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Abstract The factors underlying the survival and

maintenance of interstitial cells of Cajal (ICC) are not

well understood. Loss of ICC is often associated with

loss of neuronal nitric oxide synthase (nNOS) in hu-

mans, suggesting a possible link. The aim of this study

was to determine the effect of neuronal NO on ICC in

the mouse gastric body. The volumes of ICC were

determined in nNOS)/) and control mice in the gastric

body and in organotypic cultures using immunohisto-

chemistry, laser scanning confocal microscopy and

three-dimensional reconstruction. ICC numbers were

determined in primary cell cultures after treatment

with an NO donor or an NOS inhibitor. The volumes of

myenteric c-Kit-immunoreactive networks of ICC from

nNOS)/) mice were significantly reduced compared

with control mice. No significant differences in the

volumes of c-Kit-positive ICC were observed in the

longitudinal muscle layers. ICC volumes were either

decreased or unaltered in the circular muscle layer after

normalization for the volume of circular smooth mus-

cle. The number of ICC was increased after incubation

with S-nitroso-N-acetylpenicillamine and decreased by

N(G)-nitro-L-arginine. Neuronally derived NO modu-

lates ICC numbers and network volume in the mouse

gastric body. NO appears to be a survival factor for ICC.
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INTRODUCTION

Coordinated gastrointestinal motility requires a normal

complement of interstitial cells of Cajal (ICC).1 ICC

have diverse functions in the gastrointestinal (GI) tract.

ICC generate and propagate electrical slow waves func-

tioning as pacemaker cells,2,3 release carbon monoxide

to set the membrane potential and the membrane

potential gradient across the circular muscle layer,4 act

as mechanosensors5,6 and mediate enteric neurotrans-

mission.7 Decreased numbers or disrupted networks of

ICC are associated with a number of human GI motility

disorders, including slow transit constipation,8,9 pseu-

do-obstruction,10–12 and diabetic enteropathy.13

The factors that modulate survival of ICC in the GI

tract are incompletely understood. ICC express c-Kit, a

receptor tyrosine kinase, that is a well-established

marker for ICC.3,14 Stem cell factor, also known as

steel factor is the ligand for c-Kit. Mouse models have

shown that a normal steel factor/c-Kit signalling

pathway is necessary for the development and main-

tenance of ICC.2,3,15,16 However, steel factor appears to

be not the only factor required for ICC survival.

Injection of newborn mice with a neutralizing antibody

for c-Kit is only effective in depleting ICC in one

particular strain and is not effective in adult mice.16,17

Moreover, ICC survive in culture without steel factor,

albeit in reduced numbers.15

Enteric nerves and ICC are often found in close

proximity and their interactions seem to be required to

maintain normal function of the GI tract.18 In nearly

all human motility disorders associated with loss of

ICC, there is a concomitant loss of enteric neu-

rones.13,19–21 When the subtypes of enteric neurones

that were decreased in association with ICC loss were

examined, a decrease in neuronal nitric oxide synthase

(nNOS), the synthetic enzyme for nitric oxide (NO),

was found.13 This relationship between nNOS and ICC

is also seen in mouse models of diabetes. In non-obese

diabetic (NOD) mice, diabetes is associated with both a

loss of nNOS and a decreased number of ICC.22,23

Together with its well-established role as an inhib-

itory nonadrenergic/noncholinergic (NANC) neuro-

transmitter24 in the GI tract, NO has several other
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functions. NO is not only a cytotoxic free radical but it

is also cytoprotective depending on the cellular expres-

sion and local concentration.25 NO can act as a

cytoprotective molecule through several mechanisms,

including through a cGMP-independent antioxidative

process by S-nitrosylation or S-nitrosoglutathione-

scavenging free radicals and inhibition of caspase-3,

or a cGMP-dependent mechanism such as upregulation

of anti-apoptotic bcl-2.26,27

The concomitant loss of enteric neurones and ICC in

several motility disorders, the human and mouse

studies showing loss of nNOS expression in enteric

neurones in parallel with loss of ICC, coupled with the

cytoprotective functions of NO, suggest the possibility

that NO generated from nNOS is a survival factor for

ICC. To explore this hypothesis we used nNOS)/)

mice, lacking the gene encoding nNOSa28 and ICC-

enriched cell cultures. (Parts of this study have previ-

ously been published in abstract form.)29

MATERIALS AND METHODS

Animals

Eight- to 12-week-old homozygous mutant female

mice, B6;129S-Nos1tm1Plh/J, obtained from Jackson

Laboratories (Bar Harbor, ME, USA) with a targeted

disruption of the nNOSa gene (nNOS)/))28 were used to

determine the effect of loss of nNOS on ICC. All

protocols were approved by the Mayo Foundation

Institutional Animal Care and Use Committee (IA-

CUC). Female B6129SF2/J 101045 mice (Jackson Labor-

atories) were used as controls.

