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Abstract

The c-Kit receptor tyrosine kinase regulates the development and differentiation of several progenitor 
cells. In the gastrointestinal (GI) tract, the c-Kit regulates the development of the interstitial cells of Cajal 
(ICC) that are responsible for motility regulation of the GI musculature. W-sash (Wsh) is an inversion muta-
tion upstream of the c-kit promoter region that affects a key regulatory element, resulting in cell-type-spe-
cific altered gene expression, leading to a decrease in the number of mast cells, melanocytes, and ICC. We 
extensively examined the GI tract of Wsh/Wsh mice using immunohistochemistry and electron microscopy. 
Although the musculature of the Wsh/Wsh mice did not show any c-Kit immunoreactivity, we detected in-
tensive immunoreactivity for transmembrane member 16A (TMEM16A, anoctamin-1), another ICC marker. 
TMEM16A immunopositive cells were observed as ICC-MY in the gastric corpus-antrum and the large 
intestine, ICC-DMP in the small intestine, and ICC-SM in the colon. Electron microscopic analysis revealed 
these cells as ICC from their ultrastructural features, such as numerous mitochondria and caveolae, and their 
close contact with nerve terminals. In the developmental period, we examined 14.5 and 18.5 day embryos 
but did not observe c-Kit immunoreactivity in the Wsh/Wsh small intestine. From this study, ICC subtypes 
developed and maturated structurally without c-Kit expression. Wsh/Wsh mice are a new model to investigate 
the effects of c-Kit and unknown signaling on ICC development and function.
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Introduction

The c-Kit receptor tyrosine kinase is encoded at the Dominant White Spotting (W) locus on chromosome 5 
of mice (1, 2) and belongs to the platelet-derived growth factor and colony-stimulating factor 1 receptor family. 
In several progenitor cells, c-Kit regulates hematopoiesis, gametogenesis, and melanogenesis, as well as the 
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proliferation of mast cells and interstitial cells of Cajal (ICC) (3, 4). W mutant mice with several spontaneous 
mutations in the c-kit gene have loss of function of the c-Kit, showing various phenotypes, such as anemia, 
infertility, diminished coat color, decreased mast cells, and depleted ICC numbers. The W mutation is a null 
mutation, which induces the deletion of the transmembrane domain of the c-Kit protein. Moreover, the Wv mu-
tation is a point mutation in the c-Kit kinase domain, resulting in impaired kinase activity. W-sash (Wsh) is an 
inversion mutation upstream of the c-kit promoter region, which affects a key regulatory element, resulting in 
cell-type-specific altered gene expression (5). Wsh mutant mice are fertile and non-anemic, different from other 
W mutants, although this mutation reduces c-Kit kinase activity (6). A recent study revealed that Wsh mice 
lacked mast cells, melanocytes, and ICC and are thought to be a new model for c-Kit function research (7).

ICC are gastrointestinal (GI) mesenchymal cells that specifically express c-Kit and form a cellular net-
work within the GI musculature (4, 8, 9). ICC contribute to GI motility regulation by generating slow waves 
and transducing neural inputs to smooth muscles (4). ICC are classified into several subtypes according to 
their morphology and distribution patterns in the GI musculature. ICC-MY are multipolar-shaped cells in the 
myenteric layer through the GI tract, whereas ICC-IM are bipolar-shaped cells in circular and longitudinal 
muscle layers. ICC-DMP are a specific type of ICC-IM in the circular muscle layer of the small intestine. ICC-
SM are multipolar-shaped with thin processes and are located in the submucosal border of the colonic muscle 
layers. The GI tract of animals with an altered c-Kit signaling does not possess the ICC subtypes, since ICC 
development and differentiation depends on the signals from c-Kit and c-Kit ligand (stem cell factor, SCF) (9, 
10). For example, W/Wv, Wv/Wv, and Wjic/Wjic mice that have c-kit gene mutations and inadequate c-Kit kinase 
activity are ICC-MY-deficient (9–13). Similarly, SCF-deficient Sl/Sld mice that have impaired c-Kit signaling 
show defects in ICC-MY (10, 14). However, our recent study using several mutant mice revealed that ICC-DMP 
were independent of c-Kit signaling and were observed as normal based on their developmental stage (15). 
These findings suggest that ICC subtypes can develop and differentiate without c-Kit signaling. We previously 
showed ICC-DMP with neurokinin 1 receptor (NK1R) immunoreactivity in Wsh/Wsh mice (16), although these 
mice have been reported to show defects in c-Kit immunoreactivity throughout the GI tract in their early stages 
to adulthood (7). In this study, we examined the GI musculature using immunohistochemical reactivity to 
TMEM16A (Transmembrane member 16A, anoctamin-1), a general marker of ICC (17–19), and using electron 
microscopy to characterize the ultrastructure, to determine whether Wsh/Wsh mice have ICC subtypes without 
c-Kit expression.

