
Introduction

In the intestine, the interstitial cells of Cajal (ICC) are
the cells responsible for generation and propagation
of peristalsis [1–4].

Gastroschisis (GS) is a malformation whose
prevalence in Europe is increased 4-fold (from 0.54
to 2.12 per 10,000 births) in the last 20 years, with
the highest recorded rate in the UK [5]. This malfor-
mation is characterized by a defect of the abdominal
wall through which part of the intestine herniates into
the surrounding amniotic fluid since the first trimester
of pregnancy. The damage of the herniated intestinal
loops is quite variable among patients born with GS,
from normal looking intestine to extremely damaged
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Abstract 

The Interstitial Cells of Cajal (ICC) are responsible for rhythmic electrical activity. A paralytic ileus is present
in gastroschisis (GS), a malformation due to a defective closure of the abdominal wall through which part of
the intestine herniates during pregnancy. In experimental GS, ICC morphological immaturity was shown in
the rat foetus at-term but it could not be demonstrated whether differentiation is accomplished post-natally.
For this purpose we morphologically investigated ICC, as well as enteric neurons and smooth muscle cells,
in a case of human GS at birth and 1 month later when peristaltic activity had initiated. A 36 weeks gestation
female was born by c/section with prenatal diagnosis of GS and possible volvulus of the herniated intestine.
At birth, the necrotic intestine was resected and both ileostomy and colostomy were performed. The intestine
continuity was restored after 4 weeks. Intestinal specimens, taken during both operations at the level of the
proximal stoma, were immunostained with c-kit, neuron-specific-enolase and  �-smooth-muscle-actin anti-
bodies and some processed for electron microscopy. ICC were present at the myenteric plexus only. At birth,
these cells were rare and ultrastructurally immature; 1 month later, when partial enteral feeding was tolerated,
they formed rows or groups and many of them were ultrastructurally differentiated. Neurons and smooth muscle
cells, immature at birth, had developed after 1 month. Therefore, ICC differentiation, as well as that of neurons
and smooth muscle cells, is delayed at birth and this might explain the paralytic ileus in GS. One month later, dif-
ferentiation quickly proceeded at all cellular levels paralleling the increasing tolerance of enteral nutrition.
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loops. The main consequence is a characteristic par-
alytic ileus and the more affected the intestinal loops
are, the more prolonged can the ileus be anticipated.
Once the baby is born, one or more surgical opera-
tions, a central vein catheter and the parenteral nutri-
tion are required. The period of admission may vary
between few weeks and many months, depending on
the time-course of enteral nutrition tolerance, i.e. on
onset of the peristaltic activity. In addition, a minority
of patients will require either parenteral or enteral
supplementation for many months or years at home.
Several articles regarding the pathogenesis of the
intestinal damage in GS have been published [6–8]
and the prolonged contact with the amniotic fluid,
rich of gastrointestinal enzymes and waste products,
seems to be the main cause of the damage [9]; how-
ever, the aetiology of the paralytic ileus is not com-
pletely understood. Experimental studies in different
animal models have addressed this aspect [8,
10–13] and, recently, the possible role of ICC has
been raised in a rat model of GS [8]. In this latter
study, an immaturity of the ICC was observed with
immunohistochemistry and transmission electron
microscope (TEM) in the herniated loops of the rat at
term foetuses with GS [8]. In the same rat model,
immature neurons and smooth muscle cells were
also seen [11–13]. Unfortunately, due to mortality of
the animals, the possible maturation of these cells in
parallel with a normal peristaltic activity could never
be investigated after birth.

An immunohistochemical and electron micro-
scope study has been presently performed in a baby
born with GS on intestinal specimens collected at
birth and 1 month later. The aim of the study was to
follow the developmental steps of human ICC in par-
allel with the onset of a peristaltic activity.