Dissection of tissue

The gastric body (corpus) was chosen as the region to be

studied based on previously published reports that

described a decrease in nNOS expression and ICC in

this region.22,23 The intensive computing and analysis

required for these studies precluded investigation of

more than one region of the stomach. A rectangular

section of the gastric body was removed by making a cut

at the oesophago-gastric junction and continuing along

the white cap (denoted by the dotted line in Fig. 1A) to

the greater curvature and then extending posteriorly

back up to the junction. A second cut was made parallel

to the first, along a line equidistant from the junction

between the squamous and glandular epithelium sim-

ilar to the first cut. The squamous–glandular epithelial

junction is indicated by an asterisk in Fig. 1A. This

second cut was also extended posteriorly. The tissue

resected was rectangular in shape. This method, rather

than using fixed dimensions, was used to take into

account differences in gastric size between control mice

and nNOS)/) mice that have enlarged stomachs.30 The

size of the resected tissue was 0.4 ± 0.08 cm ·
1.0 ± 0.2 cm in control mice and 0.68 ± 0.16 cm ·
1.51 ± 0.2 cm in nNOS)/) mice. Eight areas were

studied within this piece of tissue. Areas 1–4 were from

the proximal body and 5–8 from the distal body. Areas 2,

3, 6 and 7 were closer to the greater curvature and 1, 4, 5

and 8 closer to the lesser curvature (Fig. 1A). The tissue

pieces were then pinned out (mucosa side up), in Hanks

balanced salt solution (Mediatech, Inc., Herndon, PA,

USA) without calcium or magnesium, onto blocks of

Sylgard and the mucosa removed.

Primary cell cultures of ICC

Primary cultures of ICC were prepared from the small

intestine of neonatal control mice (3–6 days postna-

tum) as previously published.15,31 Briefly, the muscle

layers were peeled off and dissociated using a cocktail

containing 2400 U collagenase, 20 mg bovine serum

albumin, 20 mg trypsin inhibitor, 5.5 mg adenosine

triphosphate and 10 mL of Hank’s balanced salt solu-

tion at 32 �C for 17 min. The freshly dispersed cells

were cultured on 22-mm glass coverslips at a density of

3 · 105 cells/coverslip. The coverslips were precoated

with irradiated fibroblasts, genetically modified to

express the steel factor. This procedure results in a

significantly greater number of ICC than if the steel

factor-producing fibroblasts are omitted.15,31 S-nitroso-

N-acetylpenicillamine (SNAP) was used as an NO

donor at a concentration of 100 lmol L)1 twice daily32

and N(G)-nitro-L-arginine (L-NNA) at a concentration

of 200 lmol L)1 daily as an nNOS inhibitor33,34 daily.

Organotypic cultures

Tissues of nNOS)/) mice were used in these experi-

ments. Tissue from region 7 was removed and pinned

flat on Sylgard-coated dishes. The mucosa was removed

with sharp dissection scissors in sterile Hanks balanced

salt solution (Mediatech, Inc., Herndon, PA, USA)

without calcium or magnesium. After removal of the

mucosa, the tissue was rinsed several times with

Hanks. The tissue was then placed in Dulbecco’s

Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad,

CA) supplemented with 10% characterized fetal bovine

serum (Hyclone, Logan, UT, USA) and 1% antibiotic–

antimycotic (Invitrogen) and rinsed five times with

media before being placed into an incubator at 37 �C
with 5% CO2. The cultures were treated twice a day for

6 days by replacing half the media with media alone for
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control or media with 200 lmol L)1 SNAP for a final

concentration of 100 lmol L)1. After 7 days in culture,

the tissues were rinsed six times for 2 min with 1x

phosphate-buffered saline (PBS) and then fixed in

acetone for 15 min at 4 �C on a shaker. Immunohist-

ochemistry, confocal microscopy and three-dimen-

sional volume reconstruction for the myenteric

plexus region were completed as described below.

Immunohistochemistry

Interstitial cells of Cajal were identified in whole-

mount preparations using fluorescent immunolabel-

ling for c-Kit as previously described.35 Briefly, the

tissue pieces were fixed in cold acetone for 15 min at

4 �C. Following fixation, the preparation was rinsed for

30 min in 1x PBS containing 10 mmol L)1 Na2HPO4,

pH 7.4 and 150 mmol L)1 NaCl. For immunostaining,

non-specific labelling was blocked by incubation in

PBS containing 10% normal donkey serum (NDS;

Jackson ImmunoResearch Lab, Inc., West Grove, PA,

USA) and 0.3% Triton X-100 (Sigma, St Louis, MO,

USA). The tissue was next incubated for 2 days at 4 �C
with the primary antibody against c-Kit (Table 1,

ACK2; eBioscience, San Diego, CA, USA) diluted in

PBS containing 5% NDS and 0.3% Triton X-100. After

washing with PBS, specific labelling was detected by

incubation with a Cy3-conjugated donkey anti-rat

secondary antibody (Table 1; Jackson ImmunoRe-

search Lab, Inc.) diluted in PBS containing 2.5% NDS

and 0.3% Triton X-100. After rinsing in PBS, nuclei in

the tissue were stained by incubating the tissue for

30 min at 4 �C with 0.3 lmol L)1 4¢,6-diamidino-2-

phenylindole,dihydrochloride (DAPI; Molecular

Probes, Inc., Eugene, OR, USA) in 1x PBS.