Methods

C;B6-a/a-b/b-Wsh/Wsh mice (RBRC00762) were provided by RIKEN BRC (Japan), which participates in 
the National Bio-Resource Project of MEXT, Japan. Both Wsh/Wsh and BALB/c mice (Japan SLC) were main-
tained in our laboratory. The studies were performed on male mice aged 8–12 weeks (n=20 Wsh/Wsh mice, n=5 
BALB/c mice) and both 14.5 day (E14.5) and 18.5 day embryos (E18.5) (n=3 each mice). The use and treatment 
of the animals were in accordance with the Guidelines for Animal Experiments, the Regulations for Animal 
Research at University of Fukui. All efforts were made to minimize the number and suffering of animals used 
in this study.

The GI tract was flushed with 0.01 M phosphate-buffered saline (PBS, pH 7.2) before being pinned to the 
Sylgard elastomer floor of a dissecting dish for the cryosections and the whole mount preparations (15, 20). 
Then, the samples were fixed with Zamboni’s fixative (2% paraformaldehyde prepared in a 1.5% saturated 
picric acid solution with a 0.1 M phosphate buffer, pH 7.3) for 2 h at room temperature. After fixation, the tis-
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sues were cut into 10-μm thick sections using a cryostat apparatus. The muscular whole mounts were obtained 
by removing the mucosa. The specimens were pre-incubated with normal donkey serum (5% in PBS) for 1 h. 
Then, the specimens were incubated overnight with the following antibodies: rat anti-c-Kit (ACK4; 1:700; 
ACL8936AP; Cedarlane), goat anti-c-Kit (1:1,000; AF1356, R&D), rabbit anti-TMEM16A (1:400; ab53212; 
Abcam), rat anti-platelet derived growth factor receptor alpha (PDGFRα, APA5; 1:500; 14-1401; eBioscience), 
and mouse anti-alpha smooth muscle actin (SMA)-Cy3 (1:3,000; 1A4, C6198; Sigma-Aldrich). After incuba-
tion with the aforementioned primary antibodies, they were washed with PBS before being incubated with 
Alexa Fluor-coupled donkey anti-IgG (1:500; Molecular Probes, USA), a secondary antibody, for 1 h. Then, the 
specimens were washed with PBS and counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Molecular 
Probes) and mounted in Anti-Fade Fluorescence Mounting Medium-Aqueous, Fluoroshield (ab104135, Ab-
cam). The fluorescent images were examined at excitation wavelengths of 350 nm, 488 nm, and 543 nm using 
a Leica TCS-SP2 confocal microscope (Leica Microsystems). The images were collected and composed using 
the Leica Confocal Software, and Adobe Photoshop CS6 (Adobe Systems, USA) was used to compose the final 
plates.

The absence of an observable non-specific immunoreaction was confirmed by incubating the sections 
with normal rat, rabbit or goat serum instead of the primary antibody and then with the secondary antibody.

