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Abstract
AIM: To investigate the interstitial cells of Cajal (ICC) 
number using a new rat model. 

METHODS: Sprague-Dawley rats were assigned to 
two groups. The first group received gavage with Cam-
pylobacter jejuni  (C. jejuni ) 81-176. The second group 
was gavaged with placebo. Three months after clear-
ance of Campylobacter  from the stool, precise seg-
ments of duodenum, jejunum, and ileum were ligated 
in self-contained loops of bowel that were preserved in 
anaerobic bags. Deep muscular plexus ICC (DMP-ICC) 
were quantified by two blinded readers assessing the 
tissue in a random, coded order. The number of ICC 
per villus was compared among controls, Campylo-
bacter  recovered rats without small intestinal bacterial 
overgrowth (SIBO), and Campylobacter  recovered rats 
with SIBO. 

RESULTS: Three months after recovery, 27% of rats 
gavaged with C. jejuni  had SIBO. The rats with SIBO 
had a lower number of DMP-ICC than controls in the 
jejunum and ileum. Additionally there appeared to be 
a density threshold of 0.12 DMP-ICC/villus that was 
associated with SIBO. If ileal density of DMP-ICC was 
< 0.12 ICC/villus, 54% of rats had SIBO compared to 
9% among ileal sections with > 0.12 (P  < 0.05). If the 
density of ICC was < 0.12 DMP-ICC/villus in more than 
one location of the bowel, 88% of these had SIBO com-
pared to 6% in those who did not (P  < 0.001). 

CONCLUSION: In this post-infectious rat model, the 
development of SIBO appears to be associated with a 
reduction in DMP-ICC. Further study of this rat model 
might help understand the pathophysiology of post-
infectious irritable bowel syndrome.
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INTRODUCTION
A recent series of  studies suggested a link between small 
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intestinal bacterial overgrowth (SIBO) and irritable bowel 
syndrome (IBS)[1,2]. The latest of  these is a study that com-
pared jejunal cultures between IBS patients and controls[3]. 
In that study, the number of  coliform bacteria was higher 
in the small bowel of  IBS compared to healthy controls. 

Another potential bacterial pathogenesis in IBS is re-
lated to the development of  IBS symptoms after acute 
gastroenteritis [post-infectious IBS (PI-IBS)]. In a recent 
meta-analysis, almost 10% of  normal subjects developed 
IBS after an incident of  bacterial gastroenteritis[4]. Initial 
research in this area focused on possible inflammatory 
events, as suggested by increased lymphocyte counts in the 
rectal mucosa[5-7]. Recent evidence has linked post-infec-
tious events to the development of  SIBO in a rat model of  
PI-IBS[8]. In this model, rats exposed to Campylobacter jejuni 
(C. jejuni) have persistent altered stool form that is linked 
to the development of  SIBO in 27% of  rats, based on 
quantitative polymerase chain reaction (PCR). This finding 
in rats suggests that, at least in the case of  C. jejuni, a pos-
sible mechanism for PI-IBS could be the development of  
SIBO. How SIBO develops in this model is not known. In 
humans, it has been speculated that SIBO in IBS patients 
is related to a reduced number of  fasting migrating motor 
complexes[9]. This has been a recognized cause of  SIBO 
since 1977[10].

The important role of  interstitial cells of  Cajal (ICC) 
in gastrointestinal physiology has been elucidated over 
the past 10-20 years. ICC are required for normal intesti-
nal motility. Their role as intestinal pacemakers has been 
established in a number of  model systems[11-13]. Labeling 
ICC with anti-Kit antibodies provides an opportunity to 
evaluate ICC of  gastrointestinal muscles in patients with 
various motility disorders. Reduced numbers or loss of  
ICC is associated with several motor dysfunctions, includ-
ing achalasia, intestinal pseudoobstruction, infantile py-
loric stenosis, diabetic gastroparesis, ulcerative colitis, and 
slow-transit constipation[14-19]. Loss of  ICC also interferes 
with electrical pacemaker activity, slow-wave propagation, 
and gastrointestinal motor neurotransmission[12,13,20,21]. 