Neurones were identified using human anti-Hu

antiserum (gift from Dr Vanda Lennon, Mayo Clinic,

Rochester, MN, USA) in whole-mount preparations as

previously published.36 Tissue was prepared as des-

cribed above. The tissue was fixed in 4% paraformal-

dehyde (PFA) for 2 h. After a wash in PBS, the tissue

was incubated overnight in a blocking solution con-

sisting of PBS, 4% NDS and 0.5% Triton X-100. The

anti-Hu antiserum (Table 1) was pre-absorbed in gui-

nea-pig liver powder for 2 h at room temperature. The

tissue was then incubated in pre-absorbed human

anti-Hu antibody diluted in PBS containing 4% NDS

and 0.5% Triton X-100 for 24 h at 4 �C. After washing

in PBS the tissue was incubated overnight with donkey

anti-human flourescein isothiocyanate (FITC) (Table 1)

diluted in PBS. The number of myenteric ganglia was

counted in an area with a relatively less severe loss of

c-Kit-positive ICC (area 1) and in an area with the most

A

B

C

Figure 1 Distribution of c-Kit-positive ICC in the wall of the
gastric body in control mice and in nNOS)/) mice. (A)
Schematic diagram of the mouse stomach and the areas
studied. The cartoon represents anterior and posterior views
of the stomach and the rectangular tissue section studied.
The indicated size of the rectangular section is for control
mice. The edge of the white cap is denoted by the dotted
line. The junction between the squamous and glandular
epithelial portion is indicated by an asterisk. (B) Volumes of
c-Kit-positive ICC in control (open bars) and nNOS)/) mice
(solid bars) in each of the eight areas studied are shown
for the total muscle wall (ICC-Total), circular muscle layer
(ICC-CM), myenteric plexus region (ICC-MY) and the lon-
gitudinal muscle layer (ICC-LM). *P < 0.05, mean ± SEM,
n ¼ 6 animals. (C) Volume rendered images of myenteric
ICC from control mice (upper) and nNOS)/) mice (lower
panels) for each of the eight areas. Note the lower volume of
c-Kit-positive ICC-MY in the nNOS)/) mice. The scale bar
(upper panel left) is 50 lm.
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severe loss of c-Kit-positive ICC (area 7) in the

myenteric plexus region of nNOS)/) mice. Ganglia

were counted using low-power objectives (10·) from

the same fields used to collect confocal images for

c-Kit-positive ICC. The number of ganglia was calcu-

lated per millimetre.2 The number of neurones was

counted using a higher power objective (20·) from 45

randomly selected ganglia in the same areas.

Interstitial cells of Cajal in primary cell culture were

identified by immunolabelling for c-Kit as previously

reported.31 NOS-positive cells in the primary cultures

were identified by using antibodies selective for sub-

types of NOS (see Table 1). ICC-enriched cultures were

immunolabelled for NOS subtypes using the antibodies

shown in Table 1 by a modification of the standard

procedure for c-Kit immunolabelling.15,31 Cells on

25-mm glass coverslips were washed and fixed in the

appropriate fixative (see Table 1), washed again, incu-

bated with blocking solution for 2 h and then in

primary antibody at the indicated titre overnight at

4 �C. After washing with PBS, the secondary antibody

was added at the indicated titre (Table 1) for 2 h at room

temperature followed by washing with PBS and mount-

ing the coverslips on microscope slides to view. For

double labelling, coverslips were fixed in acetone and

immunolabelled for c-Kit with ACK-2 as described

above, then washed and fixed again in 2% paraformal-

dehyde for 10 min in order to immunolabel for the

other markers including nNOS (Chemicon, Temecula,

CA, USA), inducible nitric oxide synthase (iNOS) and

endothelial nitric oxide synthase (eNOS) (Santa Cruz,

Santa Cruz, CA, USA). For a positive control, iNOS was

induced in cultured fibroblasts with 50 ng ml)1 human

interferon-gamma (IFN-c; R&D System, Inc., Minnea-

polis, MN, USA) and 5 ng mL)1 interleukin-1-beta (IL-

1-b; R&D System, Inc.) and the induced fibroblasts then

immunolabelled with an antibody raised against iNOS

(NOS2; Table 1). The endothelial lining of blood vessels

in mouse jejunal tissue sections provided a positive

control for labelling with an antibody raised against

eNOS (NOS3; Table 1). In all experiments, serial dilu-

tions were carried out to determine the optimal anti-

body concentration, and negative controls omitting the

primary antibody were also carried out.

