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Introduction

In spite of the recent therapeutic advancements associated

with organ transplantation, small bowel transplantation

(SBT) recipients still often suffer from enteric dysfunction

[1]. In SBT, several inevitable factors associated with the

graft dysfunction have been reported [2]. However, the

precise mechanisms which cause intestinal graft dysfunc-

tion in SBT have not yet been fully understood. Intestinal

dysfunction is thought to result from immune reactions

and the effect of immunosuppressive drugs, or it may also

be associated with the transplantation procedure itself,

being related to extrinsic denervation, interruption of

enteric neural continuity of the graft, or ischemia–reper-

fusion (I/R) injury [2]. Intestinal smooth muscle cells are

innervated by a network of extrinsic autonomic nerves

controlled by both the central nervous system (CNS) and

the enteric nervous system (ENS) [3]. Of these two sys-

tems, the investigation of ENS after SBT was considered

to be important, because the CNS is completely inter-

rupted during SBT.

The interstitial cells of Cajal (ICCs) are known to play a

major role in regulation of smooth muscle activity in the

gastrointestinal (GI) tract [4–6]. In the clinical setting, the

intestinal dysmotility due to both congenital and acquired

disorders, such as anorectal malformations [7], intestinal

atresia [8], Hirschsprung’s disease [9,10], infantile pyloric

stenosis [11], inflammatory bowel disease [12,13], and

stromal tumors [14], has been suggested to be influenced

by the loss or lack of the ICC network. Moreover, W/Wv

mutant mice [15], which have been shown to lack ICCs,

are known to have no electrical slow waves.
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Summary

Intestinal dysmotility has been reported to be associated with a decreased num-

ber of interstitial cells of Cajal (ICCs). However, the chronological changes in

ICCs after small bowel transplantation (SBT) have not yet been elucidated. In

this study, we aimed to evaluate the chronological change of ICCs after SBT.

Orthotopic syngeneic SBT was performed in rats. Graft specimens were

obtained at postreperfusion, and on 1, 3, 7, 14, and 30 postoperative day

(POD). Thereafter, immunohistochemical staining was performed and the

spontaneous contractions measured. During the initial period after SBT, the

temporal impairment of ICCs was found. In an immunohistochemical study,

c-Kit-positive cells appeared to decrease on POD 0, 1, and 3. Thereafter, the

number of cells increased gradually up to POD 7. In contrast, the recovery of

the spontaneous contractile amplitude took more time. The frequency of the

electrical signal was preserved at almost exactly the same levels throughout this

experimental period. Although the network of ICCs was found to be temporar-

ily impaired after SBT in an immunohistochemical examination, this change

was reversible. Moreover, the recovery of the function of the intestinal motility

associated with ICCs was delayed after the early postoperative period.
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In the small intestine, two populations of ICCs are

known to morphologically exist: one located in the area

of the myenteric plexus (ICC-MY), and the other in the

area of the deep muscular plexus (ICC-DMP) [5]. ICC-

MY form a network between the circular and longitudinal

muscle layers, and these cells are thought to generate elec-

trical slow waves to the smooth muscles as a pacemaker.

On the other hand, ICC-DMP are located in close associ-

ation with the varicosities of enteric motor neurons and

form gap junctions with surrounding smooth muscle cells

[4,5,16]. These ICCs can be identified immunohistochem-

ically by c-Kit tyrosine kinase, which is expressed on the

membrane of ICCs [4,6].

Although the network of ICCs is important in graft

motility after SBT, their chronological changes have not

yet been investigated. Therefore, the aim of this study was

to evaluate the role of ICCs in the intestinal graft after

orthotopic SBT in the rat model.

Materials and methods

Animals

Male Lewis (LEW, RT1l) rats, weighing 200–250 g, were

purchased from Charles River Japan, Inc. (Tokyo, Japan)

and bred by providing a standard diet and water ad libi-

tum in our animal center. The rats were randomly divided

into two groups: donors and recipients. This experiment

was approved by the Committee on the Ethics of Animal

Experiments in the Graduate School of Medical Sciences,

Kyushu University and was performed according to the

Guidelines for Animal Experiments at Kyushu University.