Given the significant role of  ICC in modulating the 
neuromuscular activity of  the gut, we sought to investi-
gate whether the development of  SIBO in the rat model 
infected with C. jejuni is associated with reduction in in-
testinal ICC. 

MATERIALS AND METHODS
Development of post-infectious rats
After confirming no pre-existing presence of  C. jejuni in 
their stools, 66 outbred Sprague-Dawley rats were ran-
domized (in a 1:1 ratio) into two groups. One group was 
gavaged with a 1 mL solution containing C. jejuni 81-176 
at 108 CFU/mL (C+ rats) in Brucella broth. The con-
trol rats were gavaged with an identical solution without  
C. jejuni (C- rats).

Following gavage, all the rats were housed at two per 
cage. However, the rats receiving Campylobacter (C+) were 

housed separately from the control (C-) rats to avoid the 
possibility of  cross contamination of  the C. jejuni infec-
tion between the two groups.

In the first 3 d after gavage, stool was collected from 
both groups to verify that intestinal colonization in C+ 
rats had occurred. It was also used to confirm the ab-
sence of  infection in C- rats. Stool was later obtained in 
the C+ group on days seven and 14 after infection and 
then every 2 wk until two consecutive negative cultures 
for C. jejuni were confirmed.

After 90% of  the C+ rats no longer had detectable  
C. jejuni in the stool, they were considered to be in the 
post-infectious time period. At this point, they were 
housed for three additional months. During this time, 
both groups were treated equally with respect to food, 
water, and environment. In the 3 d just prior to euthanasia 
(at 3 mo into the post-infectious period) stool was col-
lected from each rat and graded blindly according to an a 
priori stool form grading score. This score was based on 
whether or not there was loose or normal stool in a blind-
ed evaluation. Any loose stool was considered abnormal. 
The stool was also cultured to determine if  there was any 
lingering case of  Campylobacter (C+). 

Campylobacter gavage
The C. jejuni 81-176 strain used in the gavage of  the rats 
was obtained from freezer stocks, plated on selective 
media, and incubated for 36-48 h under microaerophilic 
conditions at 42℃ to create a bacterial lawn. This lawn 
was then harvested from these plates and suspended in 
Brucella broth. The concentration of  bacteria was esti-
mated spectrophotometrically and confirmed via serial 
dilution and plating on selective media. In the 30 min 
prior to Campylobacter gavage, rats were gavaged with a 
1 mL solution of  5% sodium bicarbonate using a ball-
tipped inoculating needle. This was done to neutralize 
gastric acid to increase the likelihood of  intestinal colo-
nization of  the pathogen. Subsequently, a 1 mL suspen-
sion of  C. jejuni in Brucella broth (5 × 108 CFU/mL) 
was administered by gavage. 

Bowel sampling
Three months after clearance of  Campylobacter from the 
stool, fresh stool was obtained from all rats. This was 
used to determine the presence or absence of  prolonged 
C. jejuni colonization. Stool was also qualitatively evalu-
ated for stool form as described above. 

Rats were then euthanized. Immediately following 
euthanasia, a laparotomy was performed whereby pre-
cisely determined segments of  the ileum, jejunum, and 
duodenum were obtained, as previously described[8]. The 
first 2 cm segment at each location was a ligated self-
contained loop of  bowel. Sutures were placed on either 
side to prevent exposure to air. Samples were kept at 4℃ 
in an anaerobic bag for transport. These self-contained 
loops were then used to extract bacterial contents for 
the determination of  bacterial number using quantitative 
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PCR, as previously described[8]. The quantity of  bacteria 
in these segments was compared between control rats 
and rats 3 mo after recovery from Campylobacter. SIBO 
was considered to be present when bacterial count in the 
Campylobacter treated rats exceeded two standard devia-
tions above the mean count found in the control group. 