ICC volume analysis

The volume of c-Kit-positive immunoreactivity in

each of the eight areas of the gastric body whole

mount was determined as previously described.35

Briefly, confocal image stacks were collected from

each area using a laser scanning confocal microscope

(Zeiss LSM510; Carl Zeiss, Inc., Oberkochen, Ger-

many) equipped with a water immersion 40· objec-

tive (NA 1.3). The sample from each area consisted

of six image stacks collected from each of the eight

areas. The average number of confocal slices per

stack was 239 ± 107. The voxel size was 0.45 lm ·
0.45 lm · 0.60 lm. The dimensions of each confocal

plane were 512 · 512 pixels, i.e. 230.4 · 230.4 lm.

The images in the stack were divided into four

categories: total muscle layer, circular muscle layer,

myenteric plexus region and longitudinal muscle

layer. The volume of c-Kit immunoreactivity was

determined and reconstructed using AnalyzeTM

(Mayo Foundation, Rochester, MN, USA) by an

analyst blind to the source of each data set. Mast

cells were not reconstructed. The thickness of the

smooth muscle layers was determined by using the

DAPI-labelled nuclei to mark the beginning and end

of each layer in each image stack.

Western blots

Homogenates of gastric body tissue pieces were lysed

in a solution consisting of 50 mmol L)1 Tris-HCl,

1% NP-40, 0.25% Na-deoxycholate, 150 mmol L)1

NaCl, 1 mmol L)1 ethylenediaminetetraacetic acid

Table 1 Antibodies used for immunohistochemistry

Purpose of IHC

Antibody
Final concentration or
titer

FixativePrimary Secondary Primary Secondary

c-Kit in whole mounts
and cell culture

ACK-2 Donkey anti-rat CY3 1.7 lg ml)1 3 lg ml)1 Acetone (15 min, 4 �C)

Enteric neurones in
whole mounts

Hu antiserum Donkey anti-human FITC 1 : 500 10 lg ml)1 4% PFA (>2 h, 4 �C)

nNOS in cell cultures Rabbit anti-NOS1 Donkey anti-rabbit CY3 1 : 4000 3 lg ml)1 4% PFA (10 min, 4 �C)
iNOS in cell cultures Rabbit anti-NOS2 Donkey anti-rabbit CY3 1 : 250 3 lg ml)1 4% PFA (10 min, 4 �C)
eNOS in cell cultures Rabbit anti-NOS3 Donkey anti-rabbit CY3 1 : 250 3 lg ml)1 4% PFA (10 min, 4 �C)

PFA, paraformaldehyde; FITC, flourescein isothiocyanate; IHC, immunohistochemistry; nNOS, neuronal nitric oxide synthase.
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(EDTA), 1 mmol L)1 activated Na3VO4, 1 mmol L)1

NaF and protease inhibitors including 1 lg mL)1 of

aprotinin, leupeptin, pepstatin and 1 mmol L)1 phe-

nylmethylsulphonyl fluoride. From the tissue lysates,

30 lg of protein was resolved by sodium dodecyl

sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) on a 12% gel. Western blots were obtained

after SDS-PAGE and transferred to immuno-blot

polyvinylidene flouride (PVDF) membranes (BioRad

Laboratories, Hercules, CA, USA). Either rabbit

polyclonal c-Kit or anti-nNOS (NOS1) antibodies

(Stressgen Biotechnologies Corporation, Victoria, BC,

Canada and Santa Cruz Biotech. Inc., respectively)

were used as primary antibodies. Bands were scanned

and quantified against local background using the

Bio-Rad Gel Doc system (Bio-Rad).

Statistical analysis

Data are presented as mean ± SEM. Statistical signifi-

cance was determined using paired Student’s t-test. A

P-value of <0.05 was considered statistically significant.

RESULTS

c-Kit protein expression is decreased in the
gastric body of nNOS)/) mice

To determine whether loss of nNOS results in changes

in ICC in the gastric body, the amount of c-Kit receptor

protein expressed in the muscle layers of the mouse

gastric body was determined by Western blot analysis.

As expected, nNOS protein was not detected in protein

lysates from the gastric body of nNOS)/) mice, although

a faint non-specific band was observed in blots of

nNOS)/) tissues, as previously reported.30 c-Kit protein

was present at much lower levels in preparations from

nNOS)/) mice compared with preparations from control

mice (Fig. 2A). The difference in c-Kit expression

between control (1.94 ± 0.70) and nNOS)/) (0.65 ±

0.32) mice was significant (t-test, P < 0.05) and repro-

ducible as determined by densitometry of the bands

from independent experiments using tissue from four

control and four nNOS)/) mice (Fig. 2B). The same

amount of protein was loaded in each lane as determined

by blotting for the housekeeping genes b-tubulin and

glyceraldehyde-3-phosphate dehydrogenase (Fig. 2A).

