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Abstract

Interstitial cells of Cajal (ICC) is a peculiar cell network composed of cells having processes described by the eminent
Spanish neuroanatomist of the 19th century, S. Ramon y Cajal. ICC became a fascinating subject to many investiga-
tors and it is estimated that there are over 100 publications yearly on the subject related to ICC, in the last three years.
Now it is widely accepted that ICC are pace maker cells of the gut and probable progenitor cells of gastrointestinal
stromal tumors (GIST). Lately, interstitial Cajal-like cells (ICLC) are being found in various organs and their physio-
logical role is still to be defined. We have reviewed the literature trying to evaluate the validity of the current concept
and found that there are a few salient points to be considered. 1) There has been some important departure in defining
the identity of ICC from the original criteria of Cajal. In particular, ICC with myoid feafures in intestinal smooth mus-
cle layers (ICC-DPM) do not seem to fit to the original description of interstitial cell network by Cajal. We have also
pointed out that the current reports assigning a pace maker role to ICC vastly depend on the scientific data on "ICC with
myoid features", not on "fibroblast-like ICC", which are more abundant and easier to identify. 2) There seem to be an
overwhelming amount of data proving the relationship between ICC and GIST. Both are known to express c-Kit and
the ultrastructural characteristics seen in GIST roughly parallel those of ICC including minimal myoid differentiation
seen in the majority of GIST, supporting the current concept that GIST are ICC tumors. 3) According to the original
description of Cajal, ICC was not limited to the gut, suggesting an existence of ICC in other organs. The list of organs
reported to contain ICC (currently identified by immunohistochemistry and electron microscopy) is ever growing
and further studies are needed to define their identity and pathophysiologic role. 4). Recent data concerning gut
development suggest that both c-Kit expressing ICC (fibroblasts-like as well as muscle-like) and gut muscle cells 
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A peculiar cell network of interstitial cells with
processes was a fascinating subject for the emi-
nent Spanish neuroscientist of the 19th century, S.
Ramon y Cajal [1, 2]. Using methylene blue dye
or heavy metal impregnation techniques, he
demonstrated that interstitial cells stained differ-
ently from nerve cells with which they kept a
close spatial relationship. Nowadays, these inter-
stitial cells were found in a wide variety of organs
[3] including pancreas [4], urinary tract [5–7],
uterus [8, 9], fallopian tube [10], mammary gland
[11, 12], heart [13–15], blood vessel wall [16, 17]
and, indeed, gastrointestinal tract [18]. 

Their physiologic role was not clear at that
time and even today, but Cajal speculated on a
possible ancillary neural function, because of
their anatomic proximity and morphologic simi-
larity to nerves. In fact, interstitial cells of the gut
are neither neural nor muscular, but are interposed
between nerve and muscle cells. He considered
that they might play a controlling function of the
gut motility, and he thereby stimulated many
investigators to study his concept. Consequently,
a vast amount of data has been accumulated on 1)
their existence, 2) the ultrastructural characteriza-
tion of a possible pacemaker role in the gut, 3)
electrophysiologic studies of peristalsis, 4) c-Kit
as a molecular marker of ICC, and 5) as progeni-
tor cells of gastrointestinal stromal tumors
(GIST). The data thus far accumulated is vast and
complex, but has promulgated the definition and
identification of ICC [19]. 

In recent years, much interesting molecular
information has accumulated, and some authors
are tempted to accept it uncritically. Therefore,
there is a strong need to clarify some of the cur-
rent concepts about ICC. According to the cur-
rently prevailing concept, ICC are heterogeneous
cells, composed of fibroblast-like, and/or mus-
cle-like cells interposed between nerve and mus-

cle cells, but recently close appositions to capil-
laries and immunoreactive cells were reported for
ICC [12, 20]. ICC are considered as pacemaker
cells, expressing CD117, and serving as progeni-
tor cells of GIST.

Cytomorphology

The cytomorphology and anatomic relationships
of ICC in the intestine have been amply confirmed
[21–23]. However, it is important to remember
that ICC are located along the nerves in the inter-
stitium. According to Cajal’s drawing (as well as
the drawings and photomicrographs of subsequent
investigators), ICC are numerous in the submu-
cosal interstitium along the inner surface of the
circular muscle layer of the intestines, and
between layers of muscularis propria. ICC form a
loosely arranged network linked by long cytoplas-
mic processes. Indeed, the number of ICC within
the muscular bundle is limited. A similar pattern
has also been also confirmed on ICLC distribution
in other organs in terms of gradient in density, and
morphological interrelationships with various tis-
sue structures [10]. These features suggest an
important role for ICC, or ICLC in tissue physiol-
ogy and pathologies, including GIST.

Ultrastructural characterization of
ICC

Electron microscopy has been used to study ICC,
yielding a large amount of information. However,
it has to be pointed out that there was no reliable
marker for recognizing ICC ultrastructurally.
Identification of ICC as well as ICLC under elec-
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derive from the common progenitor cells of the embryonic gut unifying the histogenetic concept of all GIST with
heterogeneous cytomorphologic features. In this review we attempted to incorporate recent information on inter-
stitial Cajal-like cells (ICLC) found in other organs to broaden our understanding of ICC in general in terms of
their ultrastructure, physiology, and neoplasia.

Keywords: interstitial cell of Cajal (ICC) • GIST • pacemaker cell • extra-gastrointestinal stromal tumor •
interstitial Cajal-like cells (ICLC)

Introduction



tron microscopy needs a set of criteria. The cells
depicted as ICC have been heterogeneous and
initially confusing [24]. The earliest investigators
used their light microscopic experience, and
Cajal’s description to identify ICC ultrastruc-
turally. The cells they considered to be ICC were
fibroblast-like cells which appeared to be too
plain to have a significant function assigned to
them [25–31]. Later, investigators reported cells
with features of muscle-like cells, intermediate
cells, and with features of fibroblasts to be ICC
[32, 33]. These cells were similar to the modified
muscle cells found in the esophagus by
Faussone-Pellegrini et al. [34] who did not
accept them as ICC at first, because it was
thought highly unlikely that silver impregnation
methods and vital methylene blue methods (as
used by Cajal and others for the identification of
ICC) would stain cells with the characteristics of
smooth muscle cells. The authors suggested that
they might have a pacemaker role.

Later investigators used additional informa-
tion from electrophysiologic studies of the gut
[35–37], the techniques which were expanded
further to correlate electrophysiology and cell
morphology by immunofluorescence [38, 39].
With additional information of electrophysiolog-
ical data defining the intestinal motility, it was
thought to be reasonable to include cells with
smooth muscle appearance in the group of ICC
[40, 41]. These cells contained impressive num-
bers of cytoplasmic organelles and filaments.
They had gap junctions with smooth muscle cells
and varicosities of nerve cells deemed adequate
for a signal transmitting [40–42]. These findings
corresponded well with the electrophysiological
studies [35, 36]. Isolated gut specimens separat-
ed from myenteric nerve control were found to
generate spontaneous rhythmic electric activity
termed as “slow wave” consistent with peristaltic
activity. Furthermore, the origin of slow waves
was thought to be located in the submucosal bor-
der of the circular muscle and muscles around the
myenteric plexus. These two sites were regarded
as pacemaker regions so that pacemaker cells
were expected in these regions. Not surprisingly,
smooth muscle-like ICC were most frequent in
the inner circular muscle. They focused their
attention on these regions to identify ICC, and
found elongated cells along the inner border of

circular muscle bundles. Their topographic set-
up was appropriate for signal transmitting. These
cells contained bundles of filaments, caveolae
and external lamina similar to smooth muscle
cells [41, 42]. This was the beginning of the new
era in which smooth muscle-like cells were
added to the ICC. Now, it is widely accepted that
ICC consist of a heterogeneous group of cells (as
listed previously). 

