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Abstract

Interstitial cells of Cajal (ICC) are mesenchymal cells that are distributed along the gastrointestinal tract 
and function as pacemaker cells or intermediary cells between nerves and smooth muscle cells. ICC express 
a receptor tyrosine kinase c-Kit, which is an established marker for ICC. The c-kit gene is allelic with the 
murine white-spotting locus (W), and some ICC subsets were reported to be missing in heterozygous mu-
tant W/Wv mice carrying W and Wv mutated alleles. In this study, the characterization of interstitial cells in 
the subserosal layer of W/Wv mice was analyzed by immunohistochemistry and electron microscopy. In the 
proximal and distal colon of W/Wv mutant mice, no c-Kit-positive cells were detected in the subserosal layer 
by immunohistochemistry. By electron microscopy, the interstitial cells, which were characterized by the 
existence of caveolae, abundant mitochondria and gap junctions, were observed in the W/Wv mutant colon. 
The morphological characteristics were comparable to those of the multipolar c-Kit positive ICC seen in the 
subserosa of proximal and distal colon of wild-type mice. Fibroblasts were also located in the same layers, 
but the morphology of the fibroblasts was distinguishable from that of ICC in wild type mice or of ICC-like 
cells in W/Wv mutant mice. Collectively, it is concluded that c-Kit-negative interstitial cells showing a typical 
ICC ultrastructure exist in the proximal and distal colon of W/Wv mutant mice.
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Introduction

Interstitial cells of Cajal (ICC) are localized along the digestive tract and play important roles in normal 
gastrointestinal motility, including peristalsis. ICC primarily function as pacemaker cells or intermediary cells 



H. Tamada and H. Kiyama

— 2 —

between nerves and smooth muscle cells. ICC are divided into several subtypes based on their histological 
localization, and have different functions and morphological features (1–3). For example, the ICC associated 
with the myenteric plexus (ICC-MP) are pacemaker cells while the ICC within the circular and longitudinal 
muscle layers, respectively are intermediary cells. In addition to these major subtypes, there are some specific 
types within certain layers of the intestine, such as the ICC associated with the deep muscular plexus (ICC-
DMP) in the small intestine (4), the ICC associated with the submuscular plexus in the colon (5, 6), and the ICC 
in the subserosal layer of the colon (ICC-SS) (3, 7, 8). The characteristic ultrastructure of ICC is the existence 
of caveolae, intermediate filaments, well-developed mitochondria, a basal lamina, and large gap junctions 
between cells. The c-Kit receptor tyrosine kinase, whose natural ligand is stem cell factor (SCF), is expressed 
on the cell surface of ICC, and is an established marker for immunohistochemical identification of these cells 
(9, 10). 

The c-kit gene is allelic with the murine white-spotting locus (W) (11, 12). To date, several mutations in 
the W locus have been identified (W, W37, Wv, W55, W41, W44, and W57), and a heterozygote for two distinct muta-
tions, W and Wv  (W/Wv) are frequently used as tools for ICC analysis (13, 14). The W mutation involves deletion 
of the transmembrane domain of c-Kit, while Wv is a point mutation in the kinase domain of c-Kit (15). W/
Wv mutant mice are able to mature into adult mice, but show disorders of pacemaker activity in the intestine 
through a deficit of ICC-MP in the small intestine (16). Intriguingly, not all subtypes of ICC disappear in W/
Wv mutant mice, and the subtypes that remain may have a lower dependency on c-Kit/SCF activity during 
development (17). For instance, ICC-MP in the small intestine of W/Wv mutant mice disappear, while ICC-MP 
in the proximal colon remain. Regarding ICC in the muscle layers, these cells exist in the small intestine of W/
Wv mutant mice, but disappear in the stomach of these mice. 

These ICC subtype-dependent losses in W/Wv mutant mice would be advantageous for analyzing the 
functions of the ICC subtypes, and therefore comprehension of the precise localization of ICC subtypes in W/
Wv mutant mice would be crucial. One of the subtypes that has not been explored yet in W/Wv mutant mice 
is ICC-SS. ICC-SS, which are localized in the mouse colon, are identified by their morphology (3, 8), but the 
functional role of ICC-SS remains unclear. In this study, we focused on cells located in the subserosal layer of 
W/Wv mutant mice, and demonstrated two types of c-Kit negative interstitial cells via immunohistochemistry 
and electron microscopy.