ICC are distributed in a heterogeneous fashion in
the gastric body of mice

Under low-power magnification, it was apparent that

there was a considerable variation in the number and

distribution of ICC in the eight areas of the mouse

gastric body studied. Therefore, the total volume of

c-Kit immunoreactivity was determined in the total

tissue, circular muscle layer, myenteric plexus region

and longitudinal muscle layer in the eight defined areas

in control tissue (see Fig. 1A). The overall quantitative

results obtained for the C57BL/6J mice used as controls

for the nNOS)/) mice were similar to those previously

reported for other strains of mice.37–39 Specifically, for

all types of ICC, higher volumes of c-Kit-positive ICC

were detected in the areas along the greater curvature

(open bars of areas 2, 3, 6 and 7; Fig. 1B) when

compared with volumes of c-Kit-positive ICC along

the lesser curvature (open bars of areas 1, 4, 5 and 8;

Fig. 1B). Segmentation of the total volumes into circu-

lar (ICC-CM), myenteric (ICC-MY) and longitudinal

regions (ICC-LM) showed that this difference was

mainly due to the higher volume of c-Kit-positive

ICC-MY in these regions (Fig. 1B). No c-Kit-positive

ICC-MY were detected in tissues from regions near the

lesser curvature on the posterior aspect of the gastric

body (areas 4 and 5). The distribution of ICC-MY was

inverse to the distribution of ICC in the longitudinal

muscle layer (Fig. 1B). The volume of c-Kit-positive

ICC in the longitudinal muscle layer was low in all

A

B

Figure 2 c-Kit expression is decreased in the gastric body of
nNOS)/) mice. (A) Western blot using polyclonal antibodies
against either nNOS or c-Kit. b-tubulin and GAPDH were
used to assess protein loading. (B) Optical density (OD) of the
bands for c-Kit was measured from four controls and four
nNOS)/) mice. *P < 0.05.
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areas apart from areas 4 and 5 (near the lesser curvature

on the posterior aspect), the areas where ICC-MY were

not present. The volume of c-Kit-positive ICC in the

circular muscle layer was larger in the proximal gastric

body compared with the volume of c-Kit-positive ICC

in the distal gastric body (areas 1, 2, 3 and 4 compared

with areas 5, 6, 7 and 8; P < 0.05).

Distribution and volume of ICC in the gastric
body of mice is altered in nNOS)/) mice

The volume of c-Kit-positive ICC in the gastric body of

nNOS)/) mice was quantified in the same eight regions

that were studied in control tissue (Fig. 1). There were

significant differences between control (open bar) and

nNOS)/) mice (solid bar) in the total volume of c-Kit-

positive ICC. In areas 1, 2 and 3, a significant decrease

in total c-Kit-positive ICC volume was detected com-

pared with controls (a decrease of 31 ± 2.1%, 43 ± 4.3%

and 23 ± 7.1%, respectively; Fig. 1B). In areas 4, 5, 7

and 8 there was no difference in the total volume of

c-Kit-positive ICC compared with controls whereas in

area 6 the total volume of c-Kit-positive ICC was

increased (137 ± 3.3%; Fig. 1B). In contrast to the total

volumes, the volumes of c-Kit-positive ICC in the

myenteric plexus region from nNOS)/) mice were

significantly lower in all the areas where ICC-MY were

present when compared with the volumes for the same

regions from control mice (53 ± 11.4%, 71 ± 5.8%,

43 ± 1.1%, 49 ± 6.7%, 71 ± 8.0%, 58 ± 8.4% lower for

areas 1, 2, 3, 6, 7 and 8 respectively; P < 0.05, Fig. 1B).

The volumes of c-Kit-positive ICC-IM in the circular

muscle layer were significantly higher in areas 6

(430 ± 43%), 7 (339 ± 36%) and 8 (240 ± 13.9%) (distal

gastric body, P < 0.05; Fig. 1B). There were no signifi-

cant differences in c-Kit-positive ICC volumes in the

longitudinal muscle layer between nNOS)/) and con-

trol mice. Representative volume rendered images of

c-Kit-positive ICC-MY from control mice and nNOS)/)

mice are shown in Fig. 1C.

To determine if there was disruption of the remain-

ing ICC networks, images obtained from areas 2 and 7,

the areas where the decrease in c-Kit-positive ICC-MY

in the nNOS)/) mice was most severe (Fig. 3), were

examined more closely. c-Kit-positive ICC from con-

trol mice showed well-developed ICC with intact

processes and, in the myenteric plexus region, intact

networks with multiple processes from the cell bodies.

In nNOS)/) mice, the remaining ICC cell bodies were

often less well formed (arrows) and the processes

blunted and decreased resulting, in the myenteric

plexus region, in disrupted networks.