In 1982, Thuneberg published his monograph;
“Interstitial cells of Cajal: pace-maker cells?” [42].
He presented a comprehensive review of previous
findings and his own data, which included detailed
ultrastructural analysis of cells assumed to be ICC.
He asserted that different types of ICC were found
in different layers of the intestinal wall. ICC-I were
found around Auerbach’s plexus, and ICC-II were
found in the serosal interstitium, ICC-III in the
plexus muscularis profundus, and ICC-IV accom-
panying nerves in the interstices of the main (outer)
circular muscle layer. ICC-I, II and IV of
Thuneberg stained positively with methylene blue,
and exhibited ultrastructural features similar to
those described as fibroblast-like ICC by previous
investigators. In this author’s judgment, these cells
fit the criteria of ICC according to Cajal. These ICC
had branching cytoplasmic processes, and were
found external to the external lamina of the enteric
nerves, and only rarely exhibited direct contact with
muscle cells. In contrast, ICC-III were similar to
smooth muscle cells, and were most frequently
found within the inner circular muscle (plexus mus-
cularis profundus). These cells did not stain with
methylene blue, but were identified as ICC “only by
electron microscopy”. The author stated that the
characterization of an interstitial cell at the level of
the plexus muscularis profundus as a separate type
of ICC was justified by ultrastructural and topo-
graphical peculiarities of this cell with similarities
to ICC of other locations.

We note that the significant deviation of ICC-III
from other ICC by their failure to stain with methy-
lene blue. ICC-III were very similar to smooth mus-
cle cells including “similar nuclear morphology and
orientation with respect to apparent length, shape,
distribution of condensed chromatin, and the char-
acteristic arrangement of nucleoli in a longitudinal
row, filaments of mainly the actin type to form bun-
dles only in the smaller processes, abundance of
caveolae, and distinct basal lamina”. Now, it is not
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clear, however, how the author justified his inclu-
sion of these smooth muscle-like cells into ICC. He
stated that “these cells were unstained by methylene
blue, under any conditions of incubation tried”.
Obviously they were not ICC interstitial cells as
Cajal defined by methylene blue staining. It is also
very significant that they do not appear to be a part
of an ICC network which led to the hypothesis of
ancillary neural function of ICC. Despite evidence,
smooth muscle-like cells of the plexus muscularis
profundus were added to the group of ICC. The
cells depicted as ICC-III maintained close cellular
contacts with nerve fibers as well as muscle cells.
With this finding he proposed a pacemaker function
for ICC. These authors did not mention that they
were departing from Cajal’s original criteria in
regard to the location and anatomic distribution of
the ICC. Clearly the authors proposed that ICC
have a pacemaker function, and that smooth mus-
cle-like cells with a peculiar shape and topographic
arrangement were included. Subsequent investiga-
tors confirmed what was suggested by Thuneberg
and his group [43–48]. 

Currently smooth muscle-like features are
required to confirm ICC identity by electron
microscopy [49]. They have departed from Cajal’s
criteria defining and identifying his interstitial
cells.  These cells are unstainable by methylene
blue, and are parenchymal cells. Therefore, they
should not be designated as ICC in our opinion.
Kobayashi, who applied extensive ultrastructural
studies in his investigation, raised the same ques-
tion as to the true nature of ICC-III [50].
Admittedly, the data accumulated through electro-
physiological studies indicates that the so-called
ICC-III may have a pacemaker function in the gut
[35, 36]. Thus, the authors may be describing
pacemaker cells of the gut, but not ICC.

According to our own study of ICC in human
small intestinal specimens, ICC defined following
Cajal’s criteria, were limited to fibroblast-like cells
[51]. Interestingly, there were frequent nerve end-
ings forming synapse-like junctions with smooth
muscle cells without intervening ICC, as could be
noted by electron microscopy. Furthermore, smooth
muscle cells having synaptic contacts with nerve
endings showed the irregular shapes of multipolar
cells in contrast to bipolar smooth muscle cells. The
electron density of the cytoplasm of these cells was
usually less than that of bipolar cells, suggesting

loss of cytoplasmic filaments. However, on closer
examination, these cells had all the features of
smooth muscle cells. These cells may represent a
sentinel cell for receiving neural signals. It might be
speculated that the different staining characteristics
of these cells could reflect a different state of depo-
larization or perhaps a fixation artifact. These
smooth muscle cells presented some of the features
of ICC-III, and were interpreted as smooth muscle-
like ICC or ICC-III, by other investigators [52, 53].
It has to be reiterated that the location and pattern of
distribution of smooth muscle-like ICC do not coin-
cide with those described by the methylene blue
stained crushed tissue preparations by Cajal or with
ICC demonstrated by CD117 staining. It is now
well known that CD117, the product of the c-Kit
gene, is normally expressed in ICC, and serves an
excellent marker of ICC [54–56] and can be used
for the identification of ICC. However, ICLC
expressing on a less consitstent basis this marker
have been reported [9, 13–15].

Recently, a comprehensive review on ICC in
regard to their identification by ultrastructure, light
microscopy, and c-Kit as a light microscopic mark-
er has been published [57]. The authors made
detailed analysis of data from over four hundred
ninety articles, and concluded that transmission
electron microscopy is the “gold standard” for the
identification of ICC. Moreover, ultrastructural
identification of ICC were newly detailed and
improved by defining a “platinum standard” [10].

Electrophysiology of gut motility

Electrophysiology studies yielded influential infor-
mation in our understanding of the pace making
process of the gut and they influenced morpholo-
gists in identifying ICC-III by electron microscopy.
The cytomorphologic appearance, cellular
organelles, and relationships kept with other cells
provided the morphologic and functional basis for
assigning a pacemaker function to ICC. As with
other studies, these cells do not comply with Cajal’s
criteria. Many recent articles deal with “slow wave”
generation of isolated cells, giving additional sup-
port to the claim that ICC are pacemaker cells
[58–61]. However, data in the literature in regard to
cells capable of generating slow waves are some-
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what controversial. Some investigators recently
state that “slow wave” generation is specific and
limited to ICC-III, while others have observed
“slow wave’ generation within muscle cells of the
gut in general [35, 36]. Therefore, further studies
are needed to clarify this question. 

Molecular biology of ICC

One of the most significant advances in the study of
ICC was the discovery of the proto-oncogene, c-
Kit, which encodes a receptor tyrosine kinase in the
PDGF-receptor family. Initially, c-Kit was known
to be involved in developmental processes of three
cell lineages; hematopoietic cells, melanocytes and
germ cells. In 1992, Maeda et al. performed an
interesting experiment to further define the in vivo
role of c-Kit. They injected ACK2, a monoclonal
antibody of the c-Kit gene product, to BALB/c mice
neonates. They found that small numbers of cells in
the intestine expressed c-Kit, and antibody injection
caused a lethal paralytic ileus in these animals [54].
The authors speculated that c-Kit expressing cells
might represent ICC, and they concluded that lethal
ileus in these animals was due to an anti-c-Kit
effect. Subsequently, a plethora of reports appeared
in the literature claiming that c-Kit expressing cells
are indeed likely to be ICC [e. g. 55, 56]. It is inter-
esting to note that their spatial distribution and
cytomorphologic features are comparable, if not
identical, to those of methylene blue stained prepa-
rations Cajal originally used. Thus, it is now wide-
ly accepted that c-Kit expressing cells in the gut
represent ICC and c-Kit expression is being used as
an immunohistochemical marker for ICC. 

c-Kit is allelic with the dominant white spotting
(W) locus of mutant mice. A number of W mutant
mice have been identified with various degrees of
intestinal motility disturbances, suggesting the impor-
tance of c-Kit expressing cells in the autonomic con-
trol of intestinal muscular contractions. However, it is
important to note that even with such a severe muta-
tional disorder, most mouse strains with mutations at
the (W) locus manage to maintain defecation, and
avoid lethal paralytic ileus. This suggests that other
regulators may also  be involved in motility [54].

