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Abstract Interstitial cells of Cajal in the circular (ICC-
CM) and longitudinal (ICC-LM) muscle layer of the rat
gastric antrum and their innervation were studied ultra-
structurally. Both ICC-CM and ICC-LLM are character-
ized by many mitochondria, rough and smooth endoplas-
mic reticulum, caveolae, and formation of gap junctions
with each other and with muscle cells, though ICC-LM
tend to show more variable cytoplasmic features depend-
ing on section profiles. Close contacts between nerve ter-
minals and both ICC-CM and ICC-LM are observed.
These possible synaptic structures are characterized by:
(1) accumulation of synaptic vesicles in nerve varicosi-
ties, (2) a narrow gap (about 20 nm) between pre- and
postjunctional membranes, (3) lack of a basal lamina be-
tween pre- and postjunctional membranes, and (4) the
presence of an electron-dense lining on the inner aspect
of prejunctional membranes. Almost the same character-
istics are observed between the nerve terminals and the
muscle cells of both circular and longitudinal muscle
layers of the same specimens. Therefore, we conclude
that the smooth muscle cells of both circular and longitu-
dinal layers of the rat antrum are directly and indirectly
innervated via ICC. Their functional significance is dis-
cussed.

Keywords Interstitial cells of Cajal (ICC) -
Neuromuscular junction - Stomach - Ultrastructure -
Rat (Wistar)
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Introduction

A widely accepted notion is that smooth muscle cells do
not form clear neuromuscular synaptic structures compa-
rable to those of the skeletal muscles and that the vari-
cose terminal portions of nerve fibers release transmitter
“en passage” to the nearest muscle cells located at dis-
tances of 15-2,000 nm (Burnstock 1977), in spite of the
close innervation of the gut longitudinal muscles which
has been suggested (Richardson 1958; Llewellyn-Smith
et al. 1993). However, later ultrastructural studies using
serial sections demonstrated the existence of well-orga-
nized neuromuscular junctions in the rat urinary bladder
(Gabella 1995) and in the guinea pig ileum (Klemm
1995).

On the other hand, a number of morphological studies
of interstitial cells of Cajal (ICC) in the last decade have
revealed that certain types of ICC are closely apposed to
perve terminals and form numerous gap junctions with
neighboring smooth muscle cells at different levels of
the gastrointestinal tract in many species (see reviews by
Komuro 1999; Komuro et al. 1999). These studies sug-
gested that ICC are mediators between the nerves and
muscles. In fact, recent physiological studies demon-
strated functional significance of ICC in both inhibitory
(Burns et al. 1996; Ward et al. 1998) and excitatory
(Ward et al. 2000) neurotransmission in the mouse stom-
ach. Thus, these ICC are considered to be primary tar-
gets of enteric motor innervation and play an important
role in enteric neurotransmission (Ward and Sanders
2001).

Regarding subtypes of ICC, immunohistochemical
studies reported their presence in the longitudinal muscle
layer (LM) of the digestive tract (Burns et al. 1997;
Toma et al. 1999; Torihashi et al. 1999), but no descrip-
tions have elucidated the ultrastructural features of ICC-
LM in any part of the digestive tract.

Therefore, the present study was primarily designed
to elucidate the ultrastructural features of ICC-LM in-
cluding their innervation and intercellular connections in
the rat stomach, and their characteristics are compared to
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Fig. 1 A longitudinal section of the rat gastric antrum stained with
toluidine blue. The inner circular muscle layer (CM) is composed
of about 40-60 layers of smooth muscle cells and subdivided by
well-developed connective tissue septa which give passage to
blood vessels and nerve bundles. The outer longitudinal muscle
layer is relatively thin and is composed of about 10-15 layers of
the muscle cells. The myenteric ganglion can be seen between two
muscle layers (asterisk). A large blood vessel is seen in the sub-
mucosal layer (V). X190

Fig. 2 A longitudinal section of the rat antrum stained for c¢-Kit
immunohistochemistry. c-Kit-positive cells were found within lon-
gitudinal muscle layer (LM), circular muscle layer (CM), and the
myenteric plexus region. ICC-LM (arrowhead) are bipolar in
shape and run parallel to the longer axis of longitudinal muscle
cells. ICC-CM are predominantly observed in the connective septa
(arrows) as well as within the muscle bundles (double-headed
arrow) (asterisk myenteric ganglion). X110

those of the circular musculature. We also examined
whether the smooth muscle cells of the circular and lon-
gitudinal layer receive direct or indirect innervation via
ICC.

Materials and methods

Adult Wistar rats of both sexes (aged 4-10 weeks) were used
in the present study. The rats were deeply anesthetized by ether in-
halation. All procedures were performed in accordance with the
guidelines for the care and use of laboratory animals in the School
of Human Sciences of Waseda University.

Immunohistochemistry

Whole stomachs were removed from the anesthetized rats. After
rinsing out the luminal contents of the stomachs with phosphate-
buffered saline (PBS), parts of the antrum were cut and immersed
in OCT compound and then frozen with liquid nitrogen. Longitu-
dinal sections (10 pm thick) of the antrum were cut with a cryo-
stat, mounted on glass slides, and fixed with acetone for 10 min at
room temperature. The specimens were incubated with 4% Block
Ace solution (Dainippon Seiyaku) for 20 min at room temperature
to reduce non-specific immunoreactivity and then incubated with
a rabbit polyclonal antibody against human c-Kit (Santa Cruz
Biotechnology) at a dilution of 1:50 for 1 h at room temperature.

After washing in PBS, the specimens were incubated with a per-
oxidase-conjugated secondary antibody against rabbit Ig (DAKO;
K4002) for 30 min at room temperature. The peroxidase reaction
was developed in 50 ml 0.1 M TRIS-HCI buffer containing 6 mg
4-chloro-1-naphthol (Sigma) and 8 ul 30% H,0,.

Electron microscopy

Stomachs were moderately inflated by PBS and then animals were
perfused through the left ventricle of the heart with PBS for a pre-
wash and with a fixative (containing 3% glutaraldehyde and 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4). The antrum
was removed, cut into small pieces and placed in the same fixative
for 4 h at 4°C. The specimens were then rinsed in the same buffer,
postfixed in 1% osmium tetroxide in the same buffer for 2 h at
4°C, rinsed in distilled water, block stained overnight in a saturat-
ed solution of aqueous uranyl acetate, dehydrated in a graded se-
ries of ethyl alcohols and embedded in Epon epoxy resin. After
examination of semithin sections stained with toluidine blue, ultra-
thin sections were cut using a Reichert ultramicrotome and double
stained with uranyl acetate and lead citrate for observation with a
JEOL JEM 1200EXII electron microscope.

Fig.3 A low-power electron micrograph of the circular muscle
layer of the rat antrum. Elongated ICC-CM (asterisks) are located
in septal spaces between muscle bundles, in which muscle cells
are oriented almost perpendicular to the longer axis of the ICC-
CM and show angular profiles of their cross sections (CM). Small
nerve bundles (arrow) are located close to the process of ICC-CM.
x3200. Inset: The gap junction indicated by an arrow in Fig. 4.
x70,000

Fig. 4 Higher magnification of the perinuclear cytoplasm of the
ICC-CM (IC-CM) in the upper part of Fig. 3 on a neighboring sec-
tion. Many mitochondria, RER, Golgi apparatus, and caveolae
(arrowheads) are observed. This ICC-CM forms a gap junction
(arrow) with a thin process of the same type of cell. x10,000

Fig. 5 The further distal portion of the same ICC-CM in Fig. 4,
which shows abundant intermediate filaments (arrows) and caveo-
lae. x19,000

Fig. 6 ICC-CM (IC-CM) and a fibroblast-like cell (FL) located
around a nerve bundle in the circular muscle layer. FL shows an
electron-lucent cytoplasm and is characterized by dilated cisternae
of the RER. ICC-CM is in contact with nerve varicosity contain-
ing many synaptic vesicles (arrow). x19,000. Inset: Higher magni-
fication of the varicosity in Fig. 6. Gap between two membranes
measures about 20 nm. Presynaptic electron-dense lining is ob-
served at both edges of the contact area. x44,000
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Results

The tunica muscularis of the rat antrum was composed
of the inner circular and the outer longitudinal layers
separated by the myenteric plexus (Fig. 1). The circular
muscle layer was composed of about 40-60 layers of
smooth muscle cells and was subdivided by connective
tissue septa that contained blood vessels and thick nerve
bundles. The longitudinal layer was composed of about
10-15 layers of muscle cells which partially contained
muscle bundles running obliquely.

Immunohistochemistry

Immunoreactive cells for c-Kit staining were observed
within both circular and longitudinal muscle layers, and
between the two muscle layers, i.e., in the region of the
myenteric plexus (Fig. 2). In the circular muscle layer,
c-Kit-positive cells were predominantly located in the
connective tissue spaces (septa) separating muscle bundles
while they were sparsely distributed within the muscle
bundles. c-Kit-positive cells were numerous and were reg-
ularly distributed in the longitudinal muscle layer. They
were bipolar in shape and were oriented parallel to the
longer axis of the surrounding smooth muscle cells.

Electron microscopy

ICC-CM of the rat antrum were mainly observed in septa
between muscle bundles of the circular muscle layer
(Fig. 3). ICC-CM were often oriented perpendicularly to
the longer axis of the circular muscle cells. Their perinu-
clear cytoplasm contained many mitochondria, Golgi ap-
paratus and rough (RER) and smooth (SER) endoplas-
mic reticulum (Fig. 4). Intermediate filaments were par-
ticularly rich in their cytoplasmic processes (Fig. 5).
Caveolae were observed, but there was no basal lamina
around the cell membranes. Gap junctions of ICC-CM
with each other (Figs. 3, inset, 4) and between ICC-CM
and circular muscle cells were often found as previously
described (Ishikawa et al. 1997). Close contacts between
the ICC-CM and nerve varicosities were often observed
(Fig. 6). A basal lamina did not intervene between the
two membranes and their gap distance measured less
than 20 nm. Electron-dense linings, similar in appear-
ance to the active zone in synapses in the central nervous
system, were observed on the membranes of these vari-
cosities.

ICC-LM of the rat antrum were characterized by the
presence of numerous mitochondria, well-developed RER
and SER, Golgi apparatus and caveolae, and lack of a
continuous basal lamina around the cell membranes
(Figs. 7, 8, 9, 10). Many mitochondria were found mainly
in the perinuclear cytoplasm (Fig. 7), but they were not
uniformly distributed in the cytoplasmic processes
(Figs. 8, 9, 10). This feature was clearly seen in a series
of serial sections of the same cell (Figs. 7, 8).

RER was also unevenly distributed in the cytoplasm
of ICC-LM. In any particular part of its cell process the
ICC-LM might appear similar to a fibroblast (Fig. 9).
However, cisternac of RER in ICC-LM were usually
flattened and distinguishable from those of the fibro-
blasts, which were usually dilated and filled with floccu-
lent materials. In contrast, SER was often observed as
subsurface cisternae located immediately beneath the
cell membranes closely facing other cells of the same
type (Fig. 10).

‘In short, they showed a wide range of cytoplasmic
appearances depending on section profiles and in this
respect they seemed to be different from the ICC de-
scribed in other tissue regions (see Komuro 1999).

Another important feature of ICC-LM was the forma-
tion of gap junctions with the same type of cells and with
neighboring smooth muscle cells (Figs. 9, 10, left inset).
Gap junctions between ICC-LM were frequently found
in the regions in which the subsurface cisternae-like
structures were located, as described above (Fig. 10).
These gap junctions were particularly large and mea-
sured up to 2 um in length along the two cell membranes
in single ultrathin sections. Gap junctions between longi-
tudinal muscle cells have not been observed so far.

Close appositions between ICC-ILM and axon vari-
cosities containing many synaptic vesicles were occa-
sionally observed (Fig. 10, right inset). The closest dis-
tance between the two membranes measured about
20 nm. The cell membranes of those varicosities were
naked and not covered by either glial processes or a bas-
al lamina. Electron-dense lining was occasionally ob-
served in the cytoplasmic aspect of the axonal mem-
branes. One type of varicosity containing a mixture of
small flattened vesicles with a shorter diameter of about
35 nm and large granular vesicles with a diameter of
about 110 nm has been observed.