In each rat, a 2 cm segment of  small bowel imme-
diately adjacent to the closed loop of  small bowel was 
resected and sent for bacterial quantitation. This second 
piece of  bowel was opened longitudinally along the mes-
enteric border and placed in a solution of  10% formalin 
(VWR, West Chester, PA). After paraffin and mounting, 
the tissue was stained. 

Immunohistochemistry
Rats were then divided into three groups based on the 
presence or absence of  Campylobacter and SIBO. The three 
groups were a random selection of  eight control rats (C-), 
eight Campylobacter-infected rats that were found to have 
bacterial overgrowth (C+/SIBO+), and eight randomly 
selected rats that received Campylobacter gavage but did not 
develop bacterial overgrowth (C+/SIBO-). Sections from 
each paraffin block were stained immunohistochemically 
using Polyclonal Rabbit Anti-Human CD117, c-kit (Dako-
Cytomation, Carpinteria, CA). The positive control used 
to test the quality of  the stain was a c-kit positive gas-
trointestinal stromal tumor. ICC were quantified by two 
blinded readers assessing the tissue in a random, coded 
order. The number of  ICC was evaluated in the region of  
the deep muscle plexus ICC (DMP-ICC) according to the 
number of  villi. The number of  DMP-ICC per villus was 
compared among controls, C+/SIBO-, and C+/SIBO+.

Statistical analysis 
Statistical comparisons for the number of  DMP-ICC per 
villus were made by one-way analysis of  variance among 
three groups and differences from controls was further 
analyzed using the Wilcoxon Rank-Sum Test. To com-
pare the density threshold of  ICC per villus, a Fisher’s 
exact test was used. A P value of  <0.05 was considered 
significant.

RESULTS
Campylobacter infection
Out of  66 rats used in the study, none had stool culture 
demonstrating C. jejuni before gavage. Of  these rats, 33 
were gavaged with vehicle (C-) and 33 rats received approxi-
mately 5 × 108 CFU C. jejuni 81-176 (C+). Six rats died of  
trauma secondary to gavage (three in each group). Among 
the remaining 30 rats that received C. jejuni, all had stool cul-
tures that confirmed intestinal colonization by C. jejuni, and 
all but one rat cleared this colonization by 14 d.

As previously reported[8], C- rats were then used to 
determine the normal range of  flora in the duodenum, 
jejunum, and ileum. Using these control data, eight C+ 
rats (27%) were found to have SIBO and were designated 
C+/SIBO+. 

The number of DMP-ICC per villus
The number of  DMP-ICC per villus was determined 
in C-, C+/SIBO-, and C+/SIBO+ rats. As shown in 
Figure 1, the rats with SIBO had the lowest number of  
DMP-ICC. This was more obvious in the jejunum and 
ileum than in the duodenum. Although there was a re-
duction of  ICC in the C+/SIBO- group, this was not 
as great as was seen in the C+/SIBO+ group. Figure 2 
shows representative examples of  ileal biopsies in the C-, 
C+/SIBO-, and C+/SIBO+ groups, respectively. There 
was a reduced number of  CD117 stained cells in the 
deep muscular plexus in the C+/SIBO+ group. 

Density threshold of DMP-ICC
The number of  DMP-ICC was then used to determine the 
level of  ICC compared to SIBO. The data suggested that 
rats with < 0.12 ICC/villus were most likely to have SIBO. 
In fact, 54% of  rats with a density < 0.12 ICC/villus in the 
ileum had SIBO compared to 9% in which DMP-ICC den-
sity was ≥ 0.12/villus (P < 0.05). Using all levels of  bowel, 
the density threshold was even more relevant. If  the densi-
ty of  DMP-ICC/villus was < 0.12/villus in more than one 
of  the three bowel segments, 88% had SIBO compared to 
6% if  the figure was ≥ 0.12/villus (P < 0.001).