Obviously, the discovery of c-Kit expression of
ICC as a usable marker for facilitating various

research efforts related to ICC and for expanding
our general knowledge and understanding of ICC. It
is still not known whether ICC-III express c-Kit. 

Another important development in relation to
the cells expressing c-Kit was that tumor cells fre-
quently express the c-Kit gene product in the so-
called GIST [62–64], and many of these tumors
were shown to have a gain-of-function mutation of
the c-Kit gene [65, 66]. These findings led to the
current concept that GIST are ICC-originating
tumors. Recently STI571 (Glivec, Novartis, Basel,
Switzerland), a tyrosine kinase inhibitor, was found
to have a favorable therapeutic effect on metastatic
GIST and c-Kit expression in tumor cells became an
important criterion in the diagnosis as well as the
management of GIST [67–69]. Moreover, Glivec
was proved to inhibit spontaneous rhythmic con-
tractions of human intestine and also in human
uterus, perhaps via ligand-independent c-kit/CD117
tyrosine-kinase signaling [70].

Pacemaker function of ICC

There have been numerous reports indicating that
the ICC control rhythmic gut motility [58, 59]. The
majority of studies have used sophisticated research
techniques such as isolated cells, cultured cells of
purified populations of ICC, electrophysiologic use
of super- or ultrafine electrodes probing into single
ICC, and electron microscopy [60, 61]. The data
presented by these reports are overwhelmingly con-
vincing. These studies are concerned about “slow
wave” generation in isolated cells, CD117 positivi-
ty, and ultrastructural demonstration of myoid fea-
tures as confirmation of their identity as ICC.
Whether ICC-III are a part of ICC, or whether they
express c-Kit remain to be shown. Concerning the
so-called “slow wave” activity (the best marker of
peristaltic activity of the gut), it does not seem to be
limited to cells in the pacemaker region, or to c-Kit
expressing cells. Generation of slow-wave activity
has also been recorded in isolated portions of mus-
cle wall. It is, therefore, not conclusive whether the
cells are bona fide ICC. 

In the report of Maeda et al. [54], the animals
developed fatal paralytic ileus quite dissimilar to
the findings in c-Kit mutated animals. In the later,
animals can still survive and defecate, suggesting
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that other regulators of gut motility may compen-
sate for the defect [54]. Although the authors did
not comment, the reason for the fatality of ani-
mals in their study might have been due to anoth-
er reason. Perhaps, they may have died due to the
sudden impact of ACK2 not only from c-Kit
expressing ICC but from the immature muscula-
ture of new-born.

Gut musculature is endowed by a rich network of
autonomic nerves and a high concentration of ganglia
along the submucosal border of the inner circular mus-
cle, and the myenteric plexus, both pacemaker regions
[51]. Granted, “slow wave” activity can be observed
without the influence of the autonomic nerves, the
afore-mentioned concentration of ganglia near the
pacemaker regions may not just be coincidence.
Indeed, there may be a close collaboration between
enteric nerves and ICC in the control of the gut motili-
ty (as Cajal speculated). Which one plays the primary
role remains to be evidenced by future studies. 

In addition to a concentrated presence of enteric
ganglia near the known pacemaker region, our
study has also shown that a rich network of enteric
nerve fibers is present throughout the entire muscu-
lar wall of the intestines. Indeed, direct synaptic
contact between muscle cells and nerve endings of
myenteric nerves were frequently found [51].
Fibroblast-like ICC were found around nerves,
interposing between nerve and muscle cells. These
smooth muscle cells in direct contact with nerves
may be responsible for passing signals to other
muscle cells for coordinated rhythmic contractions
of gut musculature. If this is true, the role of ICC
according to Cajal’s definition may have a limited
role in the rhythmic control of gut motility. In this
regard, it is also interesting to note that the majori-
ty of patients receiving Glivec for chronic myel-
ogenous leukemia and metastatic GIST experienced
no significant gastrointestinal symptoms, except
dysfunctions of digestive motility [71]. It seems
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Fig. 1 A gastric GIST in a 54 year old female composed of non-specific mesenchymal cells forming closely
packed fascicles.



that only a small number of patients (perhaps less
than 5%) of treated patients had documented nausea
and vomiting and non-specific abdominal pain
when treated with a relatively large daily dose. 

GastroIntestinal Stromal Tumors
(GIST)

We owe the term “gastrointestinal stromal tumor”
to Mazur and Clark [72] who pointed out that the
majority of spindle cell tumors of the gastroin-
testinal tract were not smooth muscle tumors, and
therefore, deserved a new designation. GISTs were
thought to be tumors of uncertain cellular origin.
GIST exhibit heterogeneous ultrastructural fea-
tures [62, 73–75]. Several different types of GIST
have been characterized, including plexosarcomas
[76], gastrointestinal autonomic nerve tumors

(GANT) [77, 78], myenteric plexomas [79], and
generic GIST. These different designations were
justified mostly by ultrastructural features, which
pointed toward an origin from ganglion cells in
approximately one half of all GIST [78]. The
tumors designated as generic GIST frequently pre-
sent minimal myoid differentiation including focal
presence of external lamina (EL) and focal accu-
mulation of cytoplasmic filaments suggestive of
actin filaments [62, 74, 75]. In others, the tumor
cells resemble uncommitted mesenchymal cells
with no myoid or neuronal features. In spite of the
differences in ultrastructural features, the majority
of GIST express c-Kit protein in the cytoplasm of
tumor cells. These findings led us to believe that
GIST are ICC tumors [62–64]. In most tumors, the
cells usually show a uniform line of cellular dif-
ferentiation. Conversely, GIST exhibit ultrastruc-
tural features ranging from minimal myoid (Fig. 1,
2), to uncommitted mesenchymal (Figs. 3, 4), to
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neuronal (Fig. 5–7), and even to mixed neuronal
and myoid features (Fig. 7). 

Despite this morphologic variability, the majori-
ty of these cells can express CD117, identical
genetic and molecular characteristics [80]. Thus, c-
Kit is the unifying marker of GIST, which is impor-
tant for diagnosis and management of GIST in the
present time [65, 66, 68, 81, 82]. The morphologic
variety of GIST at the ultrastructural level has been
partly explained by heterogeneity of ICC.  

Other interesting clinical features in patients with
GIST include familial occurrence [81, 83], presenta-
tion with neurofibromatosis [84, 85], and Carney’s
triad [86, 87]. It is particularly interesting that GIST
in patients with NF1 and familial examples are usu-
ally multiple, and may show varying stages of
development of microscopic tumors arising from the
myenteric plexus. It is also significant that multiple
GIST have been experimentally produced in c-Kit
gene knock-in experimental animals [82, 88]. 