Materials and Methods

Animals
WBB6F1/Kit-Kitw/Kitw-v/Slc and C57BL/6NcrSlc mice at 5–7 weeks of age were purchased from Japan 

SLC. The use and treatment of the animals followed the guidelines for animal experiments of Nagoya Univer-
sity. A segment of proximal colon approximately 2 cm in length was removed from the junction between the 
caecum and colon, while the distal colon segment was removed just anterior to the rectum.

Immunohistochemistry
Short segments of the proximal and distal colon were removed, briefly rinsed in 0.01 M phosphate-buff-

ered saline (PBS), fixed for 20 min in acetone at 4°C, and washed in PBS. To obtain cryosections, the speci-
mens were cut into small pieces, immersed in sucrose solutions, embedded in OCT compound (Sakura Finetek, 
Torrance, Calif., USA), and frozen. Cryosections with a thickness of 14–16 µm were obtained using a cryostat 
and mounted on MAS- coated glass slides. 
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To produce whole-mount stretch preparations, the mucosa, submucosa and muscle layer were peeled off. 
Isolated subserosal layers were placed in PBS containing 0.3% Triton X-100 for 20 min, and then preincubated 
in 4% Block Ace solution (DS Pharma Biomedical, Osaka, Japan) for 20 min. The specimens were subse-
quently incubated with a monoclonal rat anti-mouse CD117 antibody (c-Kit; ACK2; 1:200; eBioscience, Calif., 
USA) to label ICC, a rabbit anti-human PGP9.5 antibody (1:500; Ultraclone, Yarmouth, UK) to label the ner-
vous components, and a rabbit anti-platelet-derived growth factor receptor α (PDGFRα) antibody (1:1000; Cell 
Signaling, Danvers, Mass., USA) to label the fibroblasts. Next, the specimens were incubated with secondary 
antibodies conjugated with Alexa 488 (goat anti-rat IgG; 1:500; Invitrogen, Eugene, Oregon, USA) or Alexa 
594 (goat anti-rabbit IgG; 1:500; Invitrogen). The specimens were observed under a fluorescence microscope 
(BX23; Olympus, Tokyo, Japan).

Electron microscopy
Short segments of the proximal and distal colon were placed in a fixative containing 3% glutaraldehyde 

and 4% paraformaldehyde in 0.1 M phosphate buffer for 3–4 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 with distilled water, 
block-stained overnight in a saturated solution of uranyl acetate, dehydrated in an ethyl alcohol series, and 
embedded in epoxy resin.

Following examination of semi-thin sections stained with toluidine blue to select suitable areas, ultrathin 
sections were cut using an ultramicrotome (UC7k; Leica Microsystems, Wetzlar, Germany). The sections were 
then double-stained with uranyl acetate and lead citrate, and processed for observation with a transmission 
electron microscope (JEM-1400EX; JEOL, Tokyo, Japan).

Results

In the proximal colon of wild-type mice, c-Kit-immunoreactivity observed in whole-mount preparations 
revealed multipolar ICC-SS (Fig. 1a). These cells were apparently distinguishable from the bipolar ICC within 
the longitudinal muscle layers. In the subserosal layer, fibroblasts positive for PDGFRα were also observed as 
multipolar cells (Fig. 1a). In longitudinal sections, c-Kit-positive ICC were observed in the subserosal layer and 
myenteric plexus layer, identified by staining for the neuronal marker PGP9.5 (Fig. 1b). A similar localization 
pattern of c-Kit-positive cells (ICC-SS and ICC-MP) was observed in the distal colon of wild-type mice (Fig. 
1c and d). In the proximal and distal colon of W/Wv mutant mice, no c-Kit-positive cells were identified in the 
subserosal layer, while the fibroblast localization was similar to that observed in wild-type mice (Fig. 1e and 
g). In cryosections of the proximal colon, c-Kit-immunoreactive ICC-MP, which are already known to exist in 
W/Wv mutant mice, were observed, but no c-Kit-positive cells were identified in the subserosal layer (Fig. 1f). 
In cryosections of the distal colon in W/Wv mutant mice, no detectable c-Kit-positive cells were observed in 
either the subserosa or myenteric plexus (Fig. 1h).