For conventional electron microscopy (20, 21), tissues from the three mutants were fixed using a solution 
containing 3% glutaraldehyde and 4% paraformaldehyde in a 0.1 M phosphate buffer, pH 7.2, for 2 h at room 
temperature. These specimens from stomach, ileum and proximal colon were post-fixed with 1% OsO4 in PB, 
block-stained with a uranyl acetate solution, and embedded in Epon 812. The ultrathin sections were stained 
with uranyl acetate and lead citrate and examined under an electron microscope (Hitachi H-7650).

Results

We investigated the sections and whole mount preparations to identify all ICC types. Consistent with 
published results (11), c-Kit immunopositive cells were observed from throughout the stomach to the colon in 
BALB/c mice. In the Wsh/Wsh mice, c-Kit immunopositive cells examined by antibodies ACK4 (20) or AF1356 
(22) were not observed. We used an antibody to TMEM16A, another marker to examine ICC, which was re-
ported as a suitable antibody for investigating ICC in W mutant mice (23). In the stomach, BALB/c mice had 
ICC-IM and ICC-MY that showed c-Kit and TMEM16A immunoreactivities (Fig. 1A and C). The stomach of 
Wsh/Wsh mice did not show c-Kit immunoreactivity but had TMEM16A immunoreactivity at the myenteric 
layer in the gastric corpus and antrum (Fig. 1B and D). TMEM16A immunopositive cells were examined us-
ing whole mount preparations and found to have multipolar shaped cells at the myenteric layer of the gastric 
corpus, that is, ICC-MY (Fig. 3A and B). The density of ICC-MY of Wsh/Wsh mice gradually increased from 
the corpus to the antrum and was less than that of BALB/c mice. On the other hand, ICC-IM were not detected 
by TMEM16A immunoreactivity. In the small intestine of BALB/c mice (Fig. 1E), ICC-DMP in the circular 
muscle and ICC-MY at the myenteric layer showed c-Kit and TMEM16A immunoreactivities. In the small 
intestine of Wsh/Wsh mice (Fig. 1F), TMEM16A immunoreactivity was only observed in the circular muscle as 
ICC-DMP. TMEM16A immunopositive ICC-DMP (Fig. 3C) were bipolar-shaped and slender, as known in c-
Kit immunopositive ICC-DMP or NK1R immunopositive ICC-DMP (16). In the cecum of BALB/c mice (Fig. 
2A), both ICC-IM and ICC-MY were observed to be c-Kit and TMEM16A immunopositive. In the cecum of 
Wsh/Wsh mice (Figs. 2B and 3D), there were TMEM16A immunopositive cells that showed a multipolar shape 
with long processes at the myenteric layer typical of ICC-MY. In the colon of BALB/c mice (Fig. 2C and E), 
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ICC-SM, ICC-IM, and ICC-MY were observed to have both c-Kit and TMEM16A immunoreactivities. In the 
colon of Wsh/Wsh mice (Fig. 2D and F), TMEM16A immunopositive cells were distributed at the submucosal 
border of the circular muscle and myenteric layer. At the submucosal border (Fig. 3E), TMEM16A immunopos-
itive cells were bipolar-shaped with multiple short processes typical of ICC-SM. At the myenteric layer of the 
proximal colon (Fig. 3F), TMEM16A immunopositive cells were multipolar-shaped with several thin processes 
and formed a cellular network, which is characteristic of ICC-MY. The density of ICC-MY of Wsh/Wsh mice 
was less than that of BALB/c mice.