Another aspect of GIST is the presence of pecu-
liar collagens in the stroma including skeinoid
fibers (Fig. 8), tram-track-like precipitated collagen
(Fig. 9), and centriole-shaped crystallized collagen
(Fig. 10) [89]. It is notable that GIST with these
special crystallized collagens are those with the
least myoid features. The overall ultrastructural fea-
tures in these cases are closer to gastrointestinal
autonomic nerve tumors (GANT). Also, some of
the tumor cells contain frequent dense-core gran-
ules in the perikarya as well as in the bulbous cyto-
plasmic processes similar to nerve endings (Fig. 5,
6). In spite of these features of neuronal differenti-
ation, some cells in the same tumor may exhibit
focal accumulation of filaments with foci of
increased density (Fig. 6, 7) suggestive of myoid
differentiation. In this instance, tumor cells appear
to differentiate toward more than one line of cellu-
lar differentiation [62, 74, 75, 90]. Thus the ultra-
structural features of GIST correlate well with that
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Fig. 3 A gastric GIST composed of closely packed spindle cells with elongated cytoplasm. Note the presence of rich
RER. Note a perfectly round empty cytoplasmic vacuole. At this magnification, the presence of EL is not evident.



of ICC, other than the latter, since no neuron-like
features have ever been reported in ICC. Again,
there is no proof that muscle-like ICC (ICC-III) can
qualify as true ICC according to their tinctorial
properties or CD117 expression. Thus, it is essential
to clarify the nature and origin of c-Kit expressing
cells in the gut.

Origin of ICC

The embryonic origin of ICC was unknown and
remained speculative until Lecoin et al., using
chimeric animals, demonstrated that they derive

from the embryonic mesenchyme, not from neu-
roectoderm [91]. This was confirmed by Young et
al. [92] using slightly different experiments. In
recent years, many investigators have utilized new
molecular markers and advanced molecular tech-
niques to follow developmental sequences of ICC.
These techniques indicate that smooth muscle
cells and c-Kit expressing ICC develop from com-
mon progenitor cells [93, 94]. Kluppel et al. [94]
analyzed cells expressing mRNA of c-Kit and
smooth muscle myosin heavy chain (SMMHC) in
the gastrointestinal tract throughout various stages
of embryonic development of wild type, W57 and
Wbd mutant mice. They found that both smooth
muscle cells and ICC derive from common pro-

1003

J. Cell. Mol. Med. Vol 10, No 4, 2006

Fig. 4 Higher magnification of the area of Fig. 3 showing frequent presence of EL on which tumor cells are anchor-
ing with hemidesmosomes.



genitor cells expressing both mRNA of c-Kit and
SMMHC until day 14.5 in both animals. After day
16, the distribution pattern of c-Kit and SMMHC
expressing cells gradually changes to the pattern
seen in adults in both murine strains. These find-
ings indicate that the majority of progenitor cells
expressing both markers gradually lose c-Kit to
become smooth muscle cells. Other cells, particu-
larly those around Auerbach’s plexus, maintain c-
Kit expression, lose SMMHC, and become ICC.
Thus, it is likely that the developing gut contains
immature cells with different combinations of
these two proteins until full development. Maybe
some of these cells may remain in adult tissues
functioning as organ-specific stem cells. If this is
true, then it is logical that such stem cells are pro-
genitor cells of GIST. Indeed, SMMHC has been
demonstrated in a majority of GIST [95] despite
the lack of demonstrable muscle markers, support-
ing our hypothesis. Furthermore, Torihashi et al
[96] demonstrated that blockage of c-Kit signaling

induced transdifferentiation of ICC into a smooth
muscle cells. Therefore, a uniform histogenesis for
all GIST can be posited.

A few issues must still be addressed. The first is
the neuronal features in some GIST. Neuronal fea-
tures of GIST known as GANT have been well doc-
umented. Bidirectional differentiation of GIST was
also suggested by immunohistochemical studies
which detected muscle markers in some GIST with
neural features [62, 74, 75, 90]. Neuronal features
described in GANT are usually detected by electron
microscopy and the diagnosis of GANT largely
depends on electron microscopic studies [78].
Ultrastructurally, dense core granules seen in cases
of GANT and GIST with dual differentiation appear
to be true neuroendocrine granules, but this cannot
be adequately confirmed by immunohistochemistry
in the majority of cases raising questions as to their
true nature. Similar dense core granules of uncertain
nature have mimicked the appearance of neuroen-
docrine granules in some tumors (Figs. 5, 6).
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Fig. 5 A gastric GANT from a 26 year old female showing numerous dense core granules in the perikarya.



Furthermore, some tumor cells in GANT may show
focal cytoplasmic accumulation of filaments sug-
gestive of actin filaments in addition to dense core
granules in the same cell (Fig. 7). These findings
have been interpreted as evidence of bidirectional
differentiation by some [62]. However, it is highly
unusual and difficult to explain two different lines of
differentiation in a given cell. Neuronal features
seen in GIST may be non-specific and may repre-
sent an aberrant feature as seen in some other tumors
such as extraskeletal chondromyxoid sarcomas [97].
It should also be pointed out that ICC, the putative
precursor cell of GIST, have never been shown to
express neuroendocrine features by electron
microscopy or immunohistochemistry.

The second is the presence of abnormal collagen
in some GIST. In GIST classified as non-myoid or
neuronal, no convincing EL can be found. Instead,
peculiar collagen fibers known as skeinoid fibers,
crystallized forms of tram-track appearance, and cen-
triole-like fibers can be seen. They are found along
the cytoplasmic borders of tumor cells or intercellu-
lar spaces where EL may normally be expected
(Figs. 8–10). It is interesting that the presence of EL
and crystallized collagen seem to be mutually exclu-
sive in a given tumor, suggesting the possibility that
the abnormal collagen seen in some GIST may rep-
resent altered collagen of lamina forming protein. It
is further interesting that GIST with abnormal colla-
gen are the ones more frequently associated with
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Fig. 6 A gastric GANT from a 16 year old female showing dense core granules and aggregates of intermediate fil-
aments with increased densities suggestive of actin filaments in the same cell.



multiple tumor syndromes such as NF1 and Carney’s
triad. In these syndromes, complex multiple muta-
tions may be an underlying condition. The abnormal
collagens in these syndromes may be the result of
other as yet unknown genetic change. In such cases,
it is not unreasonable to conclude that the majority of
GIST are composed of cells differentiating toward
smooth muscle cells and might derive from the pro-
genitor cells which retain potential to differentiate
toward c-Kit expressing smooth muscle cells and
mesenchymal cells.

The third is the presence of interstitial Cajal-like
cells (ICLC) in the extra-gastrointestinal sites and the
occurrence of so-called extra-gastrointestinal stromal
tumors (eGIST). The presence of ICLC has been
reported in many organs (urinary bladder, gallblad-
der, omentum, and mesentery; see ref. [98] for a
short overview). A partial list of organs proved to
contain ICLC includes pancreas [3], urinary tract [4,
5], uterus, fallopian tube [6, 7], atrial and ventricular
myocardium [9–11] and the list is growing.

Moreover, spatial distribution of ICC or ICLC and
interrelationships with nerves, blood vessels, and
various resident or migrating cells in interstitium
hypothetically suggest a role in local integration of
cells in tissues and tissues in organs by either gap
junctions or paracrine and/or juxtacrine mechanisms.