Operation

The donar rats were anesthetized by ether inhalation and

intraperitoneal injection of pentobarbital sodium salt

(Nembutal�, Dainippon Sumitomo Pharma Co., Ltd.,

Osaka, Japan, 40 mg/kg/body weight). A median incision

was made and the vessels of the middle colon, left colon,

and ileocolon were ligated and cut. The 15-cm ileum was

resected for a graft. Regarding the vessels’ procurement,

the superior mesenteric vein (SMV) was first separated

from the surrounding tissue and cut at the distal site of

bifurcation of the splenic vein, and then the superior

mesenteric artery (SMA) was cut at the origin of the

aorta. Heparin� (100 U/kg body weight) was injected

through the penile vein 1 min before graft harvesting.

The graft vessel was flushed using 4 �C lactate Ringer’s

solution and then the graft was preserved using the same

solution.

After the recipient rat was anesthetized by the same

method as that used for the donor, laparotomy was per-

formed. At first, the 15-cm native ileum without ileocecal

valve was removed in order to close the abdominal wall

easily. Then, the recipient’s infrarenal aorta and vena cava

were isolated. These vessels were clumped sequentially,

both the graft SMA and SMV were anastomosed to the

recipient infrarenal aorta and vena cava in an end-to-side

fashion using interrupted and running 9-O nylon sutures,

respectively, under operative microscopy (Wild M715,

Wild Leitz, Gais, Switzerland). After anastomosing these

vessels, they were declamped and reperfusion was per-

formed. The graft ileum was anastomosed with the recipi-

ent’s native intestine with 6-O silk sutures. In this

experiment, we fixed the cold and warm ischemic time, at

2 h and 30 min, respectively. After the operation, these

animals were allowed to have water and a standard diet

ad libitum since the first POD.

Morphological examination

Samples were obtained from the ileum of the normal rats

as control (n ¼ 5). Only laparotomy was performed in the

controls. The transplanted rats were killed at 30 min after

graft reperfusion, and on 1, 3, 7, 14, 30 days after trans-

plantation (n ¼ 5). The sample obtained from graft was

harvested at each point, immediately fixed in 10% buffered

formalin and embedded in paraffin. The sections were cut

at a thickness of 4 lm and stained with hematoxylin and

eosin (H&E). In addition, immunohistochemical studies

were performed on these samples. Each sample was imme-

diately stretched and fixed with 4% paraformaldehyde in

phosphate-buffered saline (PBS, pH 7.4) for whole-mount

staining. The tissue specimens were incubated with 10%

normal goat serum for 30 min in a moist chamber and

were then incubated overnight at 4 �C with primary anti-

serum, a polyclonal antibody to c-Kit protein (C-19, Santa

Cruz Biotechnology, Santa Cruz, CA, USA, diluted 1:200),

as a marker of ICCs. The sections were then washed in PBS

and incubated for 1 h at room temperature with biotinylat-

ed goat-antirabbit IgG antiserum. They were again washed

in PBS and incubated for 30 min at room temperature with

peroxidase-conjugated streptavidin. After the sections were

washed with PBS, they were treated with diaminobenzidine

tetrahydrochloride (Nichirei, Co. Ltd, Tokyo, Japan) with

0.6% hydrogen peroxide in PBS for 7 min at 25 �C, and

then washed in distilled water. Thereafter, the sections were

dehydrated and mounted on glass slides and cover-slipped.

As an objective assessment, the length of the c-Kit-positive

cells was measured in a 1-mm2 area. The measurement was

randomly performed in 10 selected areas for each sample.