In the GI musculature, there are two types of interstitial cells: ICC that have both c-Kit and TMEM16A 

Fig. 1. Musculature of the stomach and small intestine of BALB/c and Wsh/Wsh mice.
ICC were detected using immunofluorescence, showing TMEM16A immunoreactivity (green) and 
c-Kit ACK4 immunoreactivity (red) in both BALB/c (A, C, E) and Wsh/Wsh (B, D, F) mice. In the 
fundus (A, B), ICC-IM were observed in the musculature only in BALB/c mice. In the corpus (C, 
D), BALB/c mice have ICC-MY (arrows) and ICC-IM. Contrastingly, Wsh/Wsh mice have only 
ICC-MY (arrows) that were confirmed through TMEM16A immunoreactivity. In the small intes-
tine (E, F), BALB/c mice have ICC-DMP (arrowheads) and ICC-MY (arrows) with TMEM16A 
(green) and c-Kit (red) immunoreactivities, whereas Wsh/Wsh mice have TMEM16A immunoposi-
tive ICC-DMP (arrowheads) in the circular muscle. c and l represent circular and longitudinal 
muscle layers, respectively. Asterisks show myenteric layer. Bar: 50 μm.
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immunoreactivities and fibroblast-like cells (FLC) that have PDGFRα immunoreactivity (24). FLC were dis-
tributed in the muscle layers and myenteric layer and often stood alongside ICC. Throughout the GI tract, 
Wsh/Wsh mice had FLC similar to BALB/c mice tissues, despite the deficiency of ICC subtypes (Fig. 4).

Using an electron microscope, we examined the GI musculature of all samples from three Wsh/Wsh mice 
and obtained same results. In the gastric corpus (Fig. 5A and B), ICC-MY were slender and possessed many 
caveolae in the myenteric layer. There was no ICC-IM in the musculature of the circular and longitudinal lay-
ers. In the small intestine (Fig. 5C and D), ICC-DMP were observed to be closely associated with nerve fiber 
bundles. It was also noted that ICC-MY were not observed around myenteric ganglia. In the colon (Fig. 5E-G), 
ICC were observed at the submucosal surface of the circular muscle layer as ICC-SM and at the myenteric layer 
as ICC-MY. Moreover, ICC-IM were not identified in the muscle layers.

It is known that c-Kit regulates ICC development and differentiation in the embryonic and postnatal pe-
riod (9). We examined BALB/c and Wsh/Wsh mice embryos and c-Kit immunoreactivity during the embryonic 
stage. In E14.5, in the small intestine (Fig. 6A and B), c-Kit immunoreactivity was observed at the myenteric 
and longitudinal muscle layers but was negative for actin immunoreactivity in BALB/c mice; this is consisted 
with the report of Torihashi et al. (25). In contrast, c-Kit immunoreactivity was not observed in the muscu-

Fig. 2. Musculature of the large intestine of BALB/c and Wsh/Wsh mice.
ICC were observed through immunofluorescence, showing TMEM16A immunoreactivity (green) 
and c-Kit ACK4 immunoreactivity (red) in both BALB/c (A, C, E) and Wsh/Wsh (B, D, F) mice. In 
the cecum (A, B), ICC-IM and ICC-MY (arrows) in BALB/c mice were observed to have TMEM16A 
and c-Kit immunoreactivities, and only ICC-MY (arrows) in Wsh/Wsh mice were observed to have 
TMEM16A immunoreactivity. In the proximal colon (C, D), ICC-SM (double arrowheads) and ICC-
MY (arrows) showed TMEM16A immunoreactivity in Wsh/Wsh mice. In the distal colon (E, F), ICC-
SM (double arrowheads) exhibited TMEM16A immunoreactivity in Wsh/Wsh mice. c and l represent 
circular and longitudinal muscle layers, respectively. Asterisks show myenteric layer. Bar: 50 μm.
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lature of Wsh/Wsh mice. In E18.5, in the small intestine (Fig. 6C and D), c-Kit immunoreactivity was only 
observed at the myenteric layer as ICC-MY in BALB/c mice, but there was no c-Kit immunoreactivity in the 
myenteric layer of Wsh/Wsh mice.