Close neuromuscular contacts were frequently ob-
served within the muscle bundles of the circular muscu-
lature (Fig. 11). Distances between the axonal mem-

Fig. 7 An electron micrograph showing the perinuclear cytoplasm
of ICC-LM in the longitudinal muscle layer of the rat antrum
(IC-LM). Many mitochondria, Golgi apparatus and caveolae
(arrows) are seen. x20,000

Fig. 8 Another section profile of ICC-LM of the same cell in
Fig. 7 (IC-LM), which shows a similar appearance to the fibroblast
except for the presence of caveolae (arrows). x11,000

Fig. 9 The cytoplasmic process of ICC-LM, which contains well-
developed RER and many mitochondria. This cytoplasmic process
is identified as ICC-LM by the formation of a big gap junction
with the muscle process (arrow) and by the presence of caveolae
on the cell membrane (arrowheads). x39,000

Fig. 10 Two processes of ICC-LM connecting with each other’s
gap junctions (arrow). Subsurface cisternae (arrowheads) are ob-
served along the cell membrane of one ICC-LM process. A nerve
varicosity (V) containing synaptic vesicles is closely associated
with another ICC-LM. x24,000. Left inset: Higher magnification
of the gap junction indicated by an arrow. x68,000. Right inset:
Nerve varicosity () in contact with ICC-LM with a gap of about
20 nm. x36,000
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branes and muscle membranes were in the range of
about 10-20 nm (Figs. 12, 13). Electron-dense linings
were observed on the cytoplasmic aspect of the axon
varicosities (Fig. 13). Here, two types of varicosities
were observed, one containing many small flattened ves-
icles with a shorter diameter of about 35 nm (Fig. 12)
and the other containing mainly small round agranular
vesicles (Fig. 13) with a diameter of about 50 nm mixed
with a few large granular vesicles.

Axon varicosities containing many synaptic vesicles
also made close contact with the longitudinal muscle
cells, with gaps of 10-20 nm (Fig. 14). Two types of var-
icosities, one containing a mixture of small round
agranular vesicles and large granular vesicles, and the
other containing only large granular vesicles, were seen
(Fig. 14). The muscle cell membranes facing these vari-
cosities did not have any specialized structures, but they
showed a slightly concave surface.

Discussion

The present observations revealed the ultrastructural fea-
tures of ICC-CM and ICC-LM in the rat antrum. They
are similar to each other in many respects including the
presence of numerous mitochondria, caveolae, formation
of gap junctions with each other and with neighboring
muscle cells and lack of a continuous basal lamina
(Ishikawa et al. 1997; the present study). However,
ICC-LM appear to have more well-developed RER than
ICC-CM and show different cytoplasmic profiles, de-
pending on the plane of section, of typical ICC charac-
teristics to give a nearly fibroblastic appearance. They
also differ from the more muscular type of ICC, which
have a continuous basal lamina, such as ICC of the
deep muscular plexus of the small intestine (Thuneberg
1982; Rumessen et al. 1992; Zhou and Komuro 1992;
Torihashi et al. 1993; Seki and Komuro 1998) and of the

Fig. 11 Two neuromuscular junctions observed in a single section
profile of the circular muscle bundle of the rat antrum. The nerve
varicosities (N) contain mainly agranular round synaptic vesicles.
x18,000

Fig. 12 Close contact between the circular muscle cell and a
nerve terminal (N) containing many small flat vesicles (about
35 nm shorter diameter and about 55 nm longer diameter). Note
another varicosity containing agranular round vesicles (about
50 nm in diameter). The gap junction between the two processes
of the muscles is also seen (arrow). x32,000

Fig. 13 Axon terminal containing mainly small agranular round
vesicles (about 50 nm in diameter) on the circular muscle cell. The
gap distance between the two membranes measures 10-20 nm and
the presynaptic electron-dense lining is indicated by an arrow.
x41,000

Fig. 14 An electron micrograph showing close contact between
the longitudinal muscle cell and two axon terminals: one contain-
ing a mixture of small round agranular vesicles (about 50 nm in
diameter) and large granular vesicles (about 110 nm in diameter)
and the other containing only large granular vesicles. Electron-
dense lining is observed on the axonal membrane of one terminal
(arrow). 28,000
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submuscular plexus of the colon (Faussone-Pellegrini
1987; Rumessen et al. 1993; Torihashi et al. 1994
Ishikawa and Komuro 1996) in many species. On the
other hand, ICC-CM and ICC-LM are distinguished
from the fibroblast-like cells observed in the circular
muscle layer of the rat stomach (Ishikawa et al. 1997)
and mouse small intestine (Horiguchi and Komuro 2000)
by the presence of caveolae and large gap junctions con-
necting with each other.

Since ICC-CM and ICC-LM are closely apposed to
the nerve terminals containing many synaptic vesicles in
the present study, it is likely that they are involved in the
transmission of nerve impulses to the circular and longi-
tudinal muscle cells of the rat antrum as has been sug-
gested for ICC-CM in the mouse fundus and pyloric
sphincter (Burns et al. 1996; Ward et al. 1998, 2000).
However, because of the generally sparser distribution of
nerve fibers in the longitudinal musculature than that in
the circular muscle layer (Gabella 1981), ICC-LM seems
to be less innervated than ICC-CM in the rat antrum.
This view seems to be comparable with the immunohis-
tochemical study of the guinea pig colon showing that
ICC-LM run parallel to the longer axis of the muscle
cells without accompanying the nerve fibers in the longi-
tudinal muscle layer (Toma et al. 1999).

Regarding neuromuscular junctions in the smooth
muscle tissue, Gabella (1995) investigated the rat urinary
bladder in detail using ultrastructural serial sections, and
he defined less rigid but “soft-patterned” neuromuscular
junctions with four parameters: (1) an expanded axon
varicosity packed with synaptic vesicles, (2) an exposed
axolemma, (3) mostly a 30- to 50-nm gap between the
axon and muscle cell membranes, and (4) exclusion of
fibrillar elements in the intercellular gap except for a
single basal lamina. The electron-dense lining onto the
presynaptic axolemma is only rarely observed.

Klemm (1995) observed the longitudinal muscle of
the guinea pig ileum and demonstrated that the majority
of vesicle-containing nerve fibers of the enteric nervous
tertiary plexus formed specialized neuromuscular junc-
tions. They are characterized by: (1) exposed axons sep-
arated from muscle cells by intervening clefts of less
than 100 nm filled with a single basal lamina, (2) accu-
mulation of synaptic vesicles in the axons toward the
area of close contact, and (3) the occasional occurrence
(Iess than 20%) of prejunctional membrane specializa-
tions.

The neuromuscular junctions observed in the rat
antrum in the present study are characterized by accumu-
lation of synaptic vesicles in the axon varicosities, elec-
tron-dense linings on the presynaptic membranes and the
disappearance of basal lamina in the narrow gap (less
than 20 nm) between the axon varicosities and the mus-
cle cell membranes. These are compatible with the fea-
tures reported by Gabella (1995) and Klemm (1995).

Therefore, the present study provides ultrastructural
evidence for the direct and indirect innervation of the
smooth muscle in both the circular and longitudinal lay-
ers of the rat antrum. But what is the significance of each
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type of innervation? How does the direct or indirect
innervation contribute to gastric movement, contraction
and/or relaxation?

Ward et al. (2000) observed pressure increases as a
function of fluid volume and infusion rate in wild-type
animals but little basal tone and a minimal increase in
pressure with fluid infusion in W/WY mice which lack
ICC-CM. They concluded that ICC-CM play a major
role in receiving cholinergic excitatory inputs from the
enteric nervous system in the murine fundus. On the
other hand, Nakama et al. (1998) reported that the maxi-
mum value of the intraluminal pressure of the pylorus
did not show a significant difference between the wild-
type rats and Ws/Ws rats which lack ICC-CM (Ishikawa
et al. 1997) and ICC-LM (R. Mitsui and T. Komuro, un-
published data) in spite of normal motility being im-
paired. The former indicates that indirect innervation is
of essential importance in gastric contraction in the
mouse, while the latter suggests that direct innervation
may produce a strong enough contraction of the rat
stomach without indirect innervation mediated via
ICC-CM and ICC-LM. These differences may reflect
different innervation patterns in different species.

ICC-CM, which are mainly observed in the septa be-
tween the muscle bundles in the circular muscle layer,
may function to coordinate contraction or relaxation of
muscle bundles, while direct innervation regulates a
group of muscle fibers within the bundle. On the other
hand, it was reported that ICC-CM of the mouse antrum
generate the secondary regenerative component of a
slow wave (Dickens et al. 2001), and it was also sug-
gested that septal ICC-CM of the canine antrum transfer
pacemaker depolarizations from ICC of the myenteric
plexus region to the distant bundles of circular muscle
(Horiguchi et al. 2001; Hirst 2001).

ICC-LLM may also coordinate muscle movements of
longitudinal musculature over a wider span, probably in a
way so as to compensate for the lack of large gap junc-
tions between the longitudinal muscle cells. The presence
of many ICC-LM in the gastric antrum contrasts with the
lack of ICC-LM in the small intestine in the rat (unpub-
lished data). These facts may provide a clue to interpret-
ing the observations that the longitudinal muscles con-
tract concurrently with the circular muscles in the stom-
ach, while they contract at a different phase from the cir-
cular muscles in the intestine of dogs (Sarna 1993). This
view is consistent with the study of guinea pig colon, of
which circular and longitudinal muscle layers, both con-
taining ICC (Burns et al. 1997; Toma et al. 1999), also
contract together (Smith and Robertson 1998).

It has been demonstrated hitherto that ICC are in-
volved in nitrergic (Burns et al. 1996; Ward et al. 1998)
and cholinergic (Ward et al. 2000) neurotransmission in
the mouse stomach. Since different types of nerve vari-
cosities characterized by different appearances of synap-
tic vesicles are observed in close apposition to both ICC
and smooth muscle cells, it is likely that more than one
type of functionally defined neuron is involved in both
direct and indirect innervation in the rat stomach. Further

analysis of the proportional differences of the direct and
indirect innervation in each system may be required to
adequately account for the muscle movements in the
digestive tract.
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Abstract Interstitial cells of Cajal (ICC) in the stomach
of wild-type and Ws/Ws mutant rats that are deficient in c-
kit were studied by immunohistochemistry and electron
microscopy to elucidate their regional specialization in
the gastric antrum. Immunohistochemistry for Xit protein
demonstrated that in wild-type rats ICC were located at
the submucosal border of the circular muscle layer (ICC-
SM) in a limited extension of the antrum from the pyloric
sphincter towards the corpus, as well as within both the
circular (ICC-CM) and longitudinal (ICC-LM) muscle
layers and in the myenteric plexus region (ICC-AP). In c-
kit mutant Ws/Ws rats while ICC-CM and ICC-LM were
not observed, but unexpectedly, a few ICC-SM and ICC-
AP were found. By electron microscopy, ICC-SM and
ICC-AP were characterized by abundant mitochondria,
many caveolae, a distinct basal lamina and formed gap
junctions with other ICC or with smooth muscle cells and
make close contacts with nerves. Thus, ICC-SM and ICC-
AP of the rat antrum were classified as Type 3 ICC, the
type most similar to smooth muscle cells. The functional
significance of ICC-SM and their survival in the c-kit
mutant animals is discussed in reference to the role of the
c-kit/stem cell factor system for their cellular maturation.

Keywords Kit - Connexin - Immunohistochemistry -
Ultrastructure - Stomach

Introduction

Interstitial cells of Cajal (ICC) have been uniformly
observed in the region of the myenteric (Auerbach’s)
plexus (AP) throughout nearly the whole digestive tract,
but ICC of other tissue layers showed a characteristic
distribution from organ to organ (Komuro et al. 1999). In
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the small intestine, ICC are associated with the deep
muscular plexus (DMP) located between the outer main
circular muscle layer and inner thin sublayer (Thuneberg
1982). In the colon, ICC are situated at the submucosal
border of the circular muscle layer where the submuscular
plexus (SMP) is located (Stach 1972:; Ishikawa and
Komuro 1996; Komuro 1999). ICC corresponding to
those of the DMP or SMP have not been observed in most
parts of the stomach. Indeed, the stomach is unique in that
ICC have a different distribution in proximal and distal
regions of the same organ (Burns et al. 1997; Seki and
Komuro 2002). Also, in W/W”’ mutant mice which have
the major defect in c-kit, the ICC of different tissue layers
have characteristically different degrees of dependence on
c-kit (Burns et al. 1996; Ward et al. 1998).