Physiological examination

The smooth muscle strips were isolated from the intesti-

nal graft specimens and rinsed in physiological salt
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solution (PSS). The composition of the normal 5.9 mm

K+ PSS was as follows (in mm): NaCl 123, KCl 4.7,

NaHCO3 15.5, KHPO4 1.2, MgCl2 1.2, CaCl2 2.5, and

d-glucose 11.5. This solution was saturated with a 95%

O2 and 5% CO2 mixture gas. For the measurement of

contractility, the mucosa was removed in the PSS by

using a binocular microscope. Next, the muscle tissue

preparation was cut into strips along the circumference

(longitudinal) muscle layer (1 · 15 mm). The muscle

strips were connected to a force transducer (TB-612-T,

Nihon Koden, Tokyo, Japan) and were mounted vertically

in a quartz organ bath. In order to obtain spontaneous

oscillatory contraction, the strips were equilibrated in the

organ bath for 30 min. The frequency and amplitude of

the spontaneous contractions were measured as intestinal

motility parameters of ICCs. The frequency of sponta-

neous contraction was counted for 10 min, and the aver-

age number of contractions per minute was calculated.

The contractile potency of the smooth muscle was deter-

mined for the response to exposure of 10 lm carbachol.

Absolute force was measured as the contractile potency of

smooth muscle in the intestinal graft.

Data analysis

All data from the simultaneous measurements of force

were stored using a Macintosh computer and a data

acquisition system (Power Lab; Analog Digital instru-

ments, Castle Hill, Australia; Macintosh Computer,

Cupertino, CA, USA). The representative traces shown

were directly printed from the data using this system. All

data are expressed as mean values ± SE (n ¼ number of

the experiments). A strip obtained from one graft

specimen was used for each experiment, therefore the n

value indicates the number of animals. A statistical analy-

sis was performed using one-way anova to determine

significant differences between groups. When the P-values

showed a significant difference, multiple comparisons

with the Bonferroni t-test procedure were applied to

determine which mean values differed from each other

with a significant level of P < 0.05.

Results

Morphological examination

HE staining

Haematoxylin and eosin staining showed the mucosa to

be denuded partially in the specimen at the time just after

SBT in comparison with the control (Fig. 1a). Although

on POD 1, the space within the villi was found to have

widened with vaculation (Fig. 1b), the histological find-

ings normalized after POD 3 (Fig. 1c). No significant

infiltration of inflammatory cells was found in the muscle

layers throughout the experimental period. A very few

crypt apoptotic cells were found just after SBT (with 1–2

apoptotic bodies per 10 crypts). After POD 1, crypt

apoptic cells were not found to have increased. Regarding

the changes in the ganglionic cells, no pathological chan-

ges were evident throughout the experimental period.

c-Kit staining

Numerous c-Kit-positive cells were observed in the con-

trol intestinal whole-mount specimen (Fig. 2a). These

multipolar cells formed networks with cell-to-cell con-

tacts. In contrast, in the grafts, the c-Kit-positive cells

markedly decreased during the early post-transplant

Figure 1 Histological findings of hematoxylin and eosin staining in the controls and the grafts after SBT (magnification ·200). The specimen at

the time just after SBT showed that the mucosa was denuded partially (a). The specimen of POD 1 showed that the mucosa was flattened and

the space in the submucosa was enlarged with vacuolation (b). The specimen from POD 3 showed that the structure of villi improved, compared

with that from POD 1 (c).
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period. In the samples although a few c-Kit-positive cells

were detectable just after SBT, they were disrupted and

did not have any connection with each other (Fig. 2b). In

the graft on POD 1, the distribution of c-Kit-immunore-

active cells was almost same as that of the graft just after

SBT. However, in the POD 3 samples, the number of

Figure 2 The c-Kit immunohistochemi-

cal staining in the controls and the graf-

ts after SBT (magnification ·100). In the

control native ileum, numerous immuno-

reactive cells for c-Kit were observed

and these multipolar cells formed a net-

work (a). In contrast, in the graft, at the

time just after SBT (time 0), although a

few c-Kit-positive cells were detectable,

they were disrupted and appeared to

show no connection with each other

(b). In the graft on POD 3, the number

of c-Kit-positive cells gradually increased

and again they partially formed a

network (c). In the graft on POD 7, the

distribution of c-Kit-positive cells had

completely recovered and formed the

same network as that observed in the

controls (d). The mean value in the sum

of length of the c-Kit-positive cells

network within the 1-mm2 area is

shown in (e). The mean length of

c-Kit-positive cells during the early post-

operative period (asterisks) was signifi-

cantly less than that of the controls

(P < 0.05, with Bonferroni’s correction).