Patient and methods

A 36 weeks gestation female was born by c/section
with the prenatal diagnosis of GS and possible volvu-
lus of the herniated intestine. At birth, some of the
protruding loops were necrotic, probably due to twist-
ing of the intestine, and were, therefore, removed. A
terminal ileostomy and colostomy were performed at
the level of the proximal and distal intestinal seg-
ments that were normal looking, not herniated, and
not covered by the peel. A central vein catheter for

total parenteral nutrition (TPN) was introduced as the
intestinal volvulus had left a picture of typical short
bowel syndrome. Indeed, the remaining small bowel
was 50 cm in length and without ileocecal valve.
During this first operation, specimens of viable nor-
mal looking and not ischemic small intestine at the
level of the proximal stoma were taken. The TPN was
started on the first post-operative day and the mini-
mal enteral feeding was begun few days after the
operation. The intestine continuity was restored at 1
month of age and intestinal specimens were again
taken at the level of the proximal stoma. The enteral
nutrition was gradually increased in the following
months, while the composition and volume of the
TPN was progressively decreased according to
patientís growth. At 2 years of age, the patient is free
from TPN, eating a full diet per os, and thriving within
normal ranges for her age both of weight and height.

For light microscopy, the bowel specimens were
fixed in 10% neutral formalin, dehydrated through an
ascending series of alcohol (1 � 5 min each),
cleared in Histoclear (2 � 5 min) and then left over-
night in molten wax at 56°C prior to embedding.
Some sections 4 µm thick were stained with haema-
toxylin & eosin and others processed for immunohis-
tochemistry. Antisera anti c-kit (to label ICC), anti �-
SMA (to label smooth muscle cells) and anti-NSE (to
label enteric neurons) were used. Immunolabelling
was obtained by using the detection Kit-Polymer
(Novocastra, Newcastle upon-Tyne, UK) according to
the manufacturer’s instruction. The endogenous per-
oxidase was inhibited by Novocastra Peroxydase
Block RE7101 Kit, followed by the protein block by
Novocastra Protein Block RE7102. This was followed
by incubation with the primary antibodies for 45 min
at room temperature, rinsing in PBS, incubation with
the post-primary block RE7111 for 20 min at room
temperature and final incubation with NovoLink
Polymer RE7112 for 20 min at room temperature.
Immunoreactivity was detected at room temperature
by the addition of 3,3�-diaminobenzidine (DAB,
Novocastra) as a substrate. All the immunolabelled
sections were counterstained by Harris haema-
toxylin. No staining was observed when the respec-
tive primary antibody was omitted. The primary anti-
bodies used, and their respective dilutions, are listed
in Table 1.

For transmission electron microscopy, full-thick-
ness specimens were immersed in a fixative solution
of 2% cacodylate-buffered glutaraldehyde (pH 7.4)
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for 6 hrs. They were then rinsed in cacodylate buffer
supplemented with 15% sucrose, post-fixed with 1%
phosphate-buffered OsO4 (pH 7.4) for 2 hrs, dehy-
drated with graded alcohol, clarified in propylene
oxide and embedded in Epon using flat moulds.
Semi-thin sections were cut with a LKB NOVA ultra-
microtome, stained with a solution of toluidine blue in
0.1 M borate buffer, and then observed under a light
microscope. Ultra-thin sections of the selected areas
were obtained with the same ultra-microtome using a
diamond knife and stained with uranyl acetate, fol-
lowed by a solution of concentrated bismuth subni-
trate. The sections were examined under a JEOL
1010 electron microscope and photographed.

Results 

Interstitial cells of Cajal

At birth, c-kit-immunoreactive (c-kit-IR) cells were
present at the myenteric plexus (MP) level. However,
unlike in normal pre- and term babies [14], these
cells, named ICC-MP, were few, frequently solitary
(Fig. 1A), and rarely grouped (Fig. 1B). All of them
had a thin, fusiform body and two short processes.
Moreover, myenteric regions completely devoid of
these cells were often seen. At 1 month of life, there
were many ICC-MP most of which forming rows 
(Fig. 1C) or groups (Fig. 1D), and the solitary ones
were rare. Their body was provided with long and
sometimes branched processes by means of which
these cells interconnected to each other (Fig. 1D). No
c-kit-IR cells, identifiable either as intramuscular ICC
(ICC-IM) or ICC-DMP, i.e. those ICC related to the
deep muscular plexus (DMP), were ever seen within
both the circular and longitudinal muscle layers. Also
under TEM, the cells identifiable as ICC were exclu-
sively located at the MP level. At birth, these cells
had a spindle-shaped body containing an oval nucle-