Recent physiological studies focusing on the regional
specificity of ICC in the stomach reported a variety of
suggested functions of ICC. For example, ICC-AP of the
corpus and antrum evoke the initial component of
electrical slow waves (Dickens 1999; Ordog 1999), while
ICC in the circular muscle layer (ICC-CM) of the same
region generate the secondary component of the slow
waves (Dickens 2001). Besides, ICC-CM of the fundus
mediate neurotransmission to smooth muscle cells (Burns
1996; Ward 2000). The most recent study reported that
intracellular recordings from the mouse antrum shows
varying electrical potentials due to a differential distri-
bution of ICC along the axis of the greater to the lesser
curvature (Hirst et al. 2002). In these studies, the presence
of a certain type of ICC is believed to play a key role in
their function in the tissue.

ICC at the submucosal border of the stomach (ICC-
SM) have been found in the human gastric antrum
(Faussone-Pellegrini 1989), in the mouse pylorus (Ward
et al. 1998; Seki and Komuro 2002) and in the dog antrum
(Horiguchi et al. 2001). However, their ultrastructural
features and physiological significance have not yet been
elucidated in detail. In the rat stomach, the ultrastructure
of ICC has only been described for the ICC-CM
(Ishikawa et al. 1997).
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Accordingly, the goal of the present study was to
demonstrate the distribution and ultrastructure of ICC-SM
in wild-type rats and in Ws/Ws rats that lack c-kit (Niwa et
al. 1991). In addition, the ultrastructure of ICC-SM was
compared to the ultrastructure of ICC-AP and ICC-CM
and the distribution of gap junctions was documented by
immunohistochemistry for connexin (Cx) 43 and by
electron microscopy. Cx 43 was chosen to represent gap
junctions in the rat stomach, since the presence of Cx 43
was demonstrated at the gap junctions between the
following pairs of cell types, including ICC and ICC,
ICC and smooth muscle cells, and smooth muscle cells
and smooth muscle cells in the rat small intestine (Seki
and Komuro 2001).

Materials and methods

Homozygous Ws/Ws mutant rats and sibling control wild-type rats
of both sexes (aged 4-10 weeks) were used in the present study. The
rats were anesthetized deeply by ether inhalation. All procedures
were performed in accordance with the guidelines for the care and
use of laboratory animals of the School of Human Sciences of
Waseda University.

Immunohistochemistry

Whole stomachs were removed from the anesthetized rats. After
rinsing out the luminal contents of the stomachs with phosphate
buffered saline (PBS), parts of the pyloric antrum were cut and
immersed in OCT compound and then frozen with liquid nitrogen.
Longitudinal sections (10 pm thick) of the antrum were cut with a
cryostat, mounted on glass slides, and fixed with acetone for 10 min
at room temperature. Specimens were first incubated with Perox-
ioblock (Zymed) for 45 s to inactivate endogenous peroxidase and
then with 4% Block Ace solution (Dainippon Seiyaku) for 20 min
at room temperature to reduce non-specific immunoreactivity. The
following steps for immunohistochemistry were performed sepa-
rately for different antibodies as follows:

(1) The specimens were incubated with a rabbit polyclonal
antibody against human Kit protein (Santa Cruz Biotechnolo-
gy) at a dilution of 1:50 for 1 h at room temperature. After
washing in PBS, the specimens were further incubated with a
peroxidase-conjugated secondary antibody against rabbit IgG
(DAKO; K4002) for 30 min at room temperature. The
peroxidase reaction was developed in 50 ml 0.1 M Tris-HCI
buffer containing 6 mg of 4-chloro-1-naphthol (Sigma) and 8 pl
of 30% H,0,. After a brief rinse in PBS, the specimens were
mounted in Quick-mount and photographed with a Nikon light
microscope.

(2) The specimens were incubated with a mouse monoclonal
antibody against gap junction protein connexin (Cx) 43
(Chemicon International, MAB3068) at a dilution of 1:100
for 1 h at room temperature. After washing with PBS, the
specimens were incubated with a FITC-conjugated secondary
antibody against mouse IgG (DAKO) for 1 h at room
temperature. These specimens were mounted in Vectashield
(Vector) and observed with a Nikon fluorescence microscope.

Electron microscopy

Stomachs were moderately inflated with PBS and then animals
were perfused through the left ventricle of the heart with PBS for a
prewash and with a fixative (containing 3% glutaraldehyde and 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4). The antrum

was removed, cut into small pieces and placed in the same fixative
for 4 h at 4°C. The specimens were then rinsed in the same buffer,
post-fixed in 1% osmium tetroxide in the same buffer for 2 h at
4°C, rinsed in distilled water, block-stained overnight in a saturated
solution of aqueous uranyl acetate, dehydrated in a graded series of
ethyl alcohols and embedded in Epon epoxy resin. After exami-
nation of semithin sections stained with toluidine blue, ultrathin
sections were cut using a Reichert ultramicrotome and double-
stained with uranyl acetate and lead citrate for observation with a
JEOL JEM 1200EX II electron microscope.

Resuits

Immunohistochemistry

Kit-immunoreactive cells were densely distributed in the
pyloric antrum of the wild-type rat stomach. ICC were
observed within the circular and longitudinal muscle
layers, and in the region of Auerbach’s plexus (Fig. 1).
ICC-CM tended to be located in the connective tissue
space (septa) separating the muscle bundles rather than
within the muscle bundles.

At the interface between the submucosal connective
tissue and the inpermost circular muscle cell layer, Kit-
positive cells (ICC-SM) were observed in the limited
extension of the antrum from the region adjacent to the
pyloric sphincter. The number of ICC-SM gradually
decreased through the antrum towards the corpus, and
they were not detected in the corpus at all.

To examine the degree of the intercellular coupling in
this region, gap junctions were stained immunohisto-
chemically for Cx43 protein. Cx43-immunoreactive de-
posits were almost homogeneously observed throughout

Fig. 1 A longitudinal section of a wild-type rat antrum stained for
Kit immunohistochemistry. Kit-positive cells are found along the
interface between the submucosa (Sb) and the circular muscle layer
(CM) to outline its inner margin (arrows). Kit-positive cells are
densely distributed near the pyloric sphincter (left side of the figure)
and are sparser in the proximal antrum (right side). Kit positive
cells are also seen within circular (CM) and longitudinal (LM)
muscle layers, and around the Auerbach’s plexus (*). x130

Fig. 2 A longitudinal section of the wild-type rat antrum stained
for Cx43 immunohistochemistry. Strong but intermittent immuno-
reactive deposits are found in the submucosal border of the circular
muscle layer (arrows). Dense immunoreactive deposits are almost
homogeneously observed in the circular muscle layer (CM) except
in the inner one fourth part which shows weaker immunoreactivity.
Some reactive deposits are also observed in the longitudinal muscle
layer (LM). x100

Fig. 3 A high power micrograph showing a part of Fig. 2. Large
Cx43 immunoreactive deposits (arrows) at the submucosal border
of circular muscle layer contrast to the weak activity in the adjacent
zone of the circular muscle (CM). x170

Fig. 4 A longitudinal section of the Ws/Ws rat antrum stained for
Kit immunohistochemistry. Immunoreactive deposits are found
along the submucosal border of circular muscle layer (arrows) and
around Auerbach’s plexus (*), but almost no reactive deposits are
found in the circular (CM) and longitudinal muscle layers. x90

Fig. 5 A high power micrograph showing a part of Fig. 4. Kit-
positive cells are observed at the submucosal border of circular
muscle layer as pale nuclei outlined by stained cytoplasmic rims
(arrows). x270
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Fig. 6 An electron micrograph showing ICC-SM (IC-SM) charac-
terized by many mitochondria and caveolae (arrows), located at the
interface between the submucosa (Sb) and the circular muscle layer
(CM). Nerve bundles (V) are also found in their close vicinity.
x14000

Fig. 7 Cytoplasmic processes of ICC-SM(IC-SM) contain many
mitochondria and rough endoplasmic reticulum, and form gap
junctions with each other (arrows and double headed arrow).
%34000

Fig. 8 A gap junction (arrow) between ICC-SM and a circular
muscle cell. x25000

Fig. 9 The cytoplasmic process of ICC-SM forming the gap
junction indicated by the double headed arrow in Fig. 7. Bundles
of intermediate filaments (arrows), a basal lamina (arrowheads)
and caveolae are observed. x53000

Fig. 10 A process of ICC-SM closely associated with a nerve
varicosity (V) containing many synaptic vesicles. x41000



Fig. 11 ICC-AP (IC-AP) containing many mitochondria and rough
endoplasmic reticulum located near a ganglion of Auerbach’s
plexus (*). Many caveolae are observed on the cell membrane
(arrows). x16000

Fig. 12 A cytoplasmic process of ICC-AP characterized by abun-
dant intermediate filaments (small arrows) and a gap junction
formed with another processes of the same type of cell (large
arrow). A basal lamina is seen around the cell membrane
(arrowheads). x42000
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Fig. 13 Close contact between the process of ICC-AP and nerve
varicosity containing many synaptic vesicles (V). x38000

Fig. 14 ICC-SM (IC-SM) characterized by the presence of cave-
olae (small arrows) and formation of gap junction (large arrow)
with a neighboring process of ICC-SM in Ws/Ws rat. A small nerve
bundle (N) is seen in its close vicinity. x24000
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the circular muscle layer, except for the inner one fourth
part of it, which showed only weak immunoreactivity
(Figs. 2, 3). In contrast, large Cx43 immunoreactive
deposits were clearly observed along the submucosal
border of the circular muscle layer (Fig. 3). Some deposits
were also observed in the longitudinal muscle layer.

On the other hand, in the Ws/Ws rat antrum, Kit-
immunoreactive deposits were almost completely absent
within the circular and longitudinal muscle layers (Figs. 4,
5). However, ICC-SM and ICC-AP were observed in the
corresponding regions, though they were fewer in number
than those of the wild-type rat.

Electron microscopy

At the submucosal border of the circular muscle of the
wild-type rat pylorus, ICC-SM were identified as cells
containing many mitochondria, rough and smooth endo-
plasmic reticulum (Figs. 6, 7, 8, 9, 10). They had caveolae
and a basal lamina around the cell membrane. They also
contain abundant intermediate filaments, in particular in
their processes (Fig. 9). They formed gap junctions with
each other and with the neighboring muscle cells (Figs. 7,
8, 9). Close contacts between ICC-SM and nerve
varicosities containing many synaptic vesicles were also
observed (Fig. 10). ICC-AP in the same specimens were
characterized by almost exactly the same features as those
of ICC-SM (Figs. 11, 12, 13), i.e., the presence of many
mitochondria, rough and smooth endoplasmic reticulum,
abundant intermediate filaments, caveolae and a basal
lamina around the cell membrane. Gap junctions (Fig. 12)
and close contacts with nerve varicosities were also seen
(Fig. 13). In Ws/Ws rats, ICC-SM characterized by the
same features as those of wild-type animals were found at
the submucosal border of the circular muscle layer
(Fig. 14), but ICC-CM were not detected, as previously
reported (Ishikawa et al. 1997).

Discussion

The present study clearly demonstrated that ICC-SM are
located at the submucosal border of the rat antrum. These
cells are only found in this confined area of the whole
stomach and therefore they probably have a special
significance here. Regarding their functional role, Hori-
guchi et al. (2001) suggested that ICC-SM of the canine
gastric antrum can generate slow waves. This is probably
true and potentially of interest because of some similar-
ities between the gastric antrum and colon and because a
pacemaker function has been reported for the ICC-SMP
of the colon in the dog (Conklin and Du 1990; Serio et al.
1990; Sanders 1996), human (Rae et al. 1998), and the rat
(Pluja et al. 2001).

The antrum of the stomach is nearly tubular in shape
and has a thick muscular wall. The ingested food in the
antrum is still of a rather solid consistency, unlike the
liquid chyme of the small intestine, and is probably of

similar stiffness as the luminal contents of the colon.
Digestive movements to propel the solid contents prob-
ably require a thick muscular wall that is provided with
common regulating cells including local ICC, namely
ICC-SMP or ICC-SM, respectively.

