI1R /SP

Fig. 4.

receptor internalization was blocked by a specific NK1
receptor antagonist and by tetrodotoxin before nerve stimu-
lation, suggesting that internalization resulted from stimula-
tion of NKI1 receptors with neurally released neurokinins
such as substance P. Morphofunctional studies also con-
firmed that ICC were functionally innervated by cholinergic
neurons in the small intestine. Molecular and immuno-
histochemical studies showed muscarinic receptors expres-
sion in ICC (Fig. 3) [6, 21]. EFS or acetylcholine exposure
caused PKC-¢ expression in ICC-DMP [49]. PKC-¢ expres-
sion after stimulation was blocked by tetrodotoxin or the
acetylcholine receptor antagonist atropine, suggesting that
these responses were caused by the activation of muscarinic
receptors on [CC-DMP.

NO from motor nerves is a potent inhibitory neuro-
transmitter that activates soluble guanylate cyclase (sGC)
in the target cells. sGC is expressed in ICC-DMP of the rat
small intestine [34] and almost all ICC in the guinea pig
[20]. Activated sGC catalyses the conversion of GTP to
cyclic GMP (cGMP), a second messenger in intracellular
signaling cascades. Studies showing that cGMP content

|Electrical Field Stimulation |

@

Musculature

Neurokinin 1 receptor (NK1R) internalization of ICC-DMP in the murine small intestine. A, B: ICC-DMP expressing NK1R (green) are

in close contact with substance P (red) containing nerve terminals (arrows). CM and LM indicate circular muscle and longitudinal muscle layers,

respectively. C: Experimental scheme of electrical field stimulation (EFS). Musculature between the parallel platinum electrodes is stimulated
by EFS (10 Hz, 0.5 ms duration, 15V) for 1 min. Stimulated nerve terminals release neurotransmitters such as substance P. [CC-DMP near the
nerve terminals receive substance P and substance P-NK1R complexes are internalized into the cell bodies. D, E: NK1R (green) distribution in
ICC-DMP before and after nerve stimulation. Before stimulation (D), NK1R are distributed around the peripheries of ICC-DMP. After EFS (E),
NKIR are concentrated into granular structures (arrowheads) in ICC-DMP. Bars=20 um (A, D, E), 50 um (B).



ICC and Neurotransmission 151

changes after nitrergic stimulation provide evidence that
ICC are innervated functionally by nitrergic nerves.
Levels of cGMP, detected with immunohistochemistry,
were enhanced in ICC by enteric nerve stimulation using
the EFS method and following exogenous application of an
NO donor, sodium nitroprusside, in the canine colon [38],
guinea-pig small intestine [57] and cecum [20]. Enhanced
cGMP levels were blocked with the NO antagonist, L-
nitroarginine. cGMP-dependent protein kinase I, which is
activated by cGMP, was also expressed highly in ICC-DMP
[34] in the rat small intestine and almost all ICC in the
guinea pig (unpublished data). These observations show
that ICC are functionally innervated by nitrergic inhibitory
neurons.

V. ICC-deficient Mice Show Loss of Nerve
Responses

Several spontaneous mutations of the Kit gene (W
locus) have been characterized in detail in mice. Heterozy-
gous W/W’ mutant mice have reduced Kit signaling and
show anemia due to the depletion of erythrocytes, sterility
due to lack of germ cells, a white coat due to depletion of
melanocytes and depletion of mast cells [22]. These mutant
mice have lost specific populations of ICC in the gastro-
intestinal tract [17, 50]. The absence of ICC-MY in the
small intestine shows a loss of pacemaker activity in this tis-
sue [17, 50]. The absence of ICC-IM in the stomach and in
the lower esophageal and pyloric sphincters in mutant mice
shows a defect of nerve responses [3, 39, 51, 52]. In control
mice, stimulation of intrinsic nerves evoked a complex
response consisting of cholinergic excitatory (excitatory
junction potential, EJP) and nitrergic inhibitory components
(inhibitory junction potential, IJP). In W/W" mice, EJP and
1JP after intrinsic nerve stimulation were greatly attenuated
in these tissues [3, 39, 51, 52]. Since the muscles of W/W»
mice appear to have normal varicose terminals of enteric
neurons at normal density, the absence of neural responses
is considered due to the lack of ICC-IM. By inhibition
of acetylcholine esterase using neostigmine, cholinergic
transmission could be partly restored, leading us to conjec-
ture that acetylcholine could diffuse to and bind directly to
muscarinic receptors (Fig. 3) on smooth muscle cells [52].
S1/S1¢ mutant mice, which have a mutation of the Stee/ gene
encoding the Kit ligand stem cell factor (SCF), lack the
ability to make membrane-bound SCF and to develop ICC-
IM in the stomach [22]. As in W/W’ mice, SI/SI mice show
a reduction of EFS-induced neural responses (EJP and 1JP)
in gastric muscles [1]. These observations using ICC-
deficient mice indicate the functional relationship between
ICC-IM and nerve terminals.

VI. ICC-IM and Vagal Afferent Nerves

ICC-IM are closely associated with not only enteric
motor nerves but also vagal afferent nerves. Vagal afferent
nerve fibers, labeled with the injection of neuronal tracers

into the nodose ganglia, can terminate as intramuscular
arrays (IMA) within the musculature and as intraganglionic
laminar endings (IGLE) within the myenteric ganglia of the
stomach and duodenum [8]. These afferent fibers transmit
mechanoreceptive information from the muscle wall [8].
Murine IMA consisted of axonal arborization of various
lengths and ran parallel to the long axis of and formed close
appositions with ICC-IM [8]. In the stomach of W/ and
SI/SI mutants, IMA numbers fell by 50 to 80% compared
with wild mice [9, 10]. These data suggest that ICC-IM are
important for the normal development and maintenance of
IMA, and that they functionally interact with IMA.

VII. Conclusion

Considerable progress has been made in our under-
standing of the mechanisms that underlie ICC and neuro-
transmission. It has long been recognized from morpho-
logical studies that ICC-IM and ICC-DMP are densely and
closely innervated. The importance of these observations
became apparent when the responses to nerve stimulation
were examined in W/W' ICC-deficient mice, and recent
molecular and morphofunctional studies directly revealed
the neural inputs to ICC. ICC-IM and ICC-DMP play an
important role in neurotransmission; however, there is also
evidence of other functions such as the generation of ongo-
ing spontaneous discharges known as unitary potentials [14]
and stretch receptors that can influence pacemaker activity
[56]. It is unclear how excitatory and inhibitory nerve
responses in ICC are transferred to nearby smooth muscle
cells. A simple explanation is the transfer of information
through electrical conduction between ICC and smooth mus-
cle cells [13]. ICC are also assumed to be sources of second
messengers that diffuse into nearby smooth muscle cells or
sources of secretory substances that regulate smooth muscle
cells and neurons. Further advances combined with morpho-
logical, functional and molecular studies are required to
answer these questions.
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