Time 0 in the figure means the time just

after SBT.
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c-Kit-positive cells increased and they began to form net-

works again (Fig. 2c). On POD 7, c-Kit-positive cells in

the graft completely recovered and formed a network,

similar to that of control (Fig. 2d).

The results of the measured total length of the network

of the c-Kit-positive cells within the 1-mm2 area are

shown in Fig. 2e. From the time just after SBT to POD 3,

the total length of the c-Kit-positive cells’ network sig-

nificantly decreased in comparison with that of the

control (P < 0.05), but thereafter there were no

significant changes between the graft after POD 7 and the

intestine of control. Based on this result, c-Kit immuno-

reactivity was classified into the following three

groups ±: <5000 lm/mm2; +: 5000�10 000 lm/mm2;

++: ‡10 000 lm/mm2.

Physiological examination (graft muscle strip

contractility in vitro)

In this study, the contractile response to a cholinergic

agonist was examined and the experiment was evaluated in

terms of absolute force (g) (Fig. 3a i–iii). The contractile

force was generated by 10 lm carbachol in the graft mus-

cle strip (1 · 1.5 mm) at the designed time points. The

generated contractile force of the graft during the initial

period after SBT, especially at the time just after SBT and

Figure 3 The contractile response to a cholinergic agonist in the controls and the grafts after SBT. The contractile force generated by 10 lM

carbachol in the muscle strip (1 · 15 mm) in vitro in both the native ileum (a-i) and the graft on POD 1 and 7, respectively (a-ii, iii). The generated

contractile force (g) during the early period after SBT, especially at the time just after SBT and on POD 1 was significantly smaller than that of

control. The contractility recovered gradually from POD 3, and then it recovered to almost the same level as that of the control (b). The asterisks

show the contractility during the early period after SBT to be significantly lower than that of the native control (P < 0.05, with Bonferroni’s correc-

tion). The grade of c-Kit positivity was classified based on the mean value of the c-Kit-positive area as shown inFig. 2e. (±: <5000 lm/mm2; +:

5000–10 000 lm/mm2; ++: ‡10 000 lm/mm2). Time 0 in the figure means the time just after SBT.
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Figure 4 The amplitude and frequency of the spontaneous contractions in the controls and the grafts after SBT. The spontaneous electric waves

of each time point were shown in (a). The mean value of spontaneous contractile amplitude (g) was also shown in (b). The mean value decreased

during the early post-transplant period, and then after POD 7 gradually recovered to the same level as that of the native controls (b). However,

the recovery tendency of the spontaneous contractile amplitude was slower than that of the distribution of c-Kit-positive cells. The asterisks show

the mean value during the early period after SBT to be significantly lower than that of the native control (P < 0.05, with Bonferroni’s correction).

On the other hand, the contractile frequency (times/min) was not significantly different from the mean value at all the observation time points, in

comparison with that of the controls (c). Time 0 in the figure means the time just after SBT.
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on POD 1, was significantly smaller than that of the con-

trol muscle strip. The contractile force improved gradu-

ally over time from POD 3, and after POD 7, the

contractile force of the graft generated by 10 lm carba-

chol was almost the same as that of the control (Fig. 3b).

The spontaneous contractile activity was also evaluated

in the grafts at the various time points using isometric

force measurements. The spontaneous electric waves in

each time point are shown in Fig. 4a. The result of sponta-

neous contractile amplitude had the same tendency as that

of contractile force generated by carbachol stimulation. In

short, spontaneous contractile amplitude was lower during

the early post-transplant period than that of controls, and

after POD 7 it gradually recovered to the same level as that

of the native muscle strip (Fig. 4b). There is a significant

difference between the control and POD 7 muscle strips.