The finding of ICLC in the organs other than the gut
is not surprising, and is rather expected.  According to
the original concept of interstitial cell system of Cajal,
ICC are supposed to be present in other organs (e.g.
pancreas) [1, 2]. While Cajal has used methylene blue
staining techniques to demonstrate ICC, investigators
in these reports used immunostain techniques using
antibodies against CD117 for the identification of
ICLC. We would like to advice caution on staining
technique to evaluate CD117 expression. In our expe-
rience and others’ [99–101], interpretation of staining
results of CD117 can be complicated. Intensity and
sensitivity of stain depends on the staining techniques
applied (methods of antigen retrieval, and strength of
antibodies, and length of incubation of primary anti-
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Fig. 7 Detailes of actin-like filaments in a tumor cell of GANT.



body). With application of antigen retrieval procedure
and increased strength of antibody, spindle cells in var-
ious fibromatosis and other sclerosing lesions could be
stained positively for CD117 without background
staining, thus appearing as true specific expression
[102]. Yet, no one would accept these lesions as ICC
related lesions. Currently, we use a section of small
intestine containing myenteric plexus and ICC-AP as
positive control and sections of fibromatosis as nega-
tive control to set the optimum staining condition for
CD117 immuno-stains. ICLC seem to have cytologic
and immunohistochemical characteristics similar to
ICC and express c-Kit. Judging by the illustrations
included in the reports, ultrastructural characteristics of
ICLC are quite similar to ICC and more closely resem-
ble to those fibroblast-like ICC found around the
myenteric plexus [51] than ICC with myoid features.
The physiological role of ICLC is not clear. They are
not only found in muscular organs similar to the gut but
also in the organs in which no pacemaker function is
expected. Such ICLC may have other physiologic role.

Thus, further clarification of identity and function of
these cells may provide additional insight into our
understanding of ICC [102]. 

extra-GastroIntestinal Stromal Tumors
(eGIST)

The presence of ICLC in other organs could
explain the development of eGIST [98]. Spindle
cell tumors similar to GIST have been reported in
the extra-gastrointestinal sites such as omentum,
mesentery, urinary bladder, gallbladder, retroperi-
toneum, and pancreas [103–110] and their inci-
dence is frequent enough to be separately catego-
rized as extra-gastrointestinal stromal tumors
(eGIST). They seem to be indistinguishable from
GIST in their cytomorphology, c-Kit expression
and genetic changes. This similarity led to the
speculation that eGIST, particularly those arising
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Fig. 8 A small intestinal GANT from a 78 year old female showed frequent skeinoid fibers. Note EL-like lamina
material nearby.



in the adjacent area of the gut, were presumed to
arise from ICC or ICLC [103, 104]. Recent docu-
mentation of the wide presence of extra-gastroin-
testinal ICC in the sites eGIST occur suggests that
ICLC may be the progenitor cells of eGIST. In a
case of pancreatic eGIST reported by Yamamura et
al. [109], c-Kit expressing cells were found in the
adjacent normal pancreas and interpreted as the
possible progenitor cells of the pancreatic eGIST
they have described.

Conclusion

It appears that ICC with myoid features are not
the ICC originally depicted by Cajal. It was point-
ed out that most of data assigning pacemaker
function to ICC is based on the observations relat-
ed to ICC with myoid features. The interstitial
cells which express CD117 and are abundant

around the myenteric ganglia more likely repre-
sent the ICC described by Cajal. Their physiolog-
ic role has not been adequately documented. In
this regard, it is very encouraging to note that
there have been recent efforts to investigate the
relationship of various types of ICC, particularly
ICC found around the myenteric plexus (ICC-AP)
[111]. New data are forthcoming and are expected
to clarify some of these questions. 

GIST derive from a progenitor cell, most likely
a committed stem cell residing in the muscular wall
of the gut. These cells maintain some characteristics
of developing embryonal stem cells of the gut,
expressing both the mRNA of c-Kit and SMMHC
protein, and are capable of differentiating into c-Kit
expressing mesenchymal cells and/or actin contain-
ing smooth muscle cells. 

The acummulating data on ICLC and a more
precise description of eGIST will highly improve
our knowledge about interstitial cells in both phys-
iology and pathology.
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Fig. 9 A gastric GANT in a 17 year old girl having classical Carney's triad showing tram-track-like precipitated EL.
Note the normal looking EL adjacent to the precipitate.



Acknowledgement

The authors thanks to Dr. Ronald Schlesinger and Dr.
L.M. Popescu for their criticisms and suggestions. 

References
1. Cajal SR. Sur les ganglions et plexus nerveux de l’in-

testin. C.R. Soc Biol (Paris). 1893; 45: 217–23.
2. Cajal SR. Histologie du systeme nerveux de L’homme et

de Vertebres. Maloine, Paris, 1911.
3. Huizinga JD, Faussone-Pellegrini MS. About the pres-

ence of interstitial cells of Cajal outside the musculature of
the gastrointestinal tract. J Cell Mol Med. 2005; 9:
468–73.

4. Popescu LM, Hinescu ME, Ionescu N, Ciontea SM,
Cretoiu D, Ardelean C. Interstitial cells of Cajal in pan-
creas. J Cell Mol Med. 2005; 9: 169–90.

5. van der AA F, Roskams T, Blyweert W, Ost D,
Bogaert G, De Ridder D. Identification of kit positive
cells in the human urinary tract. J Urol. 2004; 171:
2492–6.

6. Lang RJ, Klemm MF. Interstitial cell of Cajal-like cells
in the upper urinary tract. J Cell Mol Med. 2005; 9:
543–56.

7. Sergeant GP, Thornbury KD, McHale NG, Hollywood
MA. Interstitial cells of Cajal in the urethra. J Cell Mol
Med. 2006; 10: 280–91.

8. Ciontea SM, Radu E, Regalia T, Ceafalan L, Cretoiu D,
Gherghiceanu M, Braga RI, Malincenco, M, Zagrean
L, Hinescu ME, Popescu LM. C-kit immunopositive
interstitial cells (Cajal-type) in human myometrium. J Cell
Mol Med. 2005; 9: 407–20.

9. Duquette RA, Shmygol A, Vaillant C, Mobasheri A,
Pope M, Burdyga T, Wray S. Vimentin-positive, c-kit-
negative interstitial cells in human and rat uterus: a role in
pace making? Biol Reprod. 2005; 72: 276–83.

10. Popescu LM, Ciontea SM, Cretoiu D, Hinescu ME,
Radu E, Ionescu N, Ceausu M, Gherghiceanu M,
Braga RI, Vasilescu F, Zagrean L. Novel type of inter-

1009

J. Cell. Mol. Med. Vol 10, No 4, 2006

Fig. 10 A small intestinal GANT of 36 year old female with NF1 showed frequent precipitate with centriole-like con-
figuration continuous to focal EL. 



stitial cell (Cajal-like) in human fallopian tube. J Cell Mol
Med. 2005; 9: 479–523.

11. Radu E, Regalia T, Ceafalan L, Andrei F, Cretoiu D,
Popescu LM. Cajal-type cells from human mammary
gland stroma: phenotype characteristics in cell culture. J
Cell Mol Med. 2005; 9: 748–52.

12. Gherghiceanu M, Popescu LM. Interstitial Cajal-like
cells (ICLC) in human resting mammary gland stroma.
Transmission electron microscope (TEM) identification. J
Cell Mol Med. 2005; 9: 893–910.

13. Hinescu ME, Popescu LM. Interstitial Cajal-like cells
(ICLC) in human atrial myocardium. J Cell Mol Med.
2005; 9: 972–5.

14. Hinescu ME, Gherghiceanu M, Mandache E,
Ciontea SM, Popescu LM. Interstitial Cajal-like cells
(ICLC) in atrial myocardium: ultrastructural and
immunohistochemical characterization. J Cell Mol
Med. 2006; 10: 243–57.

15. Popescu LM, Gherghiceanu M, Hinescu ME, Cretoiu
D, Ceafalan L, Regalia T, Popescu AC, Ardeleanu C,
Mandache E. Insights into the interstitium of ventricular
myocardium: interstitial Cajal-like cells (ICLC). J Cell
Mol Med. 2006; 10: 429–58.