Differential effects of campylobacter on ICC
When the number of  DMP-ICC was noted by segment of  
bowel according to whether rats received vehicle or Campy-
lobacter, a significant difference was seen (Figure 3). There 
was a graded affect on DMP-ICC population, such that 
the greatest effect on reduction in DMP-ICC was in the 
distal small bowel. Reduction was also seen in the jejunum 
and ileum. This contrasted to the control group, whereby 
DMP-ICC density was uniform from proximal to distal 
small bowel. 

DISCUSSION
In a previous study, we demonstrated that in a post-
infectious rat model, altered bowel function persisted in 
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Figure 1  The number of interstitial cells of Cajal per villus in the duode-
num, jejunum, and ileum. C-: Rats that received vehicle gavage; C+/SIBO-: 
Rats gavaged with Campylobacter but which did not develop small intestinal 
bacterial overgrowth (SIBO); C+/SIBO+: Rats gavaged with Campylobacter that 
later developed SIBO. aP < 0.05, bP < 0.001 vs control. 
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a large number of  rats even 3 mo beyond the clearance 
of  the infection[8]. 27% of  rats were found to have SIBO 
by quantitative PCR. SIBO correlated with those animals 
that had the most altered stool form. In this study, we at-
tempted to further understand how SIBO could develop 
in this post-infectious rat model by studying the ICC. We 
found that long after Campylobacter infection had cleared, 
there was an apparent reduction in the number of  DMP-
ICC. This reduction appeared most evident in rats that 
developed SIBO after clearing Campylobacter. Further-
more, when the DMP-ICC density is less than 0.12/vil-
lus, SIBO is predicted to occur. 

Six to seventeen percent of  IBS patients believe their 
symptoms began after acute gastroenteritis[22], and the 

incidence of  PI-IBS following bacterial gastroenteritis is 
reported to be between 4%-31%[7,23-26]. In a 6-year follow 
up study, 57% of  subjects thought to have developed 
PI-IBS still had altered bowel function consistent with 
IBS[27]. This growing body of  literature on PI-IBS has led 
to two recent meta-analyses[4,28]. Both studies estimated 
that IBS has an incidence rate of  about 10% after a case 
of  acute gastroenteritis. 

Two issues make PI-IBS very important in research 
on IBS pathophysiology. First, acute gastroenteritis is 
very common, and with a 10% rate of  IBS develop-
ment, this phenomenon might be very important in the 
development of  IBS as a whole. Secondly, this is the first 
demonstration of  a direct cause and effect relationship 
in the precipitation of  IBS. How an acute gastrointesti-
nal infectious process produces IBS in humans remains 
poorly understood, but some investigators have found 
residual inflammatory changes in the gut among patients 
with PI-IBS. These include increased numbers of  lym-
phocytes, enteroendocrine cells, and mast cells in PI-
IBS[5-7,26,29,30]. It is difficult to guarantee uniformity of  
population and pathogen in human studies of  PI-IBS as 
they rely on studying a group of  humans who emerge 
from an outbreak of  infectious diarrhea. As a result, the 
study of  inflammation and other factors in PI-IBS have 
been moving into animal models of  PI-IBS.

One model that has been studied for some time is a 
Trichinella spiralis (T. spiralis)-infected mouse model. Beyond 
inflammatory changes, research in this model has looked 
at the long term effect on gastrointestinal motility. A major 
finding in this model was that, after resolution of  the initial 
pathogen-related inflammatory response and elimination 
of  the nematode from the gut, there was persistent intes-
tinal neuromuscular dysfunction[31]. T. spiralis-induced mu-
cosal inflammation led to prolonged effects on intestinal 
smooth muscle, and to colonic visceral hyperalgesia[32,33]. 
Although models such as this are vital to our understand-
ing of  PI-IBS, no model had been developed to investigate 
the more common human pathogens believed to cause the 
bulk of  PI-IBS. These include Campylobacter, Salmonella, and 
Shigella, among others[34]. 