Under electron microscopic observation, ICC as well as nerve fibers were identified in the connective tis-
sue containing abundant collagen fibers between the longitudinal muscle layer and the subserosal mesothelial 
cells of the proximal colon (Fig. 2a). These cells had the typical ultrastructural characteristics of ICC, i.e. abun-
dant mitochondria and caveolae (Fig. 2b). However, they did not have a basal lamina, which is one of the char-
acteristics of ICC-SS in guinea pigs. In the distal colon, ICC were also observed in the subserosal layer (Fig. 2c 
and d). They could be distinguished from fibroblasts distributed in the same layer, because the fibroblasts had 
a well-developed rough endoplasmic reticulum and did not contain caveolae (Fig. 2e and f). Similarly, ICC-SS 
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Fig. 1. a Whole-mount stretch preparation of the subserosal layer stained with anti-c-Kit (green) and anti-PDGFRα (red) 
antibodies in the wild-type proximal colon. Multipolar ICC (green) and fibroblasts (red) are distributed in the 
subserosal layer. b Longitudinal cryostat section of the wild-type proximal colon stained with anti-c-Kit (green) 
and anti-PGP9.5 (red) antibodies. ICC are present in the subserosal layer (arrows) and around the myenteric 
plexus (mp). c Whole-mount stretch preparation of the subserosal layer in the wild-type distal colon stained with 
the same antibodies as in (a). Similar findings are observed relative to the proximal colon. d Longitudinal section 
of the wild-type distal colon stained with the same antibodies as in (b). Similar findings are observed relative to 
the proximal colon. mp: myenteric plexus; arrows: ICC-SS. e Whole-mount stretch preparation of the subserosal 
layer in the W/Wv mouse proximal colon stained with the same antibodies as in (a). There are no c-Kit-positive 
ICC, but multipolar fibroblasts (red) are present in the subserosal layer. f Longitudinal section of the W/Wv mouse 
proximal colon stained with the same antibodies as in (b). ICC around the myenteric plexus (mp) can be observed, 
similar to the wild-type colon. There are no c-Kit-positive cells along the subserosal layer (dotted line). g Whole-
mount stretch preparation of the subserosal layer in the W/Wv mouse distal colon stained with the same antibodies 
as in (a). Similar findings are observed relative to the proximal colon of W/Wv mice. h Longitudinal section of the 
W/Wv mouse distal colon stained with the same antibodies as in (b). No c-Kit-positive cells are observed in either 
the subserosa or myenteric plexus (mp). dotted line: subserosal layer. Scale bar: 50 µm.
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Fig. 2. a Electron micrograph showing ICC-SS in the wild-type proximal colon. ICC-SS (ic) are located 
in the narrow connective tissue space between the serosal mesothelium (me) and the longitudi-
nal muscles (lm). Nerve bundles (n) are observed near the ICC-SS. b Higher magnification of 
the same ICC-SS shown in (a). The paranuclear cytoplasm contains mitochondria (m) and rough 
endoplasmic reticulum (er). Note the caveolae (arrowheads) along the cell membrane. c Electron 
micrograph showing ICC-SS in the wild-type distal colon. ICC (ic) are distributed just beneath 
the mesothelial cells (me). lm: longitudinal muscle. d Higher magnification of the same ICC-SS 
shown in (c). Mitochondria (m), caveolae (arrowheads), and rough endoplasmic reticulum (er) are 
detected. e Electron micrograph showing fibroblasts in the wild-type distal colon. Fibroblasts (fb) 
are also located in the narrow connective tissue space between the serosal mesothelium (me) and 
the longitudinal muscles (lm). f Higher magnification of the same fibroblasts shown in (e). The 
fibroblasts possess a well-developed rough endoplasmic reticulum (er). There are no caveolae on 
the cell surface. Scale bars: a, c, e, 5 µm; b, d, f, 1 µm.
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Fig. 3. a Electron micrograph showing interstitial cells with the ultrastructural features of ICC in the subserosal layer 
of the W/Wv mouse proximal colon. This interstitial cells (ic) are located in the narrow connective tissue space 
between the serosal mesothelium (me) and the longitudinal muscles (lm). b Higher magnification of the same cells 
shown in (a). The paranuclear cytoplasm contains mitochondria (m) and rough endoplasmic reticulum (er). Note 
the caveolae (arrowheads) along the cell membrane. c Electron micrograph showing interstitial cells with the ul-
trastructure of ICC in the subserosal layer of the W/Wv mouse distal colon. ICC (ic) are distributed just beneath the 
mesothelial cells (me). lm: longitudinal muscle. d Higher magnification of the same cells shown in (c). Mitochon-
dria (m), caveolae (arrowheads), and rough endoplasmic reticulum (er) are detected. Inset  Gap junction observed 
between the thin processes of these cells. e Electron micrograph showing fibroblasts in the W/Wv mouse proximal 
colon. Fibroblasts (fb) are also located in the narrow connective tissue space between the serosal mesothelium 
(me) and the longitudinal muscles (lm). f Higher magnification of the same fibroblasts shown in (e). The fibroblasts 
possess a well-developed rough endoplasmic reticulum (er). There are no caveolae on the cell surface. A fraction 
of interstitial cells (ic) with caveolae can be observed. Scale bars: a, c, e, 5 µm; b, d, f, 1 µm; d Inset 100 nm.
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were distinguished from smooth muscle cells, which contained contractile filaments.
Ultrastructural examination of the proximal colon of W/Wv mutant mice revealed two types of interstitial 