Another observation also suggests a local peculiarity
of the ICC in the pyloric region. Patterson et al. (2001)
reported that a population of ICC expressing strong
immunoreactivity for cholecystkinin A receptors are
found in the specific region of the sphincter muscle of
the rat pylorus. These authors suggested that these ICC
play a role in CCK-induced pyloric sphincter activity and/
or in the transpyloric coordination of slow wave activity.
There is no evidence to suggest the involvement of ICC-
SM to a certain pyloric sphincter activity or transpyloric
coordination of muscle movement. However, it is rather
likely that ICC-SM cooperate with ICC-DMP of the small
intestine, which start to form a continuous cellular
network in the closely adjacent tissue layer.

In Ws/Ws rats, a decrease in the duration of pyloric
contraction (Nakama et al. 1998), and a weaker contrac-
tile force of the antrum have been reported (Takayama et
al. 2002). At present, it is unknown whether the reduction
of ICC-SM contributes to these effects.

On the other hand, since ICC-SM are situated closely
to nerve terminals containing many synaptic vesicles and
form gap junctions with neighboring smooth muscle cells,
they are probably involved in the transmission of nerve
impulse to the surrounding muscle cells, as has been
suggested for ICC-CM in the stomach of mice (Burns et
al. 1996; Ward et al. 1998; 2000) and rats (Ishikawa and
Komuro 1998; Mitsui and Komuro 2002). Detection of
large Cx43-immunoreactive deposits in the present study
suggests that there is a well-developed intercellular
electrical coupling between ICC-SM and smooth muscle
cells in a particular region of this tissue layer of the rat
antrum. In this context, it is another possibility to be
examined whether ICC-SM play a role of active propa-
gation of slow waves which was suggested for ICC within
the circular muscle layer in the dog stomach (Horiguchi et
al. 2001).

One of the most important findings of the present study
is that ICC-SM are observed in both wild-type rats and
Ws/Ws mutant rats, though the cell density is sparser in
the latter strain. These cells are ultrastructurally similar to
ICC-SM of the dog antrum (Horiguchi et al. 2001) and are
classified as Type 3 ICC, the most similar to smooth
muscle cells, in respect of the presence of many caveolae
and a distinct basal lamina (Komuro et al. 1999).

It should be emphasized that type 3 ICC, the most
muscle-like ICC, are observed in both c-kit and stem cell
factor mutant animals, regardless of the organ or tissue
layer concerned. Examples include the ICC-DMP of the
Ws/Ws rat small intestine (Horiguchi et al. 1995;
Horiguchi and Komuro 1998) and ICC-SMP of the Ws/
Ws rat colon (Ishikawa and Komuro 1998), the ICC-DMP
of the small intestine of the W/W" mouse (Malysz et al.
1996) and SI/SI¢ mouse (Ward et al. 1995), the ICC-AP of



the W/W" mouse pylorus (Ward et al. 1998), and the ICC-
AP of the Ws/Ws rat pylorus (present observations).

In contrast to these observations, the least muscle-like
Type 1 ICC such as the ICC-AP of the rat small intestine
(Horiguchi et al. 1995; Horiguchi and Komuro 1998) and
the intermediate Type ICC or ICC-CM of the mouse
(Burns et al. 1996) and the rat stomach (Ishikawa et al.
1997; present observations) could not be seen in those c-
kit mutant animals, W/W" mice and Ws/Ws rats, respec-
tively.

In other words, the former evidence suggests that the
most muscle-like Type 3 ICC can develop and mature
cytologically independent of the c-kit/stem cell factor
system, or that there is some other compensatory system
for their cell maturation. These observations suggest
interesting directions for future studies, in the light of
reports that ICC and smooth muscle cells originate from
the same mesenchymal progenitor cells that co-express
both Kit and smooth muscle myosin heavy chain (Kluppel
et al. 1998), and that blockade of Kit signaling induces a
smooth muscle cell phenotype (Torihashi et al. 1999).
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Abstract The distribution of different subtypes of inter-
stitial cells of Cajal (ICC) in the tunica muscularis of the
stomach of wild-type and W/W” mice was studied by
immunohistochemical staining for Kit. Special attention
was also given to the distribution of the gap junction
protein connexin 43 (Cx 43) immunoreactivity. Kit-
immunoreactive cells of the circular and longitudinal
muscle layers (ICC-CM and ICC-LM) were densely dis-
tributed throughout the cardia, fundus, the squamous epi-
thelial portion of the corpus and the pylorus, but they
were decreased in number within the glandular epithelial
portion of the corpus. Kit-immunoreactive cells of the
myenteric region (ICC-AP) emerged slightly proximal
to the squamous-glandular epithelial transition and in-
creased in number towards the pylorus. Kit-positive cells
were also observed at the submucosal border of the
circular muscle layer (ICC-SM). ICC-CM and ICC-LM
were not observed in the stomachs of W/WY mice, but a
few ICC-AP were observed in the pylorus. Cx 43 immu-
noreactive deposits were only sparsely distributed in the
circular muscle layers of the cardia, fundus and the squa-
mous epithelial portion of corpus. However, the Cx 43
immunoreactive deposits were densely distributed in the
glandular epithelial portion of the corpus that contained
fewer ICC-CM. Cx 43 immunoreactive deposits were
rare in the circular muscle layer of the pylorus. No Cx 43
immunoreactivity was detected in the longitudinal mus-
cle layer throughout the whole stomach. The distribution
of Cx 43 immunoreactivity in the W/W” mouse stomach
was almost the same as in wild-type mice. The function-
al significance of each type of ICC at each region is dis-
cussed in reference to regional differences in the distri-
bution of both ICC and Cx 43, and differences between
wild-type and W/W” mice.
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Introduction

During the last decade, studies of interstitial cells of
Cajal (1911) (ICC) have accumulated evidence that dif-
ferent classes of ICC act either as pacemaker cells of
peristaltic movement or as mediators of neural activity to
the gastrointestinal musculature (see reviews by Sanders
1996; Ward and Sanders 2001). All ICC share a certain
range of common features on the one hand, different
subtypes of ICC classified by their anatomical position
relative to the tissue layers and levels of the digestive
tract, on the other hand, have their own cytological char-
acteristics and different degrees of dependency on the
Kit-stem cell factor system for their cytological differen-
tiation (Komuro et al. 1999).

In the stomach, ICC were first reported in the dog
corpus (Daniel et al. 1984) and in the human fundus,
corpus and pyloric antrum (Faussonne-Pellegrini et al.
1989). More recent studies showed that there are region-
al differences in the distribution of ICC from the proxi-
mal to distal portions of the guinea-pig stomach (Burns
et al. 1997) and that ICC in the myenteric region are un-
expectedly present in W/WY mice which have mutation
on c-kit (Burns et al. 1996; Ward et al. 2000). It has
also been proved that ICC of the myenteric region act
as pacemakers in the guinea-pig and mouse stomach
(Dickens et al. 1999; Ordog et al. 1999), as has been
reported in many studies of the small intestine (Ward
and Sanders 2001). Furthermore, by comparing the an-
tral regions of stomachs of wild-type and W/WY mutant
mice, it has been suggested that intramuscular ICC gen-
erate the secondary regenerative component of slow
waves (Dickens et al. 2001). Similarly, the role of ICC
as mediators of neural activity has been analyzed ac-
cording to the distribution of specific subtypes of ICC
(Burns et al. 1996; Ward et al. 1998; 2000; Ordog et al.
1999). Although the presence or absence of a particular
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subtype of ICC in a certain region of the stomach was
crucial in these studies, the morphological descriptions
were limited and did not extend to all subtypes of ICC
in the whole stomach. On the other hand, it is known
that the electrical properties of the gastric smooth mus-

cles differ from region to region of the stomach (Suzuki
2000).

For these reasons, it seems important to obtain a clear
understanding of the precise distribution of ICC in the
stomach of experimental animals that are frequently used

Table 1

Region Thickness of muscle coat
Cardia 600 um
Fundus 170 um
Squamous epithelial
portion of the corpus 80 um
Squamous-Glandular
Epithelial Junction 70 am
Glandular epithelial
portion of the Corpus W am




in studies of ICC. The present study was designed to
systematically demonstrate the distribution of ICC in all
tissue layers of the stomach from the cardiac to pyloric
regions in both wild-type and W/W” mice. In addition,
the demonstration of the distribution of the gap junction
protein connexin 43 (Cx 43) provides some insights into
the degree of the cellular coupling in these muscle
layers.

Materials and methods

Animals

Five homozygous WBB6F1-W/W’ and seven +/+ mice (8~
10 weeks) of both sexes were purchased from Japan SLC
(Shizuoka, Japan). The stomachs were dissected under terminal
anesthesia with ether. All procedures were performed in accor-
dance with the guidelines for the care and use of laboratory ani-
mals of the School of Human Sciences of Waseda University.

Immunohistochemistry for Kit and Cx 43

Stomachs were briefly rinsed in phosphate-buffered saline (PBS),
immersed in OCT compound, and immediately frozen with liquid
nitrogen. For immunohistochemistry with sections, longitudinal
sections (8—10 um thick) were cut with a Microm HM 505-E cryo-
stat, mounted on poly-L-lysine coated glass slides, and fixed for
20 min at -20°C with absolute acetone. For immunohistochemistry
with whole-mount stretch preparations, the stomach was inflated
and fixed with absolute acetone for 40 min at 4°C, and pieces of
the cardia, fundus, corpus and antrum were dissected. The mucosa
was removed under the dissection microscope, and stretch prepa-
rations of the musculature were mounted on glass slides.

The specimens were then first incubated with 4% Block Ace
solution (Dainippon Seiyaku, Osaka, Japan) in PBS for 20 min at
room temperature to prevent non-specific reaction. Immunohisto-
chemistry was performed as follows: specimens were incubated
with a rat monoclonal antibody against Kit (ACK-2; Gibco,
no. 3314SA) at a dilution of 1:200. After rinsing in PBS several
times, the specimens were incubated with horseradish peroxidase-
conjugated secondary antibodies (rabbit anti-rat IgG-HRP, Dako,
no. P0450) at a dilution of 1:80. The peroxidase reaction was

Fig. 1 A section through an entire frozen stomach of the mouse
showing the various anatomical regions examined. The thickness
of the muscular coat at each portion (/, 2, 3, * 5 and 6) is indicated
in the associated Table 1. x6

Fig. 2 A longitudinal section of the cardia immunostained for Kit.
Kit-positive cells are densely distributed in the thick circular mus-
cle layer (¢cm). They are observed as the elongated cells in the lon-
gitudinal muscle layer (Im). sq squamous epithelial layer. x120

Fig. 3 Higher magnification of the myenteric region of the cardia.
Kit-positive cells are not observed around the ganglia (*) or be-
tween the two muscle layers. Note bipolar shape of a Kit-positive
cell in the longitudinal muscle layer (arrow). x450

Eig. 4 A longitudinal section of the fundus showing rich distribu-
tion of Kit-positive cells within both circular (cm) and longitudinal
(Im) muscle layer, but not in the myenteric region. sg; squamous
epithelial layer. x150

Fig. 5 A wholemount stretch preparation of the muscle coat of the
fundus. Bipolar cells within the circular and longitudinal muscle
lé}yers are oriented perpendicularly to each other and are clearly
visible because of the lack of Kit-positive cells in the myenteric
region. x180
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developed in 50 ml 0.1 M Tris-HCI buffer containing 6 mg of
4-chloro-1-naphthol (Sigma) and 8 ul of 30% H,0O,. Other sec-
tions were incubated with a rabbit polyclonal antibody against Cx
43 (Chemicon International, no. AB1728) at a dilution of 1:100.
Peroxidase-conjugated secondary antibodies (Envision+ system
for rabbit IgG, Dako, no. K4003) were used, and the peroxidase
reaction was performed using the procedure described above. Af-
ter a brief rinse in PBS, the specimens were mounted in Mount-
Quick and photographed with a Nikon light microscope. Control
specimens were processed in a similar manner, but the primary in-
cubation solution did not contain ACK-2 or anti-Cx 43.

Results
Localization of ICC

To clarify the portions observed, micrographic montages
were made of longitudinal sections passing through the
mid-line of the stomachs. The distribution of each sub-
type of ICC was examined at six key regions (Fig. 1).
Those areas were plotted on a cut surface of the frozen
specimens indicating the last section cutting through the
midpoint of the tubular wall of the esophagus and the
pyloric sphincter. The montage examination of whole
stomachs .demonstrated gradual changes in the density
of distribution of some types of ICC and the abrupt
appearance or disappearance of other types of ICC
along the proximal to distal portions of the stomach.
Key regions of the stomach were characterized by dif-
ferences in the mucosal epithelium and in the thickness
of the muscle coat, which ranged from about 30-600 um
in the specimen of Fig. 1 (see also the associated
Table 1).