us surrounded by a thin ring of cytoplasm. Some of
them had only free ribosomes (Fig. 2A) and some
others fibroblast-like features, as several cisternae of
the rough endoplasmic reticulum (RER) were detect-
ed (Fig. 2A and B). Moreover, those with a more
extended RER also had a large Golgi apparatus 
(Fig. 2B). After 1 month, the ICC-MP had a larger
body provided with several processes (Fig. 2C);
some of them still had the fibroblast-like features
(Fig. 2C) and others characteristically had cisternae
of the smooth endoplasmic reticulum, filaments and
caveolae (Fig. 2D). ICC processes were frequently
seen close to both the neighbouring ICC bodies and
processes (Fig. 2C and D).

Neurons

At birth, most of the myenteric neurons were faintly
and few of them intensely neuronal specific enolase
immunoreactive (NSE-IR) (Fig. 3A); all neurons were
small-sized and provided with short processes. One
month after birth, most of the neurons were intense-
ly NSE-IR, large-sized and provided with longer and
ramified processes (Fig. 3B). The intramuscular
nerves, rare at birth (Fig. 3C), were numerous 1
month later (Fig. 3D). Some of them began to assem-
ble in proximity to the innermost row of the circular
smooth muscle, although not yet forming the nerve
plexus named DMP, which in normal babies is pres-
ent at birth [14].

Smooth muscle cells

Alfa–smooth muscle actin immunoreactivity (�SMA-
IR) was faint at birth (Fig. 3E) but intense 1 month
after, especially in those cells forming a thin mono-
layer at the submucosal border of the circular muscle
layer (Fig. 3F). These modifications are suggestive
for the further development in the so-called inner cir-
cular layer (ICL) that usually is well recognizable in
normal term foetuses [14].

Discussion

During the last 10 years a series of articles regarding
the possible role of the ICC in the gastrointestinal
malformations, including GS, has been published [8,
15–18]. In the rat model of GS, a morphological
immaturity of various cell types, including ICC,
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Table 1

Antigen Clone Supplier Dilution

�-SMA 1-A4 Dako 1:100

NSE Polyclonal Dako 1:100

C-Kit CD-117 Dako 1:300
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smooth muscle cells and enteric neurons, has been
reported [8, 11–13] thus suggesting a possible expla-
nation for the paralytic ileus characteristic of this 
malformation. In the present study, the immature fea-
tures reported for the experimental GS were con-
firmed by examining samples of small intestine of a
baby born with GS. Moreover, looking at samples col-
lected 1 month later, it was possible for the first time
to demonstrate the occurrence of a progressive matu-
ration and, in particular, to ultrastructurally document
the maturative steps of the human intestinal ICC.

According to studies performed with c-kit immuno-
histochemistry, the developmental steps of the intes-
tinal ICC populations (ICC-MP, ICC-IM and ICC-
DMP) have a different time course in humans. The
ICC-MP are present by 7–9 weeks of foetal life [19],
increase in number, and progressively differentiate
up to birth and likely after birth [14, 20–22]. The ICC-
IM begin to differentiate in the pre-term foetuses and