Discussion

In this study, we examined ICC in the GI musculature of Wsh/Wsh mice. We used an anti-c-Kit antibody to 
assess the cryosections and whole mounts and found that there were no c-Kit immunopositive cells in the GI 
musculature of Wsh/Wsh mice, in accordance with previous studies (7, 16). Our research used two antibodies 

Fig. 3. Whole mount preparations of Wsh/Wsh mice musculatures.
ICC were detected to have TMEM16A immunoreactivity in the gastrointestinal musculature. In 
the gastric corpus (A), ICC-MY (arrows) were observed to have multipolar shape in the myenteric 
layer. In the gastric antrum (B), ICC-MY (arrows) showed a multipolar shape and existed under 
crowded circumstances in the myenteric layer. In the small intestine (C), ICC-DMP (arrowheads) 
in the circular muscle layer were observed to have a bipolar, slender shape. In the cecum (D), ICC-
MY (arrows) were multipolar-shaped. In the colon (E, F), ICC-SM (double arrowheads, E) and 
ICC-MY (arrows, F) were observed in the submucosal layer of the circular muscle and myenteric 
layer, respectively. Bar: 100 μm.
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ACK4 and AF1356, while Grimbaldeston report (7) used a different c-Kit antibody with the same results in the 
GI musculature of Wsh/Wsh mice. However, we previously demonstrated c-Kit immunonegative ICC in Wsh/Wsh 
mice’s small intestine as ICC-DMP using NK1R, a specific marker for ICC-DMP (16). In the present study, we 
examined ICC using another marker, TMEM16A, recently known to be specifically expressed in ICC (17–19, 
23), and identified several ICC types in Wsh/Wsh mice. ICC, characterized through TMEM16A as immunoposi-
tive and through c-Kit as immunonegative, were almost the same as the ICC in other W mutant mice that have 
been addressed by a number of studies (9, 10). Detectable ICC in both Wsh/Wsh and previously reported W mu-
tant mice were identified as ICC-MY in the gastric corpus-antrum, cecum and colon, ICC-DMP in the small 
intestine, and ICC-SM in the colon (11, 20). Using an electron microscope, we also confirmed the ICC subtypes 
in each part of the GI musculature of Wsh/Wsh mice. We detected ICC-MY in the stomach and colon, ICC-DMP 
in the small intestine, and ICC-SM in the colon. The ultrastructure of ICC observed in Wsh/Wsh mice was in 
agreement with their previously reported characteristics: multiple mitochondria and caveolae and close contact 
with the nerve terminals (21, 26). By contrast, the lack of ICC subtypes was similar to the results of TMEM16A 

Fig. 4. ICC and FLC in BALB/c and Wsh/Wsh mice.
ICC and FLC were detected to have TMEM16A (green) and PDGFRα (red) immunoreactivities, 
respectively. In the stomach (A, B), small intestine (C, D), and proximal colon (E, F), ICC were 
observed only as restricted subtypes in Wsh/Wsh mice (B, D, F), whereas FLC were observed as 
being similar to that in BALB/c mice (A, C, E). ICC-DMP (arrowheads), ICC-SM (double arrow-
heads), and ICC-MY (arrows) were observed in Wsh/Wsh mice tissues. c and l represent circular and 
longitudinal muscle layers, respectively. Asterisks show myenteric layer. Bar: 50 μm.
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immunohistochemistry, including the absence of ICC-IM in the stomach and colon and ICC-MY in the small 
intestine. From these findings, Wsh/Wsh mice have several ICC types that show c-Kit immunonegativity and 
TMEM16A immunopositivity and a typical cellular ultrastructure.