Wild-type mice
Cardia and fundus

Kit-immunoreactive cells were densely distributed
throughout the well-developed thick circular muscle layer
(ICC-CM) of both cardiac and fundic regions of the
mouse stomach (Figs. 2, 3, 4). Kit-positive cells were
also observed in the longitudinal muscle layers (ICC-LM)
but they were completely lacking from the myenteric re-
gion (ICC-AP) between the circular and longitudinal
muscle layers. Because of the absence of ICC-AP and the
elongated bipolar shape of both ICC-CM and ICC-LM,
in whole-mount preparations these ICC were clearly
observed arranged perpendicular to each other (Figs. 5, 6
inset).

Squamous epithelial portion of corpus

Although the thickness of the circular musculature grad-
ually decreased from the proximal to distal region, Kit-
positive ICC-CM and ICC-LM showed a similarly dense
distribution in the squamous epithelial portion of the cor-
pus (Fig. 6) to those in the fundic region. ICC-AP were
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not observed in the myenteric region of the squamous
epithelial portion of the corpus except in the area adja-
cent to the glandular corpus.

Glandular epithelial portion of corpus

Away from the squamous-glandular epithelial junction
toward the pylorus, the thickness of the muscle coat was
reduced to approximately half to one third (Figs. 6, 7).
Both ICC-CM and ICC-LM gradually decreased in num-
ber and they were rare in the region with a thin muscle
coat. On the other hand, ICC-AP were sparse over the
squamous-glandular junction but increased in number
toward the pylorus. Kit-positive cells surrounded the
myenteric ganglia. In whole-mount preparations these
ICC-AP showed multipolar shape to form the cellular
network (Fig. 8).

Pyloric antrum and pylorus

The circular musculature of the corpus became thicker
toward the pylorus and contained many Kit-positive
ICC-CM (Fig. 9) but the longitudinal muscle layer was
thin and contained only a few ICC-LM. On the other
hand, the myenteric region displayed very strong Kit-
immunoreactivity in cryosections. In fact, the immunore-
activity was so strong and dense that in low power mi-
crographs of whole-mount specimens the multipolar
shape of individual cells was not easily identified in the
dense cellular network of ICC-AP (Fig. 10). The most
characteristic feature of the musculature in the pylorus
was the presence of thick circular muscle bundles of
the sphincter and the presence of Kit-positive cells
(ICC-SM) at the submucosal border of the circular
muscle layer (Fig. 9). Although these ICC-SM were few

Fig. 6 The transition from squamous (sq) to glandular (g/) epithe-
lium of the corpus. Kit-positive cells are evenly distributed in both
circular and longitudinal layers throughout adjacent area. A few
Kit-positive cells can be observed in the myenteric region
(arrows). x170 Inset: Bipolar cells observed in a stretch prepara-
tion of the fundus. X480

Fig. 7 The glandular corpus with a thin muscle coat containing a
few Kit-positive cells in the circular and longitudinal muscle
layers. Note, the presence of Kit-positive cells around the myen-
teric ganglion (*) and between two muscle layers (arrow). x400

Fig. 8 A wholemount stretch preparation of the muscle coat of the
glandular corpus showing a network of Kit-positive multipolar
cells at the level of the myenteric plexus. X400

Fig. 9 A longitudinal section of the pylorus close to the sphincter
(left side). Dense distribution of the Kit-positive cells in the circu-
lar muscle layer (cm) and in the myenteric region (arrows). Note
the presence of a few Kit-positive cells at the border of the submu-
cosa and the circular muscle layer (double-headed arrow). x250

Fig. 10 A wholemount stretch preparation of the pylorus showing
a network of multipolar Kit-positive cells at the level of myenteric
Plexus that is so dense that cell boundaries cannot be accurately
distinguished. x100
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in number, they were only observed in a confined area
directly adjacent to the sphincter. In the sphincter region
the distributions of ICC-CM and ICC-LM were similar
to those in the antral region, but ICC-AP were usually
fewer in number.

W/W» Mice

No Kit-positive cells were observed in the muscle coats
of cardia, fundus and corpus of the stomach of W/Wv
mice (Figs. 11, 12). However, a few Kit-positive cells
(ICC-AP) were observed in the myenteric region of the
pyloric portion (Figs. 13, 14) in other words, ICC-CM
and ICC-LM were not observed in the stomachs of W/Wv
mice.

Distribution of Cx 43 immunoreactivity
Wild-type mice
Cardia and fundus

Cx 43 immunoreactivity was very weak and sparsely dis-
tributed in the thick circular muscle layers of the cardia
and fundus. The rare Cx 43 immunoreactive deposits
tended to be located in the connective tissue septa inter-
vening between muscle bundles rather than within the
muscle bundles themselves. No immunoreactivity was
detected in the myenteric region and in the longitudinal
muscle layer (Fig. 15).

Squamous and glandular epithelial portion of corpus

Cx 43 immunoreactivity within the circular muscle
layer in the squamous epithelial portion of the corpus
was similar to that of the fundus. However, Cx 43 im-
munoreactivity became dense in the glandular epithelial
portion of the corpus that corresponded to the portion
described above with only a thin muscle coat and few
Kit positive cells (Fig. 16). Those immunoreactive de-
posits were mainly located within the muscle bundles in
this region. The dense distribution of Cx 43 immunore-
activity continued slightly proximal to the pyloric an-
trum. The myenteric region and the longitudinal muscle
layer did not show any substantial immunoreactivity for
Cx 43.

Pyloric antrum and pylorus

Cx 43 immunoreactivity was sparsely distributed in the
circular muscle layer and was not detected in the longitu-
dinal muscle layer (Fig. 17). However, the immunoreac-
tivity was detected in the space between the two muscle
layers and was often observed as if surrounding the my-
enteric ganglia.
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Fig. 11 A longitudinal section of the fundus of W/W" mouse stom-
ach showing a lack of Kit-positive cells throughout circular (cm)
and longitudinal (Im) muscle layers and in the myenteric plexus
region (*). x350

Fig. 12 A longitudinal section of the glandular corpus of W/Wv
mouse stomach showing a lack of Kit-positive cells throughout
circular (cm) and longitudinal (Im) muscle layers and in the myen-
teric plexus region (*). X500

Fig. 13 A longitudinal section of the pylorus of W/W' mouse
stomach showing a relatively small number of Kit-positive cells in
the myenteric plexus region (arrows). X250

Fig. 14 A wholemount stretch preparation of the pylorus of W/Wv
mouse stomach showing a loose network of multipolar Kit-posi-
tive cells at the level of the myenteric plexus (arrows). x400

W/WY mice

The distribution of Cx 43 immunoreactivity in the stom-
ach of W/W¥ mice was almost the same as in wild-type
mice. One exception was in the pyloric region where Cx
43 immunoreactivity around the myenteric plexus was
relatively weak compared to that of wild-type mice. In
this region Cx 43 immunoreactive deposits were not ob-
served in the circular muscle layer (Fig. 18).

Discussion

Previous morphological descriptions of ICC focused on
specific portions of the mouse stomach, including the
fundus and antrum (Burns et al. 1996), pyloric sphincter
(Ward et al. 1998)and fundus (Ward et al. 2000). The
present study confirmed and extended these reports in
great detail. It also becomes clear that the distribution of
ICC in the mouse stomach is comparable to the ICC in
the fundus, corpus and antrum of the guinea-pig stomach
(Burns et al.1997). The comprehensive observations of
the whole stomachs of mice clearly revealed that the dis-
tribution of each class of ICC changes without regard to
the boundary between the squamous and glandular epi-
thelium in the corpus. The distributions of each type of
ICC and of the gap junction protein Cx 43 in the whole
stomach of the mouse are summarized in Figs. 19 and 20
respectively.

The present study showed that ICC-AP are not found
in the cardia and fundus, and only become evident in a
certain part of the corpus. The ICC-AP are considered to
be essential for the generation of slow wave activity of
gastric muscles of the guinea-pig (Dickens et al. 1999)
and the mouse (Ordog et al. 1999). Therefore, regular
rhythmic peristaltic movements within the mouse stom-



Fig. 15 A longitudinal section of the fundus of wild-type mouse
stomach stained for Cx 43 immunoreactivity. Weak reactive de-
posits are sparsely observed in the cifcular muscle layer (cm), but
not in the longitudinal muscle layer (Im) and in the myenteric
plexus region (*). x400

Fig. 16 A longitudinal section of the glandular corpus of the wild-
type mouse stomach stained for Cx 43 immunoreactivity. The
Immunoreactive deposits are densely distributed within the circu-
lar muscle layer (cm). The deposits are not detected in the longitu-
dina] muscle layer (Im). x600 :

Fig. 17 A longitudinal section of the pylorus of the wild-type
mouse stomach stained for Cx 43 immunohistochemistry. The
immunoreactive deposits are sparsely distributed within the circu-
lar muscle layer (cm). They are also observed in the myenteric
region as if surrounding the ganglion (*). No immunoreactivity is
found in the longitudinal muscle layer (Im). X400

Fig. 18 A longitudinal section of the pylorus of W/W’ mouse
stomach stained for Cx 43 immunohistochemistry. The immunore-

actiye deposits are only observed in the myenteric region (*) but
not in the circular (cm) and longitudinal muscle layers (Im). x450

ach probably start from the region where ICC-AP first
start to form a proper cellular network. The portion
slightly proximal to the pyloric sphincter that showed the
Strongest Kit immunoreactivity in the present observa-
tion may represent the most active site for generating
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rhythmic slow waves. Dickens et al. 1999) also observed
that the region with the highest density of ICC-AP usual-
ly occurred as a region located some 4 mm from the gas-
tro-duodenal junction in the mouse stomach. Cx 43
immunoreactivity found in the myenteric region of only
the pyloric area seems to indicate the presence of abun-
dant gap junctions formed over the dense cellular net-
work composed of a large number of ICC-AP.

The presence of ICC-SM along the submucosal sur-
face of the circular muscle layer was first noticed in the
antrum of the human stomach (Faussone-Pellegrini et al.
1989) and then described as occasional observations
within the pyloric sphincter of the mouse stomach (Ward
et al. 1998). Their occurrence in the pyloric region was
also confirmed by the present study. ICC-SM were re-
cently reported in the corresponding location of the dog
antrum and were suggested to have a pacemaker function
(Horiguchi et al. 2001). Similar types of cells have also
been observed in a confined area of the rat pyloric region
(R. Mitsui and T. Komuro, unpublished data). An impor-
tant question for future studies may be why only a limit-
ed area of the pylorus contains ICC-SM on the submu-
cosal surface of the circular muscle layer.

A further interesting question is to what extent are the
cytological and physiological features of ICC similar be-
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Fig. 19 A schematic diagram illustrating the distribution of sub-
types of ICC in the whole stomach of a wild-type mouse. The den-
sity of distribution is represented by abundant (++), moderate (+),
and sparse (+ —). The squamous-glandular epithelial junction is in-
dicated by (*)

Fig. 20 A schematic diagram illustrating the distribution of im-
munoreactivity for gap junction protein Cx 43 in the whole stom-
ach of a normal wild-type mouse. The density of distribution is
represented by abundant (++), moderate (+), and none (-). The
squamous-glandular epithelial junction is indicated by (*)

tween small and large experimental animals. In the hu-
man stomach it was reported that Kit-positive cells were
not abundant in the myenteric plexus from the corpus to
the pylorus (Torihashi et al.1999). These apparently
inconsistent observations may be clarified by a better
understanding of the question whether homologous ICC
of different tissue layers or different regions of the diges-
tive tract retain common functional roles in a variety of
species.