cells which were located in the subserosal layer (Fig. 3a, b, e, and f). These were also identified in the distal 
colon (Fig. 3c and d). One type showed typical fibroblast morphology (Fig. 3e and f), and the other had ap-
parently similar ultrastructure to ICC seen in the wild-type colon, which had cells characterized by abundant 
mitochondria and caveolae (Fig. 3a, b, c, and d). In addition, the processes of the latter type were connected 
with each other via gap junctions (Fig.3d Inset). This type of cell was readily distinguishable from smooth 
muscle cells and the former interstitial cell, which had typical characteristics of fibroblast ultrastructure. These 
observations indicated that c-Kit-negative interstitial cells in the subserosal layer of the proximal and distal 
colon in W/Wv mutant mice possessed the ultrastructural features of ICC.

Discussion

In this study, we have identified two types of interstitial cells in the colon of W/Wv mutant mice, and dem-
onstrated their morphological characteristics. Both the proximal and distal colon of wild-type mice contained 
c-Kit-positive cells, which were assumed to correspond to ICC-SS in guinea-pigs (7), and the ultrastructure 
of these cells demonstrated the typical characteristics of ICC, such as abundant mitochondria, and caveolae, 
but no basal lamina. They were different from fibroblasts, which were characterized by well-developed rough 
endoplasmic reticulum and no caveolae.

In the colon of W/Wv mutant mice, c-Kit-immunoreactive cells were not observed in the subserosal layer, 
whereas the fibroblast localization in this layer appeared similar to that seen in wild-type mice. However, elec-
tron microscopic observation revealed the apparent existence of the other interstitial cell, which was character-
ized by caveolae, abundant mitochondria, and gap junctions in the subserosal layer, suggesting that this cell in 
W/Wv mutant mice and the ICC-SS in the wild type colon were morphologically identical. The existence of the 
nerve fibers near ICC-SS in the proximal colon was demonstrated by Vanderwinden (8) and also in this elec-
tron microscopic study of the wild type colon. Under fluorescent microscopy observation, the nerve density in 
the subserosal layer of both the wild type and W/Wv colon were comparable (data not shown). This suggests that 
the interstitial cells in W/Wv mutant mice and ICC-SS in wild type also have a similar innervation. In previous 
studies, impairment of c-Kit-mediated signaling by injection of a neutralizing monoclonal antibody (ACK2) 
after birth disturbed both ICC development and normal contractile activity of the intestine (18, 19). Another 
report showed that mesenchymal precursors, which give rise to smooth muscle cells, differentiated into ICC 
when Kit-mediated signaling was activated in the embryo (20). Therefore, it has been assumed that Kit/SCF 
signaling is crucial for proper ICC development. However, some ICC, such as ICC-MP in the small intestine, 
are reported to develop even with low Kit/SCF activity. Additionally, the survival of ICC-DMP in W/Wv mutant 
mice has been reported (21, 22), and several studies show that interstitial cells corresponding to ICC-DMP can 
be detected even when there were no c-Kit positive cells in the deep muscular plexus of W mutant animals (23, 
24). In this context, the c-Kit-dependency of the ICC in the subserosa may be lower and comparable to the de-
pendency of ICC-MP in the proximal colon and ICC-DMP in the small intestine (17). If they are the same cells 
as ICC-SS in the wild type colon, it is unclear why the interstitial cells in this study do not express c-Kit recep-
tors. The specific conditions, in which they have a sparse innervation as compared with ICC-DMP in the deep 
muscular plexus, may make them c-Kit negative rather than c-Kit positive ICC-DMP even in the W/Wv colon.

Although c-Kit is the most reliable marker at present, recently some papers suggest the using of Ano1 as 
a more suitable marker for ICC (25). Further studies of ICC are needed to explore other markers for detecting 



H. Tamada and H. Kiyama

— 8 —

ICC, especially in W mutant mice.
In conclusion, c-Kit negative interstitial cells with an ultrastructure  corresponding to that of c-Kit+ ICC-

SS found in wild type mice, exist in the subserosal layer of the colon of W/Wv mutant mice. Further studies 
are needed to reveal the roles of both ICC-SS in wild-type mice and the c-Kit-negative interstitial cells in W/
Wv mutant mice.
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