Muscle layer thickness is increased in the mouse
gastric body of nNOS)/) mice

In nNOS)/) animals, the uniform decrease in c-Kit-

positive ICC volumes in the myenteric plexus region

contrasted with the changes observed in the circular

muscle layer. The stomach of the nNOS)/) mice is

enlarged when compared with controls, with the

muscle wall reported to be 60% thicker than that of

controls.30 Therefore, we measured the thickness of

the circular muscle layer of nNOS)/) mice to deter-

mine whether the increased volume of c-Kit-positive

ICC in the circular smooth muscle layer in specific

areas simply reflected an increase in the thickness of

the muscle layer. In all regions examined, the circular

smooth muscle layer was two- to threefold thicker

compared with controls (Table 2). When the volume of

c-Kit-positive ICC in each area studied was normalized

to the volume of the circular smooth muscle layer in

the same area, the density of c-Kit-positive ICC in the

circular muscle layer of the nNOS)/) mouse was

Figure 3 High magnification images of
c-Kit-positive ICC in control and
nNOS)/) mice. Confocal image stacks
were collected from either the circular
muscle layer (CM) or myenteric plexus
region (MY) of areas 2 and 7 using a
laser scanning confocal microscope
(40·). Arrows show that the remaining
ICC cell bodies in the areas from
nNOS)/) mice were less well formed
(arrows) and the processes blunted and
decreased resulting in disrupted net-
works in the myenteric plexus region.
The scale bar (left upper panel) is
50 lm and applies to all images.
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significantly lower in the proximal gastric body com-

pared with controls (areas 1–4; Fig. 4). There was no

difference in the density of c-Kit-positive ICC in the

circular muscle layer in the distal gastric body (areas

6–8; Fig. 4) with the exception of area 5.

As the whole stomach in the nNOS)/) mice is

enlarged compared with controls,22,30 the tissue pieces

from the nNOS)/) mice were larger. It was therefore

possible that the ICC-MY were simply spread over a

larger area resulting in a lower apparent density of

cells. This possibility was tested by staining myenteric

neurones with an antibody to Hu and determining the

number of myenteric ganglia and the number of

neurones in controls and nNOS)/) mice in areas 1

and 7. No significant differences in numbers of ganglia

between control and nNOS)/) mice were observed in

either area (11.4 ± 0.8/mm2 in control and 10.7 ± 0.7/

mm2 in nNOS)/) mice in area 1, 10.1 ± 0.9/mm2 in

control and 10.1 ± 1.2/mm2 in nNOS)/) mice in area 7,

n ¼ 4, P > 0.05). There were also no significant differ-

ences in numbers of neuronal cell bodies in either area

(905 ± 67 per 45 ganglia in control and 896 ± 49 per 45

ganglia in nNOS)/) mice in area 1, 1010 ± 46 per 45

ganglia in control and 979 ± 33 per 45 ganglia in

nNOS)/) mice in area 7, n ¼ 4, P > 0.05) between

control and nNOS)/) mice.

Number of ICC in primary culture and
organotypic culture is increased by an NO donor

Neuronal NOS is absent throughout development in

nNOS)/) mice. Therefore, changes in ICC may reflect an

indirect response to changes in other cell types in the

muscle wall that may also be altered by the decrease in

nNOS availability. To determine if NO has a direct

effect on ICC, ICC cultures were treated for 2 days with

either the NO donor SNAP (100 lmol L)1) twice a day or

the nNOS inhibitor L-NNA (200 lmol L)1) daily. Treat-

ment with the NO donor SNAP increased the number of

c-Kit-positive ICC (37 ± 8% increase, P < 0.05, n ¼ 4;

Fig. 5A) and treatment with the NO inhibitor L-NNA

decreased the number of c-Kit-positive ICC (56 ± 27%

decrease, P < 0.05, n ¼ 4; Fig. 5B) in culture.

The effect of L-NNA on c-Kit-positive ICC indicated

that the cultures contain endogenous sources of NO

from cells expressing one or more of the subtypes of

NOS.40 Therefore, we used antibodies specific for

nNOS, eNOS and iNOS to identify cells within the

cultures that were generating NO. nNOS-positive cells

that had the characteristic morphology of neurones

were labelled in the cultures (Fig. 5C). eNOS or iNOS

immunoreactivity was detected in positive controls

(right panels of Fig. 5D,E) but not in the cultures (left

panels of Fig. 5D,E).

The effect of the NO donor was also tested in

organotypic cultures from nNOS)/) mice. Tissue was

cultured from area 7, an area with marked decrease in

c-Kit-positive ICC-MY in nNOS)/) mice compared

with controls. The volume of c-Kit-positive ICC was

increased 149 ± 26% (n ¼ 4, P < 0.05) when the tissue

was treated with 100 lmol L)1 SNAP for 6 days com-

pared with untreated nNOS)/) controls (Fig. 6).

DISCUSSION

This study shows that NO plays a role in the survival

and maintenance of ICC networks in the mouse gastric

body. We observed that in the absence of nNOS-derived

NO in NOS)/) mice, the c-Kit-positive ICC volumes in

the gastric body were lower compared with tissues

from control animals and that this difference was most

pronounced in ICC from the myenteric plexus region.