One of the most important findings of the present
study is the reciprocal distribution of ICC-CM and Cx 43
immunoreactivity. The regions with a thick circular mus-
cle layer in the cardia and fundus had a very dense distri-
bution of ICC-CM but only weak Cx 43 immunoreactivi-
ty, while the thin muscle portion of the corpus was char-
acterized by a sparse distribution of ICC-CM but a dense
distribution of Cx 43 immunoreactivity. Cx 43 immuno-
reactivity found in the connective tissue septa in the car-
dia and fundus appear to represent gap junctions to form
the network of ICC-CM. On the other hand, in the latter
case, most of Cx 43 immunoreactivity probably repre-
sents gap junctions between muscle cells, because it does
not show a substantial difference between wild-type
mice and W/WY mice that lack ICC-CM.

Recent studies provide experimental support for the
intercalation hypothesis for ICC (Cajal 1911; Thuneberg
1982) for both inhibitory and excitatory neurotransmis-
sion (Burns et al. 1996; Ward et al. 1998, 2000). Thus,
the present observations suggest that muscle cells of the
cardia and fundus are not well coupled to each other by

Funtus

Esophagus

AP~ Cx43*
LM~ Cx43 -
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gap junctions and that instead these relatively small elec-
trically syncytial units and/or single muscle cells receive
and propagate nerve signals via a well-developed cellu-
lar network of ICC-CM. In contrast, the muscle cells of
the corpus are frequently coupled with each other via
abundant gap junctions and these relatively large electri-
cally syncytial units receive nerve signals at much spars-
er contacts with ICC-CM. In short, different regions of
the stomach appear to have their own characteristic pat-
terns of contractile units under the influence of a single
ICC-CM or ICC-LM.

Another morphological observation indicates that
nerve impulses can be transmitted to muscle cells by par-
allel pathways. In the pyloric region of the rat stomach,
muscle cells are both directly and indirectly innervated
via ICC (Mitsui and Komuro 2001, 2002). The question
arises what is the physiological meaning of the large va-
riety of pathways for transmission of nerve impulses to
the gastric muscle. Does the intercalation of ICC be-
tween the nerves and muscle cells simply substitute for
neuromuscular junctions and compensate for the lack of
gap junctions between the muscle cells? In this respect,
it is unlikely that ICC-CM and ICC-LM act as simple
mediators of neural activity. Instead, the different de-
grees of intercalation of ICC in different regions may
have their own special significance. The ICC-CM may
have additional functions, such as the augmentation of
pacemaker depolarizing waves generated by ICC-AP, as
suggested by Dickens et al. 2001). Thus the different
types of innervation and impulse propagation which are
peculiar to each region of the stomach may explain the
different regional electrical and contractile properties of
the gastric muscle (Suzuki 2000).
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Abstract

This review deals with the distribution, overall shape and ultrastructural features of the
interstitial cells of Cajal (ICC) in the digestive tract in mice, rats and guinea-pigs as
obtained by the author’s research group, and compares these observations with reports
in the literature of ICC in different species and in humans. ICC show some
morphological heterogeneity depending on their species, tissue and anatomical location.
They share certain common features such that they comprise a distinct cell type of
mesenchymal origin. Their common features are the presence of numerous
mitochondria and abundant intermediate filaments, formation of gap junctions with
other ICC and with smooth muscle cells, and c¢-Kit immunoreactivity. In addition,
depending on their region and species, ICC can show certain fibroblast-like features
such as well-developed rough endoplasmic reticulum and Golgi apparatus, or on the
other hand, a certain degree of myoid features including a basal lamina, caveolae,
subsurface cisterns and dense bodies. Those are classified as the least muscle-like Type
1ICC, intermediate Type 2 ICC, and the most muscle-like Type 3 ICC. This review also
briefly describes recent advances in understanding the possible functions of ICC which
suggest that they have a pacemaker role in peristaltic movement, and are mediators of

nerve impulses from nerves to muscles and stretch mechanoreceptors.



Introduction

In 1982, Thuneberg proposed that interstitial cells of Cajal (ICC) might act as
pacemaker cells and as an impulse conduction system in the gut musculature in a way
analogous to the pacemaker cells in the heart (74). This novel and surprising hypothesis
effectively revived modern research into ICC, and was a significant advance over the
almost century of purely histological debate about them, which had continued ever since
Cajal described “cellules interstitielles” associated with the terminal arborization of
autonomic nerves stained with methylene blue and Golgi methods (Fig. 1)( 6,7).

Since that time, an accumulation of evidence from morphological and
physiological studies has made it clear that ICC are a distinct mesenchymal cell type
(44,93) that has a pacemaker function and act as neuromediators in the tunica
muscularis of the gastrointestinal tract (see reviews 30,42,43,68,75,84).

The presence of ICC has been reported in a wide variefy of species, including
the frog (56), lizard (36), turkey (58) and many mammals including bat, rabbit,
opposum, hedgehog, pig, horse, conventional experimental animals such as the mouse,
rat, guinea-pig and dog, and also in the monkey and human (see review 43). ICC have
also been reported in the tissues beyond the gastrointestinal tract: the gall bladder (53),
renal pelvis (37), urinary bladder (47), vas deference (5) and prostate gland (14).

In the human, ICC have been found throughout the digestive tract from the
esophagus (16,81) to the inner sphincter region of the anus (21). It has been suggested
that ICC are implicated in many diseases, including gastrointestinal stromal tumors,
Hirschsprung’s disease, diabetes mellitus, chronic idiopathic constipation etc (see
section entitled ‘ICC in Humans’).

A clear understanding of the cytological features of ICC seems an essential basis
for further studies of their etiological, clinical and therapeutic aspects. The goal of this
review is therefore to elucidate the specific distribution of each subclass of ICC in the
gastrointestinal tract and to describe the morphological features of ICC that make it

possible to distinguish them from other types of cells.

Morphological identification of ICC

After a long period of debate in which even the existence of interstitial cells of



Cajal as a distinct cell type was questioned, a key breakthrough in ICC research was the
discovery of the important role of c-Kit in their cellular maturation. Abnormal
development of ICC was demonstrated in studies in which c-Kit receptors were blocked
experimentally (45,80) or in animals with genetic defects in c-Kit production (29,85).
The gap between the old histological descriptions and more recent findings was
bridged by various techniques, including immunohistochemical studies of the
expression of c-Kit and vimentin, ultrastructural observations, and the zinc iodide-
osmium tetroxide (ZIO) staining method that shares properties with methylene blue
staining, (41,42). Cells of the guinea-pig small intestine that stain for c-Kit and vimentin
immunoreactivity (Figs. 2, 3) show almost the same characteristics as ICC illustrated by
Cajal with methylene blue staining (Fig. 1). Such results establish the usefulness of c-

Kit immunostaining for specific identification of ICC at the light microscopic level.

Cell shape and arrangement of ICC

The cell shape and arrangement of ICC appear to be determined by several
factors; the presence or absence of local nerve plexuses, their close (or loose)
relationships to those plexus, the orientation of the smooth muscle layer in which they
lodged, and frequency of connections between ICC themselves. Immunostaining for c-
Kit of the whole-mount stretch preparations proves to be very useful for visualizing the
overall structures of ICC., ;

ICC around the myenteric (Auerbach’s) plexus (AP) are generally multipolar
cells with long slender processes with smooth and rather straight contours. Even though
the ICC-AP are distributed around the myenteric plexus, the ICC form their own dense
network with many connections with the same type of cells fairly independent of the
nerve plexus (Fig. 4),. Three to five primary processes branch repeatedly to form
secondary, tertiary and further branches (Fig. 2). One of the most distinct features of this
cell type is the formation of a triangular knot at every branching point of the processes.
Such features are well illustrated by immunohistochemistry for vimentin (Fig. 3).

ICC of the deep muscular plexus (DMP) of the small intestine can take a variety
of forms depending on the sites of their associated nerve bundles, because they typically

form close relationships with a characteristic network of DMP. At straight portions of



the nerves, they show slim spindle shapes with long bipolar processes, while at the
intersections the cells project three to five processes along the nerve bundles (Fig. 5)
(42).

ICC of the circular (CM) and longitudinal (LM) muscle layers are mainly bipolar
cells along the axis of surrounding smooth muscle cells (Figs. 6,7). The secondary and
tertiary processes are generally not well developed. The perpendicular arrangement of
elongated bipolar shape of ICC-CM and ICC-LM to each other is clearly observed in
whole-mount preparations of the mouse gastric fundus because of the absence of ICC-
AP in this region (Fig. 7).

Distribution of ICC revealed by c-Kit immunohistochemistry

This review will focus on description of ICC in the stomach, small intestine and
colon. However, the existence of ICC has been well documenied in the esophagus,
including the striated muscle portion in the guinea-pig (4) and the mouse (67), and the
portion of the smooth musculature or the lower esophageal sphincter in the opposum
(10), human (16,81), dog (1) and mouse (87).

Stomach

ICC are uniformly found around the myenteric plexus throughout nearly the entire
digestive tract, but ICC of other gastrointestinal tissue layers show a characteristic organ-
specific distribution (43). In this respect, the stomach is unique in that ICC have a
different distribution in proximal and distal regions of the same organ (4,70). ICC-CM
and ICC-LM are densely distributed throughout the well-developed thick circular and
longitudinal muscle layers of the cardia, fundus and the most part of the squamous
epithelial portion of the corpus in the mouse stomach respectively (Fig. 8). However,
ICC-AP are completely lacking from the myenteric region between the circular and
longitudinal muscle layers (Fig. 9). ICC-AP emerge in the area adjacent to the glandular
corpus and become well-developed in the distal region of the corpus with a thin muscle
coat, while both ICC-CM and ICC-LM decrease in number in this area (Fig. 10).

The circular musculature of the pylorus is thick and contains many ICC-CM (Fig.
11), but the longitudinal muscle layer is thin and contains only a few ICC-LM. In contrast,

ICC-AP have a very dense distribution. Another characteristic feature of the pylorus is



the presence of c-Kit-positive cells (ICC-SM) at the submucosal border of the circular
muscle layer (Fig. 11), though these ICC-SM are few in number and are only located in a
confined area directly adjacent to the sphincter. A denser and wider distribution of ICC-

SM is observed in the rat pylorus (49).

Small Intestine

c-Kit-immunoreactive ICC are localized in two regions; the myenteric plexus
and DMP that extends two-dimensionally in a plane between the inner thin (1-3 cells
thick) and outer thick sublayers of the circular muscle in the mouse, rat and guinea-pig
small intestine (Fig. 12). ICC-DMP are closely associated with the plexus of nerve
bundles running parallel to the smooth muscle cells of the circular layer and transverse
interconnecting nerve bundles (40,63,95). Very few ICC-CM are found within the thick
main sublayer of the circular muscle. c-Kit immunoreactivity is absent in the

longitudinal muscle layer.

Colon

ICC are found in the myenteric region, as in the stomach and small intestine, and
also at the interface between the submucosa and the circular muscle layer where
submuscular plexus is located (ICC-SMP) (Fig. 13). Sparse c-Kit immunoreactivity is
observed in the circular muscle layer. Those deposits are often located in the connective
tissue septa, apparently outlining muscle bundles. A few c-Kit positive cells are found in

the longitudinal muscle layer.

Ultrastructural features of ICC

One of the first pieces of ultrastructural evidence that ICC are a unique type of
cell was obtained in the dog intestine, where ICC were designated as “hybrid cells” (11).
As the name suggests, these ICC were interpreted as having a mixture of features
typical of other types of cells such as fibroblasts, smooth muscle cells or Schwann cells
such as a basal lamina, caveolae, subsurface cisterns and gap junctions. Because of
these features,. certain populations of ICC were considered by many investigators as

modified or specialized smooth muscle cells (8,15,42,62,68,74,76,78,91). However,



ICC do not contain the well-organized contractile apparatus characteristic of muscle
cells, even in those cases where myosin filaments and dense bodies have been reported
(78,79). Some ICC have a similar appearance to fibroblasts and lack clear muscle-like
features. However, such ICC can be distinguished from fibroblast-like cells by a
combination of features including numerous mitochondria, abundant intermediate
filaments, a different electron density of the cytoplasm and large gap junctions.

As described above, ICC of different tissue layers or different levels of the
digestive tract or different species show a certain range of morphological heterogeneity.
Thus, the different classes of ICC in different anatomical locations will be described

separately.

Stomach |

At the submucosal border of the circular muscle of the rat pylorus, ICC-SM are
identified as cells containing many mitochondria, Golgi apparatus, rough (RER) and
smooth (SER) endoplasmic reticulum (Fig. 14)(49). They have caveolae and a basal
lamina around the cell membrane. They also contain abundant intermediate filaments, in
particular in their processes (Fig. 15). They form gap junctions with each other and with
the neighboring muscle cells (Figs. 14, 15). Close contacts between ICC-SM and nerve
varicosities containing many synaptic vesicles are also present (Fig. 16).