16. Harhun MI, Pucovsky V, Povstyan OV, Gordienko DV,
Bolton TB. Interstitial cells in the vasculature. J Cell Mol
Med. 2005; 9: 232–43.

17. Harhun M, Gordienko D, Kryshtal D, Pucovsky V,
Bolton T. Role of intracellular stores in the regulation
of rhythmical [Ca2+]i changes in interstitial cells of
Cajal from rabbit portal vein. Cell Calcium 2006; 40:
287–98.

18. Komuro T. Structure and Organization of Interstitial Cells
of Cajal in the Gastrointestinal Tract. J Physiol. 2006; 576:
653–8.

19. Thuneberg L. One hundred years of interstitial cells of
Cajal. Microsc Res Tech. 1999; 47: 223–38. 

20. Popescu LM, Gherghiceanu M, Cretoiu D, Radu E.
The connective connection: interstitial cells of Cajal (ICC)
and ICC-like cells establish synapses with immunoreac-
tive cells. Electron microscope study in situ. J Cell Mol
Med. 2005; 9: 714–30.

21. Taxi J. Les cellules de Schwann et “cellules interstitialles
de Cajal” au niveau des plexus nerveux de la musculeuse
intestinale du cobaye: retour aux definitions. Arch Anat
Microsc Morphol Exp. 1952; 41: 281–304.

22. Jabonero V. Microphotographische Darstellung der wirk-
lichen interstitiellen Zellen von Cajal. Acta Neuroveg.
1965; 27: 496–510.

23. Gabella G. Fine structure of the myenteric plexus in the
guinea pig ileum. J Anat. 1972; 111: 69–97.

24. Christensen J. A commemtary on the morphological
identidfication of interstitial cells of Cajal in the gut. J
Autonom Nerv Sys. 1992; 37: 75–88.

25. Imazumi M. Hama K. An electromicroscopic study on
the interstitial cells of the gizzard in the love bird
(Uroloncha domestica). Z Forsch. 1969; 97: 351–7.

26. Komuro T. The interstitial cells of Cajal in the colon of
the rabbit. Scanning and transmission electron
microscopy. Cell Tiss Res. 1982; 222: 41–51.

27. Richardson KC. Studies on the structure of autonomic
nerves in the small intestine, correlating the silver impreg-
nated image in light microscopy with permanganate fixed
ultrastructure in electron microscopy. J Anat. 1960; 94:
457–72.

28. Rogers DC, Burnstock G. The interstitial cell and its
place in the concept of autonomic ground plexus. J Comp
Neurol. 1966; 126: 255–84.

29. Yamaguchi A. Electron microscopic studies on the auto-
nomic neuro-muscular junction in the tenia coli of the
guinea pig. Acta Anat Nippon. 1964; 39: 22–38.

30. Endo Y, Endo T, Kobayashi S. Electron microscopic
study on S100 protein immunoreactive cells in the guinea
pig duodenum, with special reference to the interstitial
cells of Cajal. Neurosc Letters 1987;  79: 272–6.

31. Zhou DS, Komuro T. Ultrastructure of the zinc-osmic
acid stained cells in the guinea pig small intestine. J Anat.
1995; 187: 481–5.

32. Duchon G, Henderson R, Daniel EE. Circulus muscle
layers in the small intesatine. In: Daniel, EE et al. (eds)
Proc 4th Int Symp Gastrointestinal Motility. Banff,
Alberta, Canada. Mitchell Press, Vancouver. 1974; pp.
635–46

33. Gabella G. Special muscle cells and their innervation in
the mammalian small intestine. Cell Tiss Res. 1974; 153:
63–7.

34. Faussone-Pellegrini MS, Cortesini C. Romagnoli P.
Sull’ultrstruttura della tunica muscolare della porzione
cardiale dell’esofago e dello stomaco umano con partico-
lare riferimento alle cosiddette cellule interstiziali di Cajal.
Arch Ital Anat Embryol 1977; 82: 157–77.

35. Connor JA Mangel AW, Nelson B. Propagation and
entrainment of slow waves in cat small intestine. Am J
Physiol 1979; 237: c237–46

36. Taylor GS, Daniel EE, Tomita T. Origin and mecha-
nisms of intestinal slow waves. Proc 5th Int Symposium on
Gastrointestinal Motility. Hereltals, Belgium. Typoff.
1976; pp 102–6.

37. Sperelakis N, Daniel EE. Activation of intestinal smooth
muscle cells by interstitial cells of Cajal in simulation
studies. Am J Physiol Gastrointest Liver Physiol. 2004;
286: G234–43.

38. Daniel EE, Bodie G, Mannarino M, Boddy G, Cho WJ.
Changes in membrane cholesterol affect caveolin-1 local-
ization and ICC-pacing in mouse jejunum. Am J Physiol
Gastrointest Liver Physiol. 2004; 287: G202–10.

39. Boddy G, Bong A, Cho W, Daniel EE. ICC pacing mech-
anisms in intact mouse intestine differ from those in cul-
tured or dissected intestine. Am J Physiol Gastrointest
Liver Physiol. 2004; 286: G653–62.

40. Rumessen JJ, Thuneberg L. Plexus musculus profundus
and associated interstitial cells. I. Light microscopical
studies of mouse small intestine. Anat Rec. 1982; 203:
115–27.

41. Rumessen JJ, Thuneberg L. Plexus musculus profundus
and associated interstitial cells. II. Ultrstructural studies of
mouse small intestine. Anat Rec. 1982; 203: 129–46.

42. Thuneberg L. Interstitial Cells of Cajal: intestinal pace-
maker cells? Advances in anatomy, embryology and cell

1010



biology Beck, F et al. (eds), Vol 71, Springer-Verlag,
Berlin. 1982.

43. Faussone-Pellegrini MS, Cortesini C. Some ultrastrucu-
tural features of the muscular coat of human small intes-
tine. Acta Anat (Basel) 1983; 115: 47–68.

44. Komuro T, Seki K, Horiguchi K. Ultrrastructural char-
acterization of the interstitial cells of Cajal. Arch Histol
Cytol. 1999; 62: 295–316

45. Faussone-Pellegrini MS, Pantalone D, Cortesini C. An
ultrastructural study of the interstitial cells of Cajal. J
Submic Cytol Pathol. 1989; 21: 439–60.

46. Rumessen JJ, Mikkelsen HB, Thuneberg L.
Ultrastructure of interstitial cells of Cajal associated with
deep muscular plexus of human small intestine.
Gastroenterology 1992; 102: 56–68.

47. Rumessen JJ, Mikkelsen HB, Qvortrup K, Thuneberg
L. Ultrastructure of interstitial cells of Cajal in circular
muscle of human small intestine. Gastroenterology 1993;
104: 343–50.

48. Rumessen JJ, Peters S, Thuneberg L. Light- and elec-
tron microscopical studies of interstitial cells of Cajal and
muscle cells at the submucosal border of human colon.
Lab Invest. 1993; 68: 481–95.

49. Faussone-Pellegrini MS, Thuneberg L. Guide to identi-
fication of interstitial cells of Cajal. Microsc Res Tech.
1999; 47: 248–66.

50. Kobayashi S. The centenary of the problem of the inter-
stitial cells of Cajal. Kaibogaku Zasshi 1996; 71: 629–37.

51. Min KW, Sook Seo I. Interstitial cells of Cajal in the
human small intestine: Immunohistochemical and
ultrastructural study. Ultrastruct Pathol. 2003; 27:
67–78.