Furthermore, even in the POD 14 muscle strips, the ampli-

tude was significantly lower than that of the controls. In

contrast, there was no significant difference between POD

7 and POD 14 muscle strips. The time needed to recover

to a control level was 30 days after SBT in this study.

On the other hand, the frequency of the spontaneous

contraction (contractile counts per minute) was 29.0 ±

0.33, 27.7 ± 0.84, 24.7 ± 1.37, 29.7 ± 0.93, 26.4 ± 1.10,

30.86 ± 0.64 and 28.86 ± 0.90 times/min in the controls

and the grafts at the time just after SBT on POD 1, 3, 7,

14, and 30, respectively (Fig. 4c). Interestingly, the con-

tractile frequency was almost the same and not signifi-

cantly different in each sample during this experimental

observation period.

Discussion

In the present study, we demonstrated an impairment of

ICCs in the intestinal graft both morphologically and

physiologically after SBT. In addition, we found this

change to be temporary and the ICC network also gradu-

ally recovered within a short period. In this model, two

factors were found to affect the changes of the ICC net-

work and their functions: one was I/R injury and the

other extrinsic denervation. Therefore, the effect of such

factors on the change in ICCs was discussed at first, fol-

lowed by the discrepancy between the immunohistochem-

ical and physiological results.

In an I/R injury model, it was found that the GI dys-

motility was related to the grade of I/R injury [17–19].

The tension of the muscle rings under hypoxia for a long

time was demonstrated to be an irregular pattern during

the reoxygenation period in the murine model in vitro

[20]. Similarly, Hierholzer et al. demonstrated a significant

decrease in the amplitude in circular muscle contractions

in an I/R injury model using rats [17]. They also demon-

strated the dysmotility to be associated with an inflamma-

tory response that occurred in the intestinal muscle layers.

Although such reports did not refer to the changes of ICCs,

these muscle contractile changes may be associated with a

disruption of the ICC network. Recently, Shimojima et al.

reported on the correlation between the changes of ICCs

and I/R injury [21]. In their study, the recovery of a tran-

sient impairment of ICCs was shown to occur at 4 days

after only 80 min of ischemia followed by 12 h of reper-

fusion. They revealed patterns similar to those shown in

our results. Therefore, the I/R injury might be one of the

causes for the ICC impairment after SBT.

Small bowel transplantation causes extrinsic denerva-

tion, and a complete re-innervation of the gut wall does

not occur. Our previous immunohistochemical study

showed that the intrinsic peptidergic neurons were intact

in the graft after SBT, while the extrinsic neurons were

not distributed until 200 days after SBT and that they

were sparsely innervated on the 400th day after SBT [22].

Kiyochi et al. also demonstrated that the re-innervation of

the extrinsic sympathetic nerves was not found 27 weeks

after SBT [23]. Therefore, the extrinsic nerves were not

thought to be associated with the chronological change of

ICCs after SBT. Whether or not the development and

maintenance of the ICC network are required for gut ner-

vous innervation remains a matter of debate. Several stud-

ies have suggested that the differentiation of ICCs depends

on ENS [24], while other studies have shown no relation-

ship between ICCs and the gut nervous innervation for

the differentiation of ICCs [25]. Vanderwinden et al. dem-

onstrated the existence of ICCs in the aganglionic seg-

ments in Hirschsprung’s disease [9]. According to their

study, some c-Kit-positive cells were found in the circular

muscle layer, despite the lack of ganglionic cells. These

findings may suggest that ICCs could develop without

neurons. In contrast, the lack of ENS may influence the

full differentiation of ICCs because the ICCs that they

found were in immature form. Another study demonstra-

ted that NO neurons, which are well known to be one of

the inhibitory nerves, decreased markedly in number just

after SBT but then completely recovered after POD 6 [26].