the ICC-DMP, together with the related DMP and
ICL, at birth [14]. Under light and electron micro-
scope, we presently observed that, among these ICC
populations, only the ICC-MP were present in GS,
both at birth and 1 month later. The presence of the
ICC-MP is important because, as intestinal pace-
maker cells, they can ensure the peristaltic move-
ments early in pregnancy, even without food intake
[23–25]. Interestingly, the spatial organization and
the morphology of these cells at birth were those typ-
ical of the first trimester of pregnancy, during which
GS occurs. TEM confirmed immaturity of ICC-MP at
birth, as some of them had the ultrastructural fea-
tures of scarcely differentiated cells. Some other
ICC-MP, the fibroblast-like ones, appeared similar to
the immature ICC-MP described in the mouse foe-
tuses [26] and to the newly differentiating ICC [27]
and, therefore, be reasonably considered an inter-
mediate step of the ICC differentiation process. From
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Fig. 1 Interstitial cells of Cajal, c-kit immunohistochemistry (c-kit-IR). A and B: GS ileum at birth. A solitary c-kit-IR cell
in A and c-kit-IR cells lined up as rows of cells in B; in both cases, these cells are located in between the circular and
longitudinal muscle layers and, therefore, these ICC can be considered ICC-MP. C and D: GS ileum 1 month after birth.
Numerous c-kit-IR cells aligned in rows (C) or forming groups (D) in between the circular and longitudinal muscle lay-
ers. MP: myenteric plexus. Bar: A, B, D = 20 µm; C = 50 µm.
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a functional point of view, this immaturity might
explain the paralytic ileus of our baby; moreover, we
may also hypothesize the fibroblast-like ICC-MP are
not able to give raise to peristalsis.

Once the intestine was back into the abdomen in
its proper environment, the process of differentiation
had quickly continued at all cellular levels. In particu-
lar, 1 month after birth the ICC-MP pattern was sim-
ilar to that of pre-term babies [14] and under TEM
many ICC-MP had mature features. This maturative
trend seemed to parallel the clinical evolution, as the
patient was able to tolerate increasing amounts of

food indicating the peristalsis was active at 1 month
of age. Both the ICC-IM, responsible for neurotrans-
mission, and the ICC-DMP, part of the intestinal
stretch receptor [28, 29], were missing in GS, both at
birth and 1 month later. Nerve structures and smooth
muscle cells, scarcely differentiated at birth, showed
mature features 1 month later; however, the DMP
and the ICL were not yet so organized as in normal
babies at this age [14]. Indeed, the clinical recovery
was not completely accomplished 1 month after birth
and the patient required partial parenteral nutrition
until 2 years of age.
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Fig. 2 Interstitial cells of Cajal, transmission electron microscope. A and B: GS ileum at birth. In A, three immature ICC-
MP (asterisks). These cells are small-sized and have a spindle-shaped body and an ovoid nucleus. The cell in the
upper side has some cisternae of the RER and the others free ribosomes. In B, a detail of an immature ICC with an
extended RER and a large Golgi apparatus (G). C and D: GS ileum 1 month after birth. In C, an ICC (asterisk) with a
large body and two processes. This cell is contacting processes (arrows) of neighbouring ICC. In the cytoplasm, sev-
eral mitochondria and RER cisternae are present. In D, ICC processes (asterisks) close to each other and containing
cisternae of the smooth endoplasmic reticulum and filaments. SMC: smooth muscle cells. Bar: A and C = 0.8 µm; B =
0.6 µm; D = 0.5 µm.
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Fig. 3 A–D: Neurons, neuron-specific enolase immunohistochemistry (NSE-IR). A: GS ileum at birth. The neurons are
small and mainly round in shape. Most of them are faintly NSE-IR. B: GS ileum 1 month after birth. Most of the neu-
rons are intensely labelled, have a triangular or piriform body and long processes; a few neurons are faintly labelled.
C: GS ileum at birth. The myenteric ganglia are few, the submucous plexus is not present and the intramuscular nerve
fibres are scarce. D: GS ileum 1 month after birth. The myenteric ganglia are numerous and the submucous ganglia
are present. The intramuscular nerve fibres are many and some are located at the level of the future DMP (arrows),
although not yet organized to form a plexus. E and F: smooth muscle cells, �-smooth muscle actin immunohistochem-
istry (�SMA-IR). E: GS ileum at birth. �SMA-IR is faint and the circular muscle layer is not subdivided into two portions.
F: GS ileum 1 month after birth. �SMA-IR is more intense than in E and the smooth muscle cells located at the sub-
mucosal border of the circular muscle layer are particularly intensely labelled. MP: myenteric plexus; SM: submucosa;
CM: circular muscle layer. Bar: A, B, E, F = 20 µm; C and D = 50 µm.