Two existing theories of  bacterial events (post-infectious 
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Figure 2  Interstitial cells of Cajal (arrows) in the ileum stained with CD117 
(magnification 40 ×). A: Control rat; B: Rat exposed to Campylobacter that did 
not develop small intestinal bacterial overgrowth (SIBO), demonstrating per-
sistent CD117 staining of interstitial cells of Cajal (ICC) cells; C: Rat exposed 
to Campylobacter that developed SIBO, demonstrating a reduction in CD117 
staining of ICC cells. In this case, the staining is slight and the arrow indicates a 
“possible” stained cell.
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and SIBO) now appear to be linked, based on a recent 
study suggesting that C. jejuni infection precipitates altered 
stool form and SIBO in a rat model[8]. How this occurs is 
currently unknown, although one study has demonstrated 
that acute C. jejuni infection alters intestinal myoelectric 
activity. In ileal segments of  rabbits, alteration of  action 
potential activity was seen in the small intestine infused 
intraluminally with C. jejuni and its cell-free filtrate[35]. In 
that study, the rabbits were monitored for only 24 h after 
exposure to C. jejuni. Unfortunately, no long term studies 
were done, and the cause of  these effects was unknown. 

An important cell in the control of  gut motor function 
is the ICC. A growing list of  animal models appears to 
support the notion that ICC are impaired in the presence 
of  inflammation-induced changes in motor control. With 
acetic acid-induced inflammation, a reduction in resting 
membrane potential and the amplitude and duration of  
slow waves was related to the damage of  the ICC in circu-
lar muscle cells in dogs[36]. In another study using the ear-
lier described T. spiralis-model, damage to the structure of  
ICC networks within the region of  the myenteric plexus 
was seen[32]. When jejunal inflammation was induced by 
Nippostrongylus brasiliensis in rats, changes in myenteric neu-
rons, circular muscle cells, and ICC were observed[37]. 

In this study, we investigated whether the develop-
ment of  SIBO in the postinfectious rat model is related to 
the alteration of  DMP-ICC populations, and whether this 
could in some way be linked to the development of  IBS. 
In this study, Campylobacter gavaged rats were found to 
have a reduction of  DMP-ICC density 3 mo after clear-
ance of  Campylobacter. More interesting was that the DMP-
ICC density also corresponded to the development of  
SIBO. Rats with SIBO had the lowest DMP-ICC density. 
We could further evaluate a density threshold of  DMP-
ICC per villus which predicts SIBO. If  the density of  
DMP-ICC/villus was not greater than 0.12 in more than 
one location among duodenum, jejunum, and ileum, 88% 
of  the rats had SIBO. Although this finding does not ex-
amine the numerous contributions to gut motor function 
in addition to ICC, the possibility is raised that through 
some effects on ICC or neuromuscular mechanisms, acute 
gastroenteritis produces a long term effect that allows for 
the development of  SIBO. 

How Campylobacter affects DMP-ICC is unknown, but 
two possibilities include a toxin or a result of  the initial 
acute inflammatory reaction. Although inflammation 
seems to be an obvious possibility, ICC’s have a significant 
amount of  “plasticity”. Loss of  ICC in pathological condi-
tions does not always mean permanent injury. This “plas-
ticity” of  ICC was found in a murine model of  partial 
bowel obstruction[38]. After the onset of  the obstruction, 
hypertrophy of  the smooth muscle layers and progressive 
loss of  ICC orad to the site of  obstruction were observed. 
Recovery of  ICC and restoration of  slow wave activity 
after removal of  the obstruction were achieved within 30 d. 
In addition, injury to ICC due to inflammation is repaired 
in the course of  time. Structural damage was observed in 
the network of  ICC for 2 wk after T. spiralis infection. The 