ICC development and differentiation are thought to depend on their c-Kit signaling. Therefore, loss of 
function mutations in the c-kit gene in W mutant mice, such as W/Wv, Wv/Wv, and Wjic/Wjic, and c-Kit ligand-
SCF insufficiency in Sl/Sld mice caused developmental defects of the ICC subtypes (9–11, 20). However, c-Kit-
signal-independent development has also been reported. From developmental studies in c-Kit-signal-insuffi-
cient mice, ICC-DMP were developed and differentiated to express both c-Kit and NK1R immunoreactivities 
postnatally to reveal their ultrastructure (15). Most of these findings were derived using W mutant animals that 
possessed weak c-Kit signaling and detectable c-Kit immunoreactivity. In the present Wsh/Wsh study, all ICC 
that were examined using the TMEM16A antibody showed immunonegativity for c-Kit and would appear to 

Fig. 5. Electron microscopic features of ICC in Wsh/Wsh mice.
In the gastric corpus (A, B), ICC-IM were not observed in the musculature; however, ICC-MY 
(asterisks in B) were observed with ICC features along the myenteric ganglion (N). In the small 
intestine (C, D), ICC-DMP (asterisk in C) were observed to be associated with nerve fiber bundles 
(N) in the circular muscle layer, but ICC-MY were not observed around the myenteric ganglion 
(N). In the proximal colon (E-G), ICC-SM (asterisk in E) were observed at the submucosal surface 
of the circular muscle, and ICC-MY (asterisk in G) were found around the myenteric ganglion 
(N). In the circular muscle (F), ICC-IM were not observed. Generally, smooth muscle cells, my-
enteric ganglia, and nerve fiber bundles (N) were observed to have normal structures. Bars: 2 μm 
(ABCEFG), and 5 μm (D).
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not have c-Kit signaling from the embryonic period to adulthood. In conjunction with previous reports, the 
ICC subtypes have the potential to develop and differentiate without c-Kit signaling. Wsh/Wsh mice have fewer 
defects and are fertile, making them different from other W mutants (6, 7); therefore, Wsh/Wsh mice are suitable 
as a model to investigate the unknown signaling on ICC development.

The calcium-activated chloride channel TMEM16A is expressed in smooth muscle cells in respiratory, 
urogenital, and vascular organs, but only in ICC in the GI tract (17). All ICC subtypes in humans and mice 
expressed TMEM16A and were specifically detected by TMEM16A immunoreactivity more than c-Kit immu-
noreactivity (23, 27). As Wang et al. (23) reported, TMEM16A immunohistochemistry is recommended over 
c-Kit immunohistochemistry to reveal all ICC subtypes in the mouse colon; hence, our study using TMEM16A 
immunohistochemistry showed all conceivable types of ICC in Wsh/Wsh mutant mice. In ICC, TMEM16A 
presumably performs a fundamental role in the pacemaker function (18, 19) and a possible role in regulating 
ICC proliferation (28). TMEM16A is expressed in the ICC tumor GIST (gastrointestinal stromal tumor) and is 
involved in regulating cancer growth and invasion (29). TMEM16A expression in ICC considerably suggests 
the proliferation potential of this molecule and TMEM16A has the potential to act as ICC proliferation instead 
of c-Kit signal in Wsh/Wsh mice. On the other hand, in the small intestine of TMEM16A knockout mice, ICC 
normally develop their structure at the neonatal stage (18, 30). Therefore, ICC proliferation signals in Wsh/Wsh 
mice are not related to TMEM16A signal and remains to be elucidated.

In conclusion, Wsh/Wsh mice have several ICC types that were both c-Kit immunonegative and TMEM16A 
immunopositive and may serve as a new model for investigating the effects of signaling on ICC development.

Fig. 6. Developmental changes of intestinal musculature in BALB/c and Wsh/Wsh mice.
In embryos of both 14.5 (E14.5) and 18.5 (E18.5) days, the small intestine was 
observed using c-Kit ACK4 (green) and SMA (red) antibodies. In the BALB/c in-
testine (A, C), c-Kit immunopositive cells were clearly observed in the myenteric 
(arrows) and longitudinal layers in E14.5 (A) and myenteric layer (arrows) in E18.5 
(C). In the small intestines of Wsh/Wsh mice (B, D), c-Kit immunoreactivity was 
not observed in both E14.5 (B) and E18.5 (D). The muscular structures of both 
mice stained with the SMA antibody appeared to be closely similar. Bar: 50 μm.
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