J. Cell. Mol. Med. Vol 12, No 2, 2008

477

The immaturity picture of the cells responsible for
intestinal motor activities presently observed at birth
in the baby with GS is very similar to that reported for
animal models of GS [8, 11–13, 18]. Moreover, the
absence of degenerative processes in all the speci-
mens, together with the presence of a progressive
maturative course, supports the hypothesis of a
delayed differentiation, rather than an arrest. The
aetiology of GS is still unknown but it is generally
accepted the amniotic fluid has noxious effects on
the herniated loops and, indeed, the damaged loops
are those in contact with this fluid [9]. The delayed
differentiation we observed might be due to the fact
that in GS some of the herniated loops are tightly
matted, shortened and covered by a peel. These
conditions might halt the migration of the neural crest
cells and, consequently, cause a delayed differentia-
tion of both neurons and their target cells, such as
ICC and smooth muscle cells.

In conclusion, in the intestine affected by GS we
presently demonstrated: (i ) at birth, in the presence
of paralytic ileus, a morphological immaturity of all
the structures responsible for the intestinal motor
activities, (ii ) after birth, the differentiation process
has continued and its time-course paralleled the clin-
ical recovery. This is the first report in which the dif-
ferentiative steps of the human ICC are shown; this
information may help in understanding the patho-phys-
iology of affected peristalsis in newborns and, maybe,
also in estimating the time-course of the disease.

References

1. Thuneberg L. Interstitial cells of Cajal: intestinal
pacemaker cells? Adv Anat Embryol Cell Biol. 1982;
71: 1–130.

2. Huizinga JD, Thuneberg L, Kluppel M, Malysz J,

Mikkelsen HB, Bernstein A. W/kit gene required for
interstitial cells of Cajal and for intestinal pacemaker
activity. Nature. 1995; 373: 347–9.

3. Sanders KM. A case for interstitial cells of Cajal as
pacemakers and mediators of neurotransmission in
the gastrointestinal tract. Gastroenterology. 1996;
111: 492–515.

4. Hirst GD, Ward SM. Interstitial cells: involvement in
rhythmicity and neural control of gut smooth muscle.
J Physiol. 2003; 550: 337–46.

5. Loane M, Dolk h, Bradbury I, EUROCAT working

group. Increasing prevalence of gastroschisis in
Europe 1980-2002: a phenomenon restricted to

younger mothers? Paediatr Perinat Epidemiol. 2007;
21: 363–9.

6. Amoury RA, Beatty EC, Wood WG, Holder TM,

Ashcraft KW, Sharp RJ, Murphy JP. Histology of
the intestine in human gastroschisis – relationship to
intestinal malfunction: dissolution of the “peel” and its
ultrastructural characteristics. J Pediatr Surg. 1988;
23: 950–6.

7. Srinathan SK, Langer JC, Blennerhassett MG,

Harrison MR, Pelletier GJ, Lagunoff D. Etiology of
intestinal damage in gastroschisis III: morphometric
analysis of the smooth muscle and submucosa. J
Pediatr Surg. 1995; 30: 379–83.

8. Midrio P, Faussone-Pellegrini MS, Vannucchi MG,

Flake AW. Gastroschisis in the rat model is associat-
ed with a delayed differentiation of interstitial cells of
Cajal and smooth muscle cells. J Pediatr Surg. 2004;
39: 1540–6.

9. Correia-Pinto J, Tavares ML, Baptista MJ,

Henriques-Coelho T, Estevao-Costa J, Flake AW,

Leite-Moreira AF. Meconium dependence of bowel
damage in gastroschisis. J Pediatr Surg. 2002; 37:
31–5.

10. Oyachi N, Lakshmanan J, Ross MG, Atkinson JB.

Foetal gastrointestinal motility in a rabbit model of
gastroschisis. J Pediatr Surg. 2004; 9: 366–70.

11. Vannucchi MG, Midrio P, Flake A, Faussone-

Pellegrini MS. Neuronal differentiation and myen-
teric plexus organization are delayed in gastroschi-
sis: an immunohistochemical study in a rat model.
Neurosci Lett. 2003; 339: 77–81.

12. Vannucchi MG, Midrio P, Zardo C, Faussone-

Pellegrini MS. Neurofilament formation and synaptic
activity are delayed in the myenteric neurons of the
rat foetus with gastroschisis. Neurosci Lett. 2004;
364: 81–5.