52. Yamamoto M. Electronmicroscopic studies on the inner-
vation of the smooth muscle and interstitial cells of Cajal
in the small intestine of the mouse and bat. Arch Histol
Jpn. 1977; 40: 171–201.

53. Gabella G. Special muscle cells and their innervation in
the mammalian small intestine. Cell Tiss Res. 1974; 153:
63–7.

54. Maeda H, Yamagata A, Nishikawa S, Yoshinaga K,
Kobayashi S, Nishi K, Nishikawa S. Requirement of c-
Kit for development of interstitial pacemaker system.
Development 1992; 116: 369–75.

55. Komuro T, Zhou DS. Anti-c-kit protein immunoreactive
cells corresponding to the interstitial cells of Cajal in the
guinea-pig small intestine. J Auton Nerv Syst. 1996;
61:169–74.

56. Torihashi S, Horisawa M, Watanabe Y. c-Kit
immunoreactive cells in the human gastrointestinal tract. J
Auton Nerv Sys. 1999; 75: 38–50. 

57. Rumessen JJ, Vanderwinden JM. Interstitial cells in the
musculature of the gastrointestinal tract: Cajal and
beyond. Int Rev Cytol. 2003; 229: 115–208.

58. Barajas-Lopez C, Berezin I, Daniel EE, Huizinga JD.
Pacemaker activity recorded in interstitial cells of Cajal of
the gastrointestinal tract. Am J Physiol. 1989; 257:
c830–5.

59. Sanders KM. A case for interstitial cells of Cajal as
pacemakers and mediators of neurotransmission in the

gastrointestinal tract. Gastroenterology 1996; 111:
492–515.

60. Koh SD, Sanders KM, Ward SM. Spontaneous electrical
rhythmicity in cultured interstitial cells of Cajal from the
murine small intestine. J Physiol. 1998; 513.1: 203–13.

61. Thomsen L, Robinson TL, Lee JC, Farraway LA,
Hughes MJ, Andrews DW, Huizinga JD. Interstitial
cells of Cajal generate a rhythmic pacemaker current. Nat
Med. 1995; 4: 848–51.

62. Kindblom LG, Remotti HE, Aldenborg F, Meis-
Kindblom JM. Gastrointestinal pacemaker cell tumor
(GIPACT): Gastrointestinal stromal tumors show pheno-
typic characteristics of interstitial cells of Cajal. Am J
Pathol. 1998;  152: 1259–69.

63. Sarlomo-Rikala M, Kovatich AJ, Barusevicius A,
Miettinen M. CD-117: A sensitive marker for gastroin-
testinal stromal tumor more specific than CD34. Mod
Pathol. 1998; 11: 728–34.

64. Sircar K, Hewlett BR, Huizinga JD, Chorneyko K,
Berezin I, Riddell RH. Interstitial cells of Cajal as pre-
cursors of gastrointestinal stromal tumors. Am J Surg
Pathol. 1999; 23: 377–89.

65. Hirota S, Isozaki K, Moriyama Y, Hashimoto K,
Nishida T, Ishiguro S, Kawano K, Hanada M, Kurata
A, Takeda M, Muhammad Tunio G, Matsuzawa Y,
Kanakura Y, Shinomura Y, Kitamura Y. Gain-of-func-
tion mutations of c-Kit in human gastrointestinal stromal
tumors. Science 1998; 279: 577–80.

66. Rubin BP, Singer S, Tsao C, Duensing A, Lux ML, Ruiz
R, Hibbard MK, Chen CJ, Xiao S, Tuveson DA,
Demetri GD, Fletcher CD, Fletcher JA. Kit activation is
a ubiquitous feature of gastrointestinal stromal tumors.
Cancer Res. 2001; 61: 8118–21.

67. O’Leary T, Berman JJ. Gastrointestinal stromal
tumors. Answers and questions. Human Pathol. 2002;
33: 456–8.

68. Fletcher CD, Berman JJ, Corless C, Gorstein F, Lasota
J, Longley BJ, Miettinen M, O’Leary TJ, Remotti H,
Rubin BP, Shmookler B, Sobin LH, Weiss SW.
Diagnosis of gastrointestinal stromal tumors: A consensus
approach. Human Pathol. 2002; 33: 459–65.

69. Dematteo RP, Heinrich MC, El-Rifai WM, Demetri G.
Clinical management of gastrointestinal stromal tumors:
Before and after STI-571. Human Pathol. 2002; 33:
466–77.

70. Popescu LM, Vidulescu C, Curici A, Caravia L,
Simionescu AA, Ciontea SM, Simion S. Imatinib inhibits
spontaneous rhythmic contractions of human uterus and
intestine. Eur J Pharmacol. 2006; 546: 177–81.

71. Tibes R, Trent J, Kurzrock R. Tyrosine kinase inhibitors
and the dawn of molecular cancer therapeutics. Annu Rev
Pharmacol Toxicol. 2005; 45: 357–84.

72. Mazur MT, Clark HB. Gastric stromal tumors:
Reappraisal of histogenesis. Am J Surg Pathol. 1983; 7:
507–19.

73. Erlandson RA, Klimstra DS, Woodruff JM.
Subclassification of gastrointestinal stromal tumors based
on evaluation by electron microscopy and immunohisto-
chemistry. Ultrrastruct Pathol. 1996; 20: 373–93

1011

J. Cell. Mol. Med. Vol 10, No 4, 2006



74. Yantiss RK, Rosenberg AE, Selig MK, Nielsen GP.
Gatrointestinal stromal tumors: An ultrastructural study. J
Int Surg Pathol. 2002; 10: 101–13.

75. Park SH, Kim MK, Kim H, Song BJ, Chi JG.
Ultrastructural studies of gastrointestinal stromal tumors. J
Korean Med Sci. 2004; 19: 234–44.

76. Herrera GA, Pinto de Moraes H, Grizzle WE, Han SG.
Malignant small bowel neoplasm of enteric plexus deriva-
tion (plexosarcoma). Light and electron microscopic study
confirming the origin of the neoplasm. Dig Dis Sci. 1984;
29: 275–84.

77. Lauwers GY, Erlandson RA, Casper ES, Brennan MF,
Woodruff JM. Gastrointestinal autonomic nerve tumors.
A clinicopathologic, immunohistochemical and ultrastruc-
tural study of 12 cases. Am J Surg Pathol. 1993; 17:
887–97.

78. Donner LR. Gastrointestinl autonomic nerve tumor: a
common type of gastrointestinal stromal neoplasm.
Ultrastruct Pathol. 1997; 21: 419–23.

79. Min KW. Small intestinal stromal tumors with skeinoid
fibers: Clinicopathological, immunohistochemical and
ultrastructural investigations. Am J Surg  Pathol. 1992; 16:
145–55.

80. Lee JR, Joshi V, Griffin JW Jr, Lasota J, Miettinen M.
Gastrointestinal autonomic nerve tumor: immunohisto-
chemicakl and molecular identity with gastrointestinal
stromal tumors. Am J Surg Pathol. 2001; 25: 979–87.

81. Hirota S, Nishida T, Isozaki K, Taniguchi M,
Nishikawa K, Ohashi A, Takabayashi A, Obayashi T,
Okuno T, Kinoshita K, Chen H, Shinomura Y,
Kitamura Y. Familial gastrointestinal stromal tumors
associated with dysphagia and novo type germline muta-
tion of Kit gene. Gastroenterology 2002; 122: 1493–9.