ICC-CM within the circular muscle layer of the pylorus and corpus of the rat
stomach are characterized by similar features to those of ICC-SM described above, in
respects of cell organelles and their relationships with the same type of cells, smooth
muscle cells and nerve terminals (Fig. 17)(34,48). But their cytoplasm is usually more
electron-dense than that of smooth muscle cells and a basal lamina cannot be clearly
identified around the cell membrane. Cells with the same features are also observed in the
mouse and guinea-pig pylorus (39) and in the mouse fundus (unpublished data). ICC-LM
with nearly same features as those of [CC-CM are found in the longitudinal muscle layer
of the rat pylorus (48).

ICC-AP of the rat and mouse are characterized by almost the same features as
those of ICC-SM of the rat, i.e. large gap junctions, many mitochondria, abundant

intermediate filaments (Figs. 18-20), numerous caveolae and a distinct basal lamina (Fig.



21). Thus, ICC-AP are easily distinguished by these features from fibroblast-like cells,
which have a less electron-dense cytoplasm containing well-developed RER with dilated
cisterns (Fig. 18). Close contacts between ICC-AP and nerve terminals are also observed

in the mouse stomach (Fig. 22).

Small intestine

ICC-DMP of the mouse and rat small intestine are observed as elongated cells
of which cytoplasm is usually less electron-dense than that of the neighboring smooth
muscle cells (Fig. 23). A basal lamina and numerous caveolae are observed along the
cell membrane (Fig. 23 inset). Well-developed Golgi apparatus and RER are mainly
located in the perinuclear region, while many mitochondria are observed throughout the
cytoplasm. Cytoskeletal elements such as microtubules, microfilaments and
intermediate filaments are abundant in the cytoplasmic processes.’ Subsurface cisterns of
smooth endoplasmic reticulum have been found immediately beneath the cell
membranes (40,69). The most conspicuous feature of ICC-DMP is the frequent
occurrence of large gap junctions that interconnect the same type of cells with each
other and also with smooth muscle cells. Their gap junctions with muscle cells are
mainly formed with those of the outer subdivision, but some gap junctions with the
muscle cells of inner sublayer are also observed (40). Their close contacts with nerve
varicosities containing accumulations of synaptic vesicles have been well documented
(25,40,69). '

ICC-AP of the rat small intestine have a less-electron dense cytoplasm,
numerous mitochondria, and large gap junctions which mainly connect with each other
at the ends of thin processes (Fig. 24 and inset). Golgi ai)paratus and both SER and RER
are also seen in the cytoplasm. However, cisterns of RER are rarely dilated, in contrast
to fibroblast-like cells which often have this form of RER (Fig. 25). Intermediate
filaments are abundant in the cytoplasmic processes. A few caveolae can be seen, but a
basal lamina is not observed. ICC-AP of the mouse small intestine are very similar in
many respects to ICC-AP of the rat small intestine (43). Three-dimensional
relationships of ICC-AP to the myenteric plexus and smooth muscle cells are visualized

by scanning electron microscopy (38).



Here, it is worth noting that fibroblast-like cells are found wherever ICC are
found (39,43). They are characterized by typical ultrastructural features of fibroblasts
(Fig. 25), and by the formation of small gap junctions with smooth muscle cells and

close contacts with nerve terminals.

Colon

ICC-SMP of the rat colon are observed at the interface between the submucosa
and the circular muscle layer (Fig. 26). They are ultrastructurally similar to ICC-SM of
the stomach and ICC-DMP of the small intestine, and thus are clearly distinguished
from fibroblasts (32).

ICC-CM of the rat colon are characterized by an electron-dense cytoplasm,
caveolae and many mitochondria, similar to those in the stomach. Their differences
from fibroblast-like cells are clearly seen in a micrograph showihg both types of cells in
one frame (Fig. 27). Similar types of cells have been observed in the guinea-pig colon
(39).

ICC-AP of the rat colon are similar to those of the rat pylorus, but they differ
from those of the small intestine. They are characterized by moderate to electron-dense
cytoplasm (43). However, a basal lamina is not clearly defined, unlike ICC-AP of the

mouse pylorus. Gap-junctions are observed between processes of the same type of cells.

Dependency of ICC on the c-kit /SCF system:

In spite of the widely accepted notion that ICC express c-Kit and that their cell
maturation depends on signaling between the c-Kit receptor and its ligand stem cell factor
(SCF), there are many reports indicating survival of a certain population of ICC in the
absence of a normal Kit/SCF signaling pathway. They were observed in both c-kit and
stem cell factor mutant animals, regardless of the organ or tissue layer concerned. Those
are ICC-AP in the pylorus of W/Wv mouse (Fig. 28) (70,87), and ICC-AP and ICC-SM in
the pylorus of Ws/Ws rat (Fig. 29) (49). Other examples include the ICC-DMP of the
Ws/Ws rat small intestine (Fig. 30) (25,26), the ICC-DMP of the small intestine of the
S1/Sld mouse (86) and W/Wv mouse (46) and ICC-SMP of the Ws/Ws rat colon (Fig. 31)
(33).



It should be emphasized that these ICC share common ultrastructural features and
are classified into Type 3 ICC, the most similar to smooth muscle cells, in respect of the
presence of many caveolae and a distinct basal lamina (43). In contrast to these
observations, the least muscle-like Type 1 ICC such as the ICC-AP of the rat small
intestine (25,26) and the intermediate Type 2 ICC or ICC-CM of the mouse (3) and the
rat stomach (34) could not be seen in those c-kit mutant animals, i.e. in W/Wv mice and
Ws/Ws rats, respectively. The former evidence suggests that the most muscle-like Type 3
ICC can develop and mature cytologically independent of the c-kit/stem cell factor

system, or that some other system that compensates in their cell maturation.

ICC in the human
Distribution

By ¢-Kit immunostaining, ICC were observed in the tuniéa muscularis from the
lower esophagus to the sigmoid colon, wherever the muscle was composed of smooth
muscle cells (81). An immunohistochemical study of c-Kit staining reported that the
myenteric region of the transverse colon had a greater density of ICC in comparison to
the ascending or descending colon and rectum (22). Few ICC were observed within the
internal anal sphincter by immunohistochemistry (21). Wester et al. reported that c-Kit-
immunoreactive ICC were visualized from 13 weeks of gestation onwards in association
with the myenteric plexus and formed a cellular layer around the plexus from about 17-

18 weeks of gestation (90).

Ultrastructural features in normal human tissues

ICC of the human digestive organs were described in detail in a series of studies
by Rumessen and his colleagues (62, 64-66). ICC-AP of the small intestine resemble
modified smooth muscle and have an incomplete basal lamina, conspicuous caveolae,
dense bodies, abundant intermediate filaments and well developed SER (62). However,
thick myosin filaments were not observed.

ICC-DMP of the small intestine are sandwiched between a thin inner layer (1~5
cells thick) and a very thick outer layer (150~200 cells thick) of circular muscle, and

more closely resemble smooth muscle cells, in comparison with ICC from conventional

10



experimental animals, with a continuous basal lamina and subsurface cisterns, in
addition with the features of ICC-AP. However, they were distinguished from the
smooth muscle cells in the presence of well-developed RER, many mitochondria and
the absence of thick myosin filaments (64).

Two types of ICC-CM were observed in the circular muscle layer of the small
intestine. One type was found in the septa and in the outer third of the circular lamellae
corresponding to the morphology of ICC-AP, and the other type in the inner third of the
circular lamellae corresponding to ICC-DMP (65). Close contacts between nerve
terminals and ICC-AP, ICC-DMP and ICC-CM were often observed, but their gap
Junctions with the same type of cells or smooth muscle cells were only observed in ICC-
DMP.

In the colon, ICC were observed at the submucosal border of the circular muscle,
within the circular muscle and in the main septa in all regions of colon including the
ascending, transverse and sigmoid colon, (66). They are characterized by the features
similar to ICC-DMP of the human small intestine Just described above. Mitochondria
and RER are abundant. However, close contacts to nerves and gap junctions to other

ICC or smooth muscle cells are rare.

Pathological features in specimens from patients

The distribution of ICC was studied by c-Kit immunohistochemistry to shed
light on the cause of intestinal dysmotility in patients with Hirschsprung’s disease.
Some authors reported a reduction in the number and impairment of the cellular
network in the aganglionic segments, (51,60,82,92), while others claimed an unchanged
distribution (28).

In a study examining the relationship between the development of the enteric
nervous system and ICC of the human small intestine, Huizinga et al. reported the
presence of abundant ICC-AP, in contrast to the absence of ICC-DMP and ICC-CM ina
full term infant who presented with intestinal pseudo-obstruction and showed no enteric
nerves and ganglia(31). The lower esophageal sphincter from the patients with
esophageal achalasia was reported to show almost the same distribution of ICC as

control specimens (89).
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In infantile hypertrophic pyloric stenosis, c-Kit-immunoreactive ICC were
absent or greatly reduced in number in most tissues, including around the myenteric
plexus and the circular and longitudinal muscle layers, but they were observed at the
submucosal border of the inner circular muscle layer (82). Porcher et al. reported that
tissues from patients with Crohn’s disease showed a significant reduction of ICC-DMP
and ICC-AP in the small intestine, in addition to an almost complete abolition of ICC-
CM and ICC-LM (55).

A reduction in the number of ICC was also reported in specimens from patients
with a myopathic form of chronic idiopathic intestinal pseudo-obstruction (35), from
patients with pseudo-obstruction and megaduodenum (2) and from patients with
diabetes mellitus (50). In a case of the patients with chronic idiopathic constipation, a
marked reduction of number of ICC-SMP, ICC-CM and ICC-LM was observed in the
colon, while ICC-AP in these specimens showed no significant deference from those of
controls (94). Ultrastructural alterations were reported in the ICC-SMP of the colon

from the patients with ulcerative colitis (61).

Functional role of ICC
Pacemaker function

Soon after the proposal of the pacemaker hypothesis (74), physiological studies
started to provide evidence for a pacemaker function of ICC-AP or for their generation
of slow waves (23,72,73). After the discovery that the c-Kit receptor is essential for the
normal development of ICC (45,80), further strong evidence for such a function came
from the demonstration of the loss of pacemaker activity of the mice with a genetic
defect in c-kit (29,85). Eventually, direct evidence of the pacemaker activity or slow
wave was recorded from ICC-AP in the stomach of the mouse (52) and the guinea-pig
(12,59). A pacemaker function was also reported for the ICC-SMP of the colon in the
dog (9,68,71), human (57), and the rat (54). Recently, Horiguchi et al. suggested that
ICC-SM of the canine gastric antrum have the ability to generate slow waves (27).

In addition, it was shown that ICC-CM of the mouse antrum generate the
secondary regenerative component of slow waves (13) and that septal ICC-CM of the

canine antrum transfer pacemaker depolarizations from ICC-AP to the distant bundles
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of circular muscle (24,27).

Neuromediators

Several morphological studies in the last decade revealed that certain types of
ICC are closely apposed to nerve terminals and form numerous gap junctions with
neighboring smooth muscle cells at different levels of the gastrointestinal tract in many
species (see reviews 39,43). These studies suggested that ICC are mediators between the
nerves and muscles. In particular, every report indicated that ICC-DMP have a rich
innervation and frequent contacts with smooth muscle cells via gap junctions. Intimate
relationships between ICC-DMP and nitrergic neurons were observed in the guinea-pig
small intestine (77,83). Therefore, it is quite possible that a certain type of ICC can act
as an accessory route for neuromuscular transmission, as originally suggested by Cajal
(7). Indeed, recent physiological studies showed that ICC-CM had a functional
significance in both inhibitory (3,87) and excitatory (88) neurotransmission in the
mouse stomach. |

A significant function of gap junctions in ICC-DMP is suggested by evidence
that the percentage of the total cell area occupied by gap junctions is 1.3% in rats (69)
and 4% in guinea-pigs (95). The latter values are about 20 times greater than the
corresponding percentage area (0.2%) occupied by gap junctions on smooth muscle
cells of the guinea-pig intestine (20). The presence of highly developed gap junctions
seem to be consistent with the notion that the well organized network of ICC-DMP acts
as an impulse-conducting system analogous to that in the heart.