The remaining ICC did not appear to be normal with

blunted processes and disrupted networks. Further-

more, we determined that administration of an NO

Table 2 Thickness of the circular smooth muscle layer in the
gastric body

Area Control (lm) nNOS)/) (lm)

1 56.9 ± 6.3 95.4 ± 15.4*
2 54.4 ± 6.8 111.9 ± 20.7*
3 54.8 ± 10.7 118.7 ± 22.9*
4 36.1 ± 4.4 88.4 ± 11.4*
5 49.4 ± 6.8 96.9 ± 23.1*
6 43.1 ± 6.3 155.9 ± 38.1*
7 41.0 ± 3.6 125.5 ± 35.8*
8 45.8 ± 6.3 107.2 ± 29.6*

*P < 0.05. Data are expressed as mean ± SEM, n ¼ 6.

Figure 4 Percentage of total circular muscle volume positive
for c-Kit-positive ICC. The volume of c-Kit-positive ICC in
the circular muscle layer was normalized by the volume of
circular muscle wall in each of the eight areas examined. The
percentage of total circular muscle volume containing c-Kit-
positive ICC was less in areas 1–5 and not different in areas
6–8. *P < 0.05, mean ± SEM, n ¼ 6 animals.
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donor to primary cultures and organotypic cultures

resulted in increased numbers and volumes of ICC and

that inhibition of NOS activity resulted in decreased

numbers of ICC in primary culture, suggesting a direct

effect of NO on ICC numbers. nNOS but not iNOS or

eNOS expressing cells were present in the cultures.

These complementary experimental approaches sug-

gest that NO derived from nNOS plays a direct role in

survival of ICC. Increased survival may be due to

decreased cell death or increased proliferation, as both

would result in increased numbers of ICC. Our

experiments do not allow us to differentiate between

the two, although the rapid increase in c-Kit-positive

ICC volume in organotypic cultures in response to the

NO donor suggests a proliferative effect. This effect of

NO on ICC has not been previously reported. Indeed,

the only well-accepted regulator of ICC survival and

development is the steel factor, the ligand for the Kit

tyrosine kinase receptor.15,41,42 Insulin and IGF-1 also

modulate ICC numbers, but their effect also appears to

be mediated through the steel factor.43 There are

however several lines of evidence that raise the

possibility that NO may act as a cytoprotective

molecule for ICC. In particular, there is an established

relationship between nitrergic neurotransmission and

ICC. ICC and nNOS-positive nerve endings are closely

associated physically,44,45 and depletion of ICC is

associated with impaired nitrergic inhibitory neuro-

transmission.7 In humans, infantile hypertrophic

pyloric stenosis is associated with low expression of

nNOS and depleted numbers of ICC, changes that are

reversible.21 Loss of nNOS and depletion of ICC are

seen in diabetic enteropathy.13 A recent paper looking

at the effect of diabetes on the human antrum also

showed loss of c-Kit and nNOS expression. There was

also a loss of substance P expression. However in this

study, loss of kit and nNOS expression was limited to

the circular muscle layer and not found in the myen-

teric plexus46 and the possible relation between loss of

c-Kit and nNOS expression was not explored. These

studies suggest that both changes of expression in c-Kit

and in nNOS be examined in patients before ascribing a

documented change in gut function to a particular cell

type. In mouse models of diabetes, slowed gastric

emptying, loss of nNOS and depletion of ICC are

observed.22,23 However, it is not clear from these

studies whether the initial injury was depletion of

ICC or loss of nNOS and whether the concomitant loss

of nNOS and ICC were causally linked or unrelated.

The current study suggests that there may, in fact, be a

Figure 5 The NO donor SNAP and the NOS inhibitor L-NNA alter ICC number in primary cell culture. Cells were treated
with either (A) 100 lM SNAP (cross-hatched bar) or (B) 200 lmol L)1

L-NNA (solid bar). Control (open bar) numbers were nor-
malized to 100%. The panels above the bar graphs show representative images from control ICC enriched cultures (left panels) and
cultures exposed to SNAP or L-NNA (right panels). SNAP increased c-Kit-positive ICC numbers by 37 ± 8% (P < 0.05, n ¼ 4),
whereas L-NNA decreased the number of c-Kit-positive ICC by 56 ± 27% (P < 0.05, n ¼ 4). ICC-enriched primary cultures were
stained for nNOS (C) iNOS (D), and eNOS (E). Low power (10·, left panel) and higher power (40·, right panel) images of the
nNOS staining showed the presence of NOS expressing cells with the characteristic morphology of neurones in the cultures. There
was no staining for iNOS (left panel, cultures, right panel, fibroblasts induced by IFN-c and IL-1-b as a positive control) or eNOS (left
panel, cultures, right panel, tissue section showing a blood vessel as a positive control) in the cultures. The scale bars are 100 lm.
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causal link between the observed loss of nNOS and

ICC and that NO may act as a cytoprotective molecule

on mature ICC.

A neuronal source for a cytoprotective molecule for

ICC was not considered likely as a study on GDNF)/)

mice, which lack enteric neurones, suggested that ICC

were qualitatively unaffected.42 Subsequent stud-

ies47,48 suggested that myenteric-like ICC were lacking

in adult ls/ls and newborn c-ret)/) mice, and the

morphology of the ICC in these animals resembled

only intramuscular ICC. Furthermore, ICC with

myenteric-like ICC morphology were present in cul-

ture experiments only when enteric neurones were

present.47 The data in the present study are in agree-

ment with these findings as loss of c-Kit-positive ICC

volume was most pronounced in ICC from the myen-

teric plexus region and suggest that neuronally derived

NO is particularly required for maintenance of ICC.