structural changes were accompanied by aberrant pace-
maker activity and abnormal slow waves. Sixty days after 
infection, motility and ICC recovered to normal values[32]. 
Unlike these two studies, we found a persistent decrease in 
the number of  DMP-ICC 3 mo after clearance of  infec-
tion. This was not due to any persistent Campylobacter colo-
nization, as the pathogen was not detectable by culture in 
any location of  the gastrointestinal tract. However, it is 
presumed that some event related to Campylobacter is re-
sponsible for this persistent reduction of  DMP-ICC. This 
particular layer of  ICC might be important. For example, 
in the W/Wv mouse, the DMP is intact and, despite loss 
of  all other layers of  ICC and loss of  electrical slow wave, 
the migrating motor complex also remains intact[39]. Thus, 
DMP destruction might have an impact on mechanisms 
that protect against bacterial overgrowth. 

An alternative explanation would be that SIBO is con-
tributing to the reduction of  ICC. Although not consid-
ered in this study, one means of  determining this would 
be to provide antibiotic treatment to rats and count ICC 
after eradication of  SIBO. The challenge with examin-
ing this concept is that it is difficult to identify SIBO in 
a live rat. This would make it difficult to know which 
animal should receive antibiotics. 

It can be considered that ICC is just a marker of  more 
global damage. In our study, smooth muscle was not eval-
uated. In a mouse model after acute nematode infection, 
altered neuromuscular function and long-lasting muscle 
contractility were noted[31,33]. The findings were considered 
as a model of  PI-IBS. Further studies are needed to evalu-
ate smooth muscle, toxin, and the effect of  inflammation 
with Campylobacter infection. 

In conclusion, rats with SIBO that developed 3 mo af-
ter Campylobacter gavage had a decreased number of  ICC 
in the jejunum and ileum compared to control rats. Fur-
thermore, the density threshold of  ICC per villus appears 
to predict SIBO. These data suggest that a decrease in the 
number of  ICC in the small intestine is implicated in the 
pathogenesis of  PI-IBS. Elucidating which Campylobacter-
related factor produces this decrease in the number of  
ICC may contribute greatly to our understanding of  PI-
IBS and lead to potential treatments for IBS. 

COMMENTS
Background
There is a growing interest in understanding newly discovered bacterial mecha-
nisms in the pathophysiology of functional bowel disease. These mechanisms 
might result innovative treatments for diseases such as irritable bowel syn-
drome (IBS).
Research frontiers
Two bacterial hypotheses have emerged in IBS. The first hypothesis is that IBS 
appears to develop in humans after an episode of acute gastroenteritis. The 
other bacterial hypothesis is that a proportion of patients who already have IBS 
appear to have small intestinal bacterial overgrowth (SIBO) and improve with 
antibiotic therapy. 
Innovations and breakthroughs
Recently, a new animal model of post-infectious IBS has been developed on 
the basis of a common human pathogen, Campylobacter jejuni (C. jejuni). In 
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this model, IBS-like symptoms appear to develop in rats 3 mo after clearance of 
the initial infection. At this time, a proportion of these rats have bacterial over-
growth, based on quantitative polymerase chain reaction. These data now link 
acute gastroenteritis to the development of bacterial overgrowth and symptoms 
in an animal model. 
Applications
This new animal model will facilitate the discovery of the cascade of events that 
lead to IBS and SIBO. One candidate in the cascade is likely to be an effect on 
the neuromuscular apparatus of the gut. 
Terminology
Post-infectious IBS is the development of IBS after a self-limited infection of the in-
testine, such as acute gastroenteritis. Interstitial cells of Cajal (ICC) are nerve cells 
in the intestinal lining that are important for maintaining the function of the gut. 
Peer review
In this manuscript, the authors investigate the potential role of a decreased 
number of ICC in causing SIBO after a C. jejuni infection in rats. The paper is 
well written and is pleasant to read. The experiments have been carefully de-
signed and executed.
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