Since ICC-LM are also closely apposed to the nerve terminals containing
many synaptic vesicles in the rat gastric antrum (48), it is likely that they are also
involved in transmission of nerve impulse to the longitudinal muscle cells. Thus, those
ICC-CM and ICC-LM are considered to be primary targets of enteric motor innervation

and play an important role in enteric neurotransmission (84).
Mechanoreceptors

The DMP region between the inner and outer sublayers of the circular

musculature was suggested as being suitably located to act as a mechanical stretch
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receptor (19) and the significance of ICC-DMP for this role was repeatedly suggested
by ultrastructural studies (11,63,64). An array of intramuscular vagal nerves innervating
smooth muscles and ICC-CM or ICC-LM is believed to be an intramuscular
mechanoreceptor (17). This formation loses its normal structure in the forestomach of
steel mutant mice, which lack the ligand for the c-Kit receptor, probably because of lack
of ICC-CM or ICC-LM (18). These mice showed decreased meal size and increased
meal frequency and thus the alterations of these feeding behavior was assumed to be
affected by loss of mechanoreceptor containing ICC. Additionally, a role of spindle
proprioreceptors has been suggested for ICC in the striated muscle portion of the mouse

esophagus (67).

Conclusions

The foregoing descriptions make it clear that different types of ICC can express
a wide range of phenotypes, ranging from those most similar to smooth muscle cells, to
those with the least muscle-like features, and those expressing an intermediate character.
ICC can be classified into three types and can distinguished from fibroblast-like cells or
smooth muscle cells on the basis of the features summarized in Table 1. Their
heterogeneity may reflect their physiological roles and the microenvironment that they
live in, including the effects of mechanical force, type of nerve supply, spatial
relationships with muscle cells, the feeding habits of the animal, gastrointestinal
movement patterns, etc. |

In spite of their heterogeneity in ultrastructure and dependency on the c-Kit/SCF
system for cell maturation, ICC share a common embryological origin from
mesenchymal cells (44,93). ICC are specific and differ from fibroblast-like cells and
smooth muscle cells expressing c-Kit receptors on their cell surface in normal adult
animals. Thus, ICC are best regarded as a structurally and functionally distinct family of
cells adapted to specialized functions such as pacemaking, intercellular communication

with each other, mediation of nerve impulses and possibly as mechanoreceptors.
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Figuer legends

Fig. 1. A drawing by Cajal of ICC-AP in the rabbit intestine stained with methylene blue.
Reproduced from Cajal, 1911 (Fig. 572). Note the close similarity in shape of the
cells (*) to the cells in Figs. 2, 3.

Fig. 2. ICC-AP (*) in the guinea-pig small intestine, demonstrated by c-Kit-
immunostaining (purple). The nerve plexus is stained brown by the cholinesterase
reaction (arrow). x 520. (Figs. 2, 3; reproduced from Komuro and Zhou, 1996

with permission of the publisher).

Fig. 3. ICC-AP (*) in the guinea-pig small intestine, demonstrated by vimentin-
immunostaining (purple). The nerve plexus is stained brown by the cholinesterase

reaction (arrow). x 480.

Fig. 4. A confocal laser micrograph showing an extensive cellular network of ICC-AP
(green fluorescence of Alexa 488) over the myenteric plexus (red fluorescence of
TRITC) in the guinea-pig small intestine. Note, the two networks show totally
independent pattern from each other. x 110. (Courtesy of Dr. Horiguchi, Waseda
University).

Fig. 5. ICC-DMP in the guinea-pig small intestine demonstrated by c-Kit immunostaining.
Their cell bodies are often observed in pairs where parallel nerve bundles branch

and anastomose. x 340.

Fig. 6. Bipolar shape of ICC-CM in the guinea-pig small intestine demonstrated by c-Kit-

immunostaining. x 340.

Fig. 7. A wholemount stretch preparation of the muscle coat of the mouse fundus. Bipolar
cells within the circular and longitudinal layers are oriented perpendicularly to
each other and are clearly visible because of the lack of c-Kit-positive cells in the

myenteric region.  x 200. (Courtesy of Dr. Seki, Yamaguchi University).
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Fig. 8. A longitudinal section of the fundus of the mouse stomach. ¢-Kit-positive cells
are densely distributed in the thick circular (cm) and longitudinal muscle layers
(Im). se; squamous epithelial layer. x 120. (Figs. 8-11; reproduced from Seki

and Komuro, 2002 with permission of the publisher).

Fig. 9. A part of the myenteric region of the cardia. c-Kit-positive cells are not
observed around the ganglia (%) or between the two muscle layers. Note bipolar

shape of a c-Kit-positive cell in the longitudinal muscle layer (arrow). x 360.

Fig. 10. The glandular corpus with a thin muscle coat containing a few c-Kit-positive
cells in the circular and longitudinal muscle layers. Note, the presence of c-Kit-
positive cells around the myenteric ganglion (*) and between two muscle layers
(arrow). x 320.

Fig. 11. A longitudinal section of the pylorus close to the sphincter (left side). Dense

agQ

distribution of the c-Kit-positive cells in the circular muscle layer (cm) and in the
myenteric region (arrow). Note the presence of a few c-Kit-positive cells at the
border of the submucosa and the circular muscle layer (double headed arrow).

x 160.

Fig. 12. A longitudinal section of the guinea-pig small intestine demonstrated by c-Kit-
immunostaining. Dense reaction deposits are localized in the DMP region
(arrows) and around the myenteric ganglion (*). x 100. (Figs. 12, 13; reproduced

from Seki et al., 1998 with permission of the publisher).

Fig. 13. A longitudinal section of the guinea-pig colon demonstrated by c-Kit-
immunostaining. Reaction deposits are distributed in the SMP region (arrow),
around a myenteric ganglion (*) and within the circular muscle layer (cm). A few

immunoreactive deposits are found in the longitudinal muscle layer. x 80.

Fig. 14. An electron micrograph showing ICC-SM (IC) characterized by many

25



mitochondria and caveolae, located at the interface between the submucosa (sb)
and the circular muscle layer (cm). A gap junction is present between their

processes (arrow). x 7500. (Courtesy of Dr. Mitsui, Waseda University).

Fig. 15. The cytoplasmic process of ICC-SM forming a gap junction indicated by the
arrow in Fig. 14. Bundles of intermediate filaments (arrows), a basal lamina
(arrowheads) and caveolae are observed. x 42,000. (Figs. 15, 16; reproduced

from Mitsui and Komuro, 2003 with permission of the publisher).

Fig. 16. A process of ICC-SM closely associated with a nerve varicosity (N) containing

many synaptic vesicles. x 32,000

Fig. 17. ICC-CM in the rat stomach characterized by electron-dense cytoplasm, caveolae
(arrows), a gap junction with a smooth muscle cell (double headed arrow) and a
close contact with nerve terminal (N). x 16,000. (Reproduced from Ishikawa et

al., 1997 with permission of the publisher).

Fig. 18. An electron micrograph showing ICC-AP (IC) and a fibroblast-like cell (FL)
located beside a nerve bundle (N) in the space between the circular and
longitudinal muscle layers of the mouse pylorus. Note a large gap junction of the
ICC-AP (arrow) and the well-developed RER in the fibroblast-like cell, and the
difference in electron-density of the cytoplasm in these cells. x 6400. (Figs. 18, 19,

22; reproduced from Komuro et al., 1999 with permission of the publisher).

Fig. 19. A bundle of intermediate filaments in the cytoplasmic process of ICC-AP in the

mouse pylorus. The arrow indicates a gap junction between thin processes.
x 25,000.

Fig. 20. A cross section of bundles of intermediate filaments in the cytoplasmic process
of ICC-CM of the mouse stomach. x 24,000. (Figs. 20, 21; Courtesy of Dr.
Horiguchi, Waseda University)
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Fig. 21. A cytoplasmic process of ICC-AP of the mouse stomach showing a continuous

basal lamina (arrows) and caveolae. x 40,000.

Fig. 22. Close contact between the nerve terminals and ICC-AP of the mouse stomach.
x 18,000.

Fig. 23. ICC-DMP in the mouse small intestine. Note, their gap junctions with the same
type of cell (arrow) and with a smooth muscle cell (double headed arrow).
x 10,000. (Courtesy of Dr. Horiguchi, Waseda University) Inset: A cytoplasmic
process of ICC-DMP of the rat showing a continuous basal lamina and caveolae

along the cell membrane. x 42,000.

Fig. 24. ICC-AP of the rat intestine characterized by many mitochondria and less
electron-dense cytoplasm. x 8000. Inset: A gap junction between slender
cytoplasmic processes of ICC-AP. Note there is no basal lamina. x 44,000. (Figs.
24, 25; reproduced from Horiguchi and Komuro 1998 with permission of the

publisher).

Fig. 25. Fibroblast-like cell in the myenteric region of Ws/Ws rat, which is characterized
by well-developed RER. It forms small gap junctions with muscle cells of both
circular (arrowhead) and longitudinal layers (arrow). x 8000. Inset: Higher

magnification of the gap junctions indicated by the arrow. x 42,000

Fig. 26. ICC-SMP of the rat colon locatéd at the submucosal border of the circular muscle
layer. It contains many mitochondria and forms a gap junction with the same type
of cell at the tip of the cytoplasmic process (arrow). x 7200. Inset: A part of ICC-
SM showing a continuous basal lamina and caveolae. x 42,000. (Reproduced

from Ishikawa and Komuro, 1998 with permission of the publisher).

Fig. 27. ICC-CM (IC) and fibroblast-like cell (FL) of the rat colon. ICC-CM is
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characterized by an electron-dense cytoplasm and caveolae (arrows), while the
fibroblast-like cell is characterized by less electron-dense cytoplasm and a well

developed RER. x 12,000. (Coutesy of Dr. Ishikawa, Waseda University).

Fig. 28. A longitudinal section of the pylorus of W/W’ mouse stomach showing the
presence of c-Kit-positive cells in the region of the myenteric plexus (arrows).
x 200 (Reproduced from Seki and Komuro, 2002 with permission of the
publisher ).

Fig. 29. A longitudinal section of the Ws/Ws rat pylorus stained for c-Kit
immunohistochemistry. Immunoreactive deposits are found along the submucosal
border of circular muscle layer (arrowheads) and around the myenteric plexus

(arrows). x 80. (Reproduced from Mitsui and Komuro, 2003 with permission of the

publisher).
Fig. 30. ICC-DMP found in the Ws/Ws rat small intestine characterized by many
mitochondria, caveolae and gap junction with a process of muscle cell.  x 22,000.

(Courtesy of Dr. Horiguchi, Waseda University)

Fig. 31. ICC-SMP of Ws/Ws rat colon. x 10,000. Inset: The gap junction indicated by an
arrow in Fig. 31. x 40,000. (Courtesy of Dr. Ishikawa, Waseda University).
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Fibroblast- Like
cell

Cell Type ¢Kit| BL | CV | GJ | IF | MIT | NC | RER Examples (references)
Type 1 ++ o 14 4+ | 4+ |4+ | ++ | + | ICC-AP inrat(25,38) and guinea-pig (41) small intestine.
Least muscle-like
ICC
Type 2 4+ |4 | ++ |4+ | ++ | 4+ | ++ | + | ICC-CM in rat stomach (34)and rat colon (33), and guinea-pig
Intermediate type stomach (39 ).
ICC ICC-AP in mouse small intestine (74).
Type 3 +4+ | A4t |+ 4+ | 4+ | 4+ | ++ |+ | ICC-SM indog (27)and rat (49)pylorus.
Most muscle-like ICC-DMP in mouse (74), rat (69), guinea-pig (95), dog (78)
ICC and human (62) small intestine.
1CC-SMP in rat (33), guinea-pig(32) and dog (1) colon.
ICC-AP in mouse pylorus (39).
Smooth Muscle - ++ |+ | R+ ++ |+ +
FL - - - + + | + + ++ | FL-AP inrat small intestine (25, 38).

FL-DMP in rat small intestine (25, 40).
FL-CM in rat stomach(34) and colon (33).

c-Kit : immunoreactivity for c-Kit staining BL : basal lamina  CV : caveolae GJ : gap junction
NC: close nerve contact  RER : rough endoplasmic reticulum

IF : intermediate filaments

MIT : mitochondria
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