82. Sommer G, Agosti V, Ehlers I, Rossi F, Corbacioglu S,
Farkas J, Moore M, Manova K, Antonescu CR,
Besmer P. Gastrointestinal stromal tumors in a mouse
model by targeted mutation of the Kit receptor tyrosine
kinase. Proc Nat Acad Sci USA. 2003; 100: 6706–11.

83. O’Brien P, Kapusta L, Dardick I, Axler J, Gnidec A.
Multiple familial gastrointestinal autonomic nerve tumors
and small intestinal neuronal dysplasia. Am J Surg Pathol.
1999; 23: 198–204.

84. Min KW, Balaton AJ. Small intestinal stromal tumors
with skeinoid fibers in neurofibromatosis. Report of four
cases with ultrastructural study of skeinoid fibers from
paraffin blocks. Ultrastruct Pathol. 1993; 17: 307–14.

85. Takazawa Y, Sakurai S, Sakuma Y, Ikeda T,
Yamaguchi J, Hashizume Y, Yokoyama S, Motegi A,
Fukayama M. Gastrointestinal stromal tumors of neurofi-
bromatosis Type 1 (von Recklinghausen’s disease). Am J
Surg Pathol. 2005; 29: 755–63.

86. Carney JA. Gastric stromal sarcoma, pulmonary chon-
droma, and extraadrenal paraganglioma (Carney’s triad):
Natural history, adrenal cortical component, and possible
familial occurrence. Mayo Clinic Proc. 1999; 74: 543-52.

87. HD Appleman. The Carney Triad: a lesson in observation,
creativity, and perseverance. Mayo Clinic Proc. 1999; 74:
638–40.

88. Rubin BP, Antonescu CR, Scott-Browne JP, Comstock
ML, Gu Y, Tanas MR, Ware CB, Woodell J. A knock-in

mouse model of gastrointestinal stromal tumor harboring
kit k641E. Cancer Res. 2005; 65: 6631–9.

89. Min KW. Stromal elements for tumor diagnosis: A brief
review of diagnostic electron microscopic features.
Ultrastruct Pathol. 2005; 29: 305–18.

90. Mentzel T, Katenkamp D. Gastrointestinal stromal tumor
with skeinoid fibers and bidirectional immunohistochemi-
cal differentiation. Histopathology 1996; 29: 175-7.

91. Lecoin L, Gabella G, Le Douarin N. Origin of the c-Kit
positive interstitial cells in the avian bowel. Development.
1996; 122: 725–33.

92. Young HM, Ciampoli D, Southwell BR, Newgreen DF.
Origin of interstitial cells of Cajal in the mouse intestine.
Develop Biol. 1996; 180: 97–107.

93. Ward SM, Torihashi S. Morphological changes during
ontogeny of the canine proximal colon. Cell Tiss Res.
1995; 282: 93–108.

94. Kluppel M, Huizinga JD, Malysz J, Bernstein A.
Developmental origin and Kit-dependent development of
the interstitial cells of Cajal in the mammalian small intes-
tine. Develop Dyn. 1998; 211: 60–71.

95. Sakurai S, Fukasawa T, Chong JM, Tanaka A,
Fukayama M. Embryonic form of smooth muscle myosin
heavy chain (S Memb/MHC-B) in gastrointestinal tumor
and interstitial cell of Cajal.  Am J Pathol. 1999; 154:
23–8.

96. Torihashi S, Nishi K, Tokutomi Y, Nishi T, Ward S,
Sanders KM. Blockade of Kit signaling induces transdif-
ferentiation of interstitial cells of Cajal to a smooth mus-
cle phenotype. Gastroenterology 1999; 117: 140–8.

97. Domanski HA, Carlen B, Mertens F, Akerman M.
Extraskeletal myxoid chondrosarcoma with neuroen-
docrine differentiation: a case report with fine-needle aspi-
ration biopsy, histopathology, electron microscopy, and
cytogenetics. Ultrastruct Pathol. 2003; 27: 363–8.

98. Bussolati G. Of GISTs and EGISTs, ICCs and ICs.
Virchows Arch. 2005; 447: 907–8.

99. Min K-W. Letter to the Editor. J Cell Mol Med. 2005; 9: 737.
100. Popescu LM, Hinescu ME, Radu E, Ciontea SM,

Cretoiu D, Leabu M, Ardeleanu C. CD117/c-kit positive
interstitial (Cajal-like) cells in human pancreas. J Cell Mol
Med. 2005; 9: 738–9.

101. Lucas DR, al-Abbadi M, Tabaczka P, Hamre MR,
Weaver DW, Mott MJ. C-Kit expression in desmoid
fibromatosis. Comparative immunohistochemical evalua-
tion of two commercial antibodies. Am J Clin Pathol.
2003; 119: 339–45.

102. Huizinga JD, Faussone-Pellegrini MS. About the pres-
ence of interstitial cells of Cajal outside the musculature of
the gastrointestinal tract. J Cell Mol Med. 2005; 9:
468–73.

103. Miettinen M, Monihan JM, Sarlomo-Rikala M,
Kovatich AJ, Carr NJ, Emory TS, Sobin LH.
Gastrointestinal stromal tumor/smooth muscle tumors
(GISTs) primary in the omentum and mesentery: clinico-
pathologic and immunohistochemical study of 26 cases.
Am J Surg Pathol. 1999; 23: 1109–18.

104. Lasota J, Carlson JA, Miettinen M. Spindle cell tumor
of urinary bladder serosa with phenotypic and genotypic
features of gastrointesatinal stromal tumor. A clinical

1012



report with documentation of Kit expression and mutation.
Arch Pathol Lab Med. 2000; 124: 894–7.

105.Ortiz-Hidalgo C, de Leon BoJorge B, Albores-
Saavedra J. Stromal tumor of the gall bladder with
phenotype of interstitial cells of Cajal: a previously
unrecognized neoplasm. Am J Surg Pathol. 2000; 24:
1420–3.

106. Park JK, Choi SH, Lee S, Min KO, Yun SS, Jeon HM.
Malignant gastrointestinal stromal tumor of the gall blad-
der. J Korean Med Sci. 2004; 19; 763–7.

107. Yamaura K, Kato K, Miyazawa M, Haba Y,
Muramatsu A, Miyata K, Koide N. Stromal tumor of the
pancreas with expression of c-kit protein: report of a case.
J Gastroenterol Hepatol. 2004; 19: 467–70.

108. Daum O, Klecka J, Ferda J, Treska V, Vanecek T, Sima
R, Mukensnabl P, Michal M. Gastrointestinal stromal

tumor of the pancreas: case report with documentation of
Kit gene mutations. Virchow Arch. 2005; 446: 470–2.

109.Pauser U, da Silva MT, Placke J, Klimstra DS,
Kloppel G. Cellular hamartoma resembling gastrointesti-
nal stromal tumor: a solid tumor of the pancreas express-
ing c-kit (CD117). Mod Pathol. 2005; 18: 1211–6.

110.Yamamoto H, Oda Y, Kawaguchi K, Nakamura N,
Takahira T, Tamiya S, Saito T, Oshiro Y, Ohta M,
Yao T, Tsuneyoshi M. c-kit and PDGFRA mutations in
extragastrointestinal stromal tumor (gastrointestinal
stromal tumor of soft tissue). Am J Surg Pathol. 2004;
28: 479–88.

111. Vanderwinden JM, Rumessen JJ, Laet MH,
Vanderhaeghen JJ, Schiffmann SN. CD34+ cells in
human intestine are fibroblasts adjacent to, but didtinct
from, interstitial cells of Cajal. Lab Invest. 1999; 79: 59–65.

1013

J. Cell. Mol. Med. Vol 10, No 4, 2006



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