This recovery process of NO neurons is very similar to

that of the ICCs shown in the present study. Some reports

have shown that NO synthase is produced by the ICCs

[27–29] in response to the intracellular Ca2+ concentration

[5]. This means that both ICCs and NO neurons have

some interactions for both the functional development

and maintenance of each other. Therefore, based on the

findings in the literature and our data, the process of the

recovery of ICCs in the graft might be associated with that

of the intramural nervous system, especially with that of

NO neurons in the SBT model.

In the present study, c-Kit positivity in the intestinal

graft deteriorated from just after SBT to POD 3, in com-
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parison with that of the controls, and thereafter it recov-

ered gradually. In addition, the same tendency was shown

for the recovery pattern of the response to carbachol sti-

mulation in the graft muscle strip in vitro. These findings

imply that the injury to the smooth muscle cells caused

by I/R injury or transplant procedure itself improved on

POD 3. However, it took a long time for the recovery of

the spontaneous contractile amplitude to the normal level

after SBT, in comparison with the duration of both the c-

Kit positivity and the recovery of response to carbachol

stimulation (about 30 days). Thus, there was a discrep-

ancy between the recovery process of c-Kit staining and

that of the spontaneous contractile amplitude. Although

we did not clarify the mechanisms responsible for this

discrepancy, it may be associated with the consequence of

the inflammatory changes in the intestinal muscle layer

after SBT. Several reports have shown a correlation

between the inflammatory changes and the change in the

ICC network in the intestine [6,30–32]. Wang et al. dem-

onstrated an intestinal infection to lead to a disruption of

ICC network, damaging the smooth muscle cells with the

infiltration of immune cells, including lymphocytes, neu-

trophils, and macrophages [32]. Won et al. also demon-

strated a reduction of the c-Kit-positive cells to be

dependent on the increased number of ED2-positive

macrophages in the muscle layers of the rat intestinal

obstruction model [33]. ICCs are known to come in con-

tact with each other, with the ends of nerve fibers and

with smooth muscle cells, and thus form gap junctions

among them [5]. In addition, some inflammatory cytok-

ines are known to modulate both the connexin expression

and the junctional coupling strength [34]. Considering

these findings, the present results concerning the discrep-

ancy of recovery suggest that even after the recovery of

the c-Kit positivity, the connection to smooth muscle

cells through gap junctions might be poorly reconstruc-

ted. Therefore, the c-Kit-positive cells in the graft during

the early postoperative period might not always have their

unique functions. In addition, the connection to the sur-

rounding cells through gap junctions might need more

time than that of the recovery of c-Kit immunoreactivity

after SBT. Unfortunately, this study did not show the

evidence for the impairment of gap junction. To clarify

this hypothesis, the gap junction needs to be evaluated

using electron microscopy or immunohistochemistry in

future.

We also demonstrated that the frequency of the electri-

cal signals generated from ICCs was preserved at almost

the same levels throughout the entire experimental per-

iod. Recently, Kit signaling has been suggested to contrib-

ute to both the development of ICCs and the stabilization

of the ICC phenotype [35]. When the passway of Kit

signaling is blocked, then ICCs are shown to revert to the

smooth muscle-like phenotype cells. Although it remains

unclear as to whether or not these changed ICCs have

functions that adequately correspond to those of regular

ICCs, based on our results, the changed ICCs retain the

electrical function. In other words, SBT may lead to a

minor phenotype change in ICCs while they still partially

maintain their normal electrical functions.

In summary, after SBT, the network of ICCs was

impaired and demonstrated changes in the electrical

spontaneous contractile amplitude of the graft intestine,

although the rhythmic slow waves generated by ICCs was

intact. In addition, these changes in the ICCs were shown

to be reversible during the short period after SBT. These

changes might be caused by either a disruption of the

connection between ICCs and smooth muscle cells,

mainly because of I/R inflammatory injury, or they may

be the result of phenotype changes in the ICCs. Further

investigations are needed to confirm these hypotheses

regarding the mechanism of changes which are observed

to occur in the graft after SBT.
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