The functional changes in the stomach of nNOS)/)

mice are both an obstruction due to impaired pyloric

relaxation and a generalized impairment of gastric

motility.30 nNOS)/) mice have an increase in smooth

muscle thickness throughout the stomach unlike the

localized thickening of only the pyloric muscle layer in

infantile pyloric stenosis.30 This finding was confirmed

in the present study which showed a two- to threefold

increase in the thickness of the circular muscle layer

compared with controls. The increase in size of the

stomach in nNOS)/) mice and the increase in thick-

ness of the muscle walls raised the possibility that the

decrease in ICC in nNOS)/) mice was simply a

dilutional effect of the increased tissue mass. This

did not appear to be the case as changes in c-Kit-

positive ICC volume were greater for ICC-MY than

ICC-IM and it would be expected that a dilutional

effect would be more noticeable in the circular muscle

layer. Moreover, the myenteric plexus region was not

significantly affected in nNOS)/) mice as documented

by a similar number of enteric neurones in nNOS)/)

mice compared with controls. These data also suggest

that, in contrast to the effect of loss of nNOS on ICC,

loss of nNOS does not lead to decreased neuronal

numbers, as first demonstrated by Watkins et al.22

The delay in gastric emptying in nNOS)/) mice also

raised the possibility that a functional obstruction

could account for the decrease in ICC numbers. Partial

small bowel obstruction in mice has been shown to

decrease ICC numbers.49 It appears unlikely that

functional obstruction could account for the decrease

in ICC numbers. In the mouse model of intestinal

obstruction, the depletion of ICC was highest just

proximal to the obstruction and all sub-types of ICC

were lost.49 In contrast, in the stomach of nNOS)/)

mice, myenteric ICC were significantly more affected

than other classes of ICC and the loss of c-Kit-positive

ICC was more marked in the proximal gastric body

further from the pylorus compared with the distal

gastric body closer to the pylorus. Furthermore, the

ICC culture experiments in the present study strongly

suggest that NO can directly affect ICC numbers.

The cellular mechanisms by which loss of neuro-

nally derived NO results in lower c-Kit-positive vol-

umes of ICC-MY in the intact animal and fewer ICC in

culture were not determined in the present study. NO

is a well-established regulator of cell proliferation,50

cell death51,52 and cell migration.53 There are therefore

several possible mechanisms by which loss of NO

could alter the volume and distribution of ICC net-

works. NO has been shown to increase cellular prolif-

eration through several mechanisms including

S-nitrosylation or S-nitrosoglutathione-scavenging free

radicals and inhibition of caspase-3, upregulation of

anti-apoptotic bcl-2 and upregulation of PI-3 kinase and

through Raf/MEK/ERK signalling pathways that are

cGMP-independent.25–27,54 NO has been shown to be

cytoprotective through a cGMP/protein kinase G-

dependent pathway and also through multiple kinase

A

B

Figure 6 The volume of c-Kit-positive ICC-MY was increased
in nNOS)/) mouse organotypic cultures treated with SNAP.
(A) Representative rendered images of ICC-MY from organo-
typic cultures obtained from nNOS)/) mice (untreated, left
panel, SNAP 100 lmol L)1 for 6 days, right panel). Scale bar
(upper panel left) is 25 lm and applies to both images.
(B) Volume of c-Kit-positive ICC-MY in the organotypic
cultures from untreated nNOS)/) mouse tissues (open bar)
and SNAP treated (solid bar). *P < 0.05, unpaired t-test,
mean ± SEM, n ¼ 4 animals.
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pathway including PI-3 kinase, MEK, PKA and

CaMK.55 The thickening of the muscle layer in the

stomach is similar to the proliferation of smooth

muscle cells that occurs when NO availability is

reduced in vascular tissue.56 Thus, given that ICC

and smooth muscle cells are derived from the same

progenitor cells,17 it is possible that the hyperplasia

and hypertrophy of gastric smooth muscle cells in the

nNOS)/) mouse may occur at the expense of ICC

development. However, it is more likely that the

effects on smooth muscle hyperplasia and decreased

c-Kit-positive ICC volume are independent because of

the results of the ICC culture experiments and because

it appears that after ICC reach a mature phenotype,

neuronal factors are more important for ICC develop-

ment47 than other factors.

In summary, using different approaches in intact

animals and ICC cultures, we have shown that nNOS

derived NO modulates c-Kit-positive ICC volumes and

ICC numbers. Our findings suggest a novel role for NO

as a cytoprotective molecule for ICC and add to our

current understanding of the survival factors that

regulate ICC numbers in the GI tract. Understanding

the mechanisms that underlie this effect of NO on ICC

numbers may lead to strategies to prevent or reverse

ICC loss in human motility disorders.
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