13. França WM, Langone F, de la Hoz CL, Gonçalves

A, Bittencourt D, Pereira LV, Sbragia L. Maturity of
the myenteric plexus is decreased in the gastroschi-
sis rat model. Fetal Diagn Ther. 2007; 23: 60–8.

14. Faussone-Pellegrini MS, Vannucchi MG, Alaggio

R, Strojna A, Midrio P. Morphology of the interstitial
cells of Cajal of the human ileum from foetal to
neonatal life. J Cell Mol Med. 2007; 11: 482–94.

15. Vanderwinden JM, Liu H, De-Laet MH,

Vanderhaegen JJ. Study of the interstitial cells of
Cajal in infantile hypertrophic pyloric stenosis.
Gastroenterology. 1996; 111: 279–88.

16. Horisawa M, Watanabe Y, Torihashi S. Distribution
of c-kit immunopositive cells in normal human colon
in Hirschsprungís disease. J Pediatr Surg. 1998; 33:
1209–14.

17. Yamataka A, Oshiro K, Kobayashi H, Lane GJ,

Yamataka T, Fujiwara T, Sunagawa M, Miyano T.

Abnormal distribution of intestinal pacemaker (c-kit

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



478

positive) cells in an infant with chronic idiopathic
intestinal pseudo-obstruction. J Pediatr Surg. 1998;
33: 859–62.

18. Vargun R, Aktug T, Heper A, Bingol-kologlu M.

Effects of intrauterine treatment on interstitial cells of
Cajal in gastroschisis. J Pediatr Surg. 2007; 42: 761–7.

19. Wallace AS, Burns AJ. Development of the enteric
nervous system, smooth muscle and interstitial cells
of Cajal in the human gastrointestinal tract. Cell
Tissue Res. 2005; 319: 367–82.

20. Wester T, Eriksson L, Olsson Y, Olsen L. Interstitial
cells of Cajal in the human foetal small bowel as shown
by c-kit immunohistochemistry. Gut 1999; 44: 65–71.

21. Kenny SE, Connell G, Woodward MN, Lloyd DA,

Gosden CM, Edgar DH, Vaillant C. Ontogeny of
interstitial cells of Cajal in the human intestine. J
Pediatr Surg. 1999; 34: 1241–7.

22. Fu M,Tam PK, Sham MH, Lui VC. Embryonic devel-
opment of the ganglion plexuses and the concentric
layer structure of human gut: a topographical study.
Anat Embryol. 2004; 208: 33–41.

23. Bisset WM, Watt JB, Rivers RP, Milla PJ. Ontogeny
of fasting small intestinal motor activity in the human
infant. Gut. 1988; 29: 483–8.

24. Berseth CL. Gestational evolution of small intestine
motility in preterm and term infants. J Pediatr. 1989;
115: 646–51.

25. Berseth CL. Neonatal small intestinal motility: motor
responses to feeding in term and preterm infants. J
Pediatr. 1990; 117: 777–82.

26. Faussone-Pellegrini MS. Cytodifferentiation of the
interstitial cells of Cajal related to the myenteric plexus
of mouse intestinal muscle coat. An E.M. study from
foetal to adult life. Anat Embryol. 1985; 171: 163–9.

27. Faussone-Pellegrini MS, Vannucchi MG, Ledder

O, Huang T-Y, Hanani M. Interstitial cells of Cajal
plasticity: a study in the mouse colon. Cell Tissue
Res. 2006; 325: 211–7.

28. Faussone-Pellegrini MS, Serni S, Carini M.

Distribution of ICC and motor response characteris-
tics in urinary bladders reconstructed from human
ileum. Am J Physiol. 1997; 273: G147–57.

29. Wang X-Y, Vannucchi MG, Nieuwmeyer F, Ye J,

Faussone-Pellegrini MS, Huizinga JD. Changes in
interstitial cells of Cajal at the deep muscular plexus
are associated with loss of distention induced burst-
type muscle activity in mice infected by Trichinella
spiralis. Am J Pathol. 2005; 167: 437–53.

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd


