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Abstract

Interstitial cells of Cajal (ICC)-like cells (ICC-LCs) have been identified in many regions of the urinary tract and male genital organs by
immunohistochemical studies and electron microscopy. ICC-LCs are characterized by their spontaneous electrical and Ca2� signalling
and the cellular mechanisms of their generation have been extensively investigated. Spontaneous activity in ICC-LCs rises from the
release of internally stored Ca2� and the opening of Ca2�-activated Cl� channels to generate spontaneous transient depolarizations
(STDs) in a manner not fundamentally dependent on Ca2� influx through L-type voltage-dependent Ca2� channels. Since urogenital ICC-
LCs have been identified by their immunoreactivity to Kit (CD117) antibodies, the often-used specific marker for ICC in the gastrointesti-
nal tract, their functions have been thought likely to be similar. Thus ICC-LCs in the urogenital tract might be expected to act as either
electrical pacemaker cells to drive the smooth muscle wall or as intermediaries in neuromuscular transmission. However, present knowl-
edge of the functions of ICC-LCs suggests that their functions are not so predetermined, that their functions may be very region spe-
cific, particularly under pathological conditions. In this review, we summarize recent advances in our understanding of the location and
function of ICC-LCs in various organs of the urogenital system. We also discuss several unsolved issues regarding the identification,
properties and functions of ICC-LCs in various urogenital regions in health and disease.

Keywords: interstitial cells of Cajal-like cells • urogenital tract • bladder • urethra • prostate • renal pelvis • corpus cavernosum

J. Cell. Mol. Med. Vol 14, No 6A, 2010 pp. 1199-1211

*Correspondence to: Dr. R. J. LANG,
Department of Physiology,
School of Biomedical Sciences, Faculty of Medicine, 
Health Sciences & Nursing, Monash University, 

Clayton, VIC 3800, Australia.
Tel.: 613 99052517
Fax: 613 9905 2547
Email: rick.lang@med.monash.edu. au

© 2010 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

doi:10.1111/j.1582-4934.2010.01043.x

Guest Editor: K.M. Sanders

• Overview
• Individual organs

- ICC-LCs in the bladder
- ICC-LCs in the urethra

- ICC-LCs in the penis
- ICC-LCs in the upper urinary tract
- ICC-LCs in the prostate

• Future of ICC-LCs research in urogenital organs

Interstitial Cells in Smooth Muscles 
Review Series

Overview

The muscle wall of the urinary tract and male genital organs devel-
ops spontaneous contractile activity that is modulated by both
efferent and afferent nerves as well as signals from the urothelium
and circulating hormones. Originally, such spontaneous contrac-
tile activity was considered to originate from the smooth muscle
cells (SMCs) themselves, and thus often referred to as ‘myogenic
activity’. However, with the establishment that interstitial cells of
Cajal (ICC) are the primary pacemakers driving slow wave gener-
ation in the gastrointestinal (GI) tract and that they can be ‘selec-
tively’ identification with antibodies raised against the Kit receptor
(cluster of differentiation [CD]117) of the receptor tyrosine kinase
[1], many regions of the urogenital tract have been recently exam-

ined for the presence of similar cells. It is becoming evident that
Kit� cells with morphologies consistent with being ICC-like,
 particularly when examined using transmission electron
microscopy, are ubiquitously distributed throughout the upper
and lower urinary tract and male genital organs [2]. Although
these ICC-like cells (ICC-LCs) may form close associations with
their neighbours, be they other ICC-LCs or SMCs within the
 muscle wall, they do not form the extensive three-dimensional
networks similar to the network of ICCs in the GI tract. There is
also considerable species and region specific variation in the dis-
tribution, morphology and sensitivity of ICC-LCs to Kit antibodies.
Transgenic mice, which have a mutation of the dominant white
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spotting (W) locus (Kit receptor) (W/Wv mice) or its natural ligand
stem cell factor (SCF; Sl/Sld mice) and associated reductions in
Kit-dependent differentiation of ICC in the GI tract, are little
affected in terms of their contractility and Ca2� signalling in ICC-
LCs of the bladder [3] or renal pelvis (see below).

Since many ICC-LCs have been initially identified by their Kit
(CD117)-immuno-positivity, studies into their function have been
predicated on existing knowledge of the cellular mechanisms driv-
ing GI ICC. Indeed, ICC-LCs in situ and after enzymatic isolation
generate spontaneous Ca2� transients relying on Ca2� release
from the endoplasmic reticulum [4–6]. The maintenance of these
spontaneous signals requires the presence of extracellular Ca2�,
however this Ca2� influx is critically not via the opening of L-type
voltage-operated Ca2� channels (VOCCs) [4–7], the opening of
these channels being fundamental for action potential generation
and contraction in the SMC wall [8, 9].

Spontaneous Ca2� transients in ICC-LCs exhibit many common
properties between organs and species. These Ca2� transients are
consistently recorded at lower frequencies and have a longer dura-
tion than the Ca2� transients recorded in neighbouring smooth
muscle bundles. In addition, spontaneous Ca2� transients recorded
in ICC-LCs of bladder [7] and renal pelvis [6] have little temporal
relationship with the Ca2� signals in adjacent SMCs (Fig. 1A and B).
In the urethra, less than 30% of ICC-LCs in situ have a close tem-
poral correlation with Ca2� signals of the SMCs [5] (Fig. 1C).

Our understanding of ICC-LCs function is complicated by the
presence of other cells capable of generating spontaneous electri-
cal activity. Single SMCs isolated from the bladder and corpus

cavernosum are capable of generating spontaneous electrical sig-
nals [10–12], and thus may not require distinct pacemaker cells to
drive muscle contractility. In the bladder, myofibroblasts in the
suburothelial layer (also referred as suburothelial ICC-LCs) have a
morphology similar to ICC-LCs and can also generate sponta-
neous electrical and Ca2� activity [13]. In the renal pelvis, atypical
SMCs have the morphological characteristics, distribution and
Ca2� and electrical signalling consistent with having a pacemaker
role in pyeloureteric peristalsis [6, 14]. Interestingly, although the
spontaneous Ca2� transients in atypical SMCs also depend on
Ca2� release from the endoplasmic reticulum involving both InsP3

and ryanodine receptors, this released Ca2� appears to open Ca2�

activated cation-selective channels, rather than Cl� channels, to
generate their spontaneous transient depolarizations (STDs) [6].

Both three-dimensional immunohistology and electron
microscopy reveal a close apposition between ICC-LCs and nerves
[15–17]. They also respond to applied neurotransmitters, includ-
ing acetylcholine, noradrenalin and ATP depending on their distri-
bution [13, 18, 19]. Therefore, ICC-LCs have been proposed by
some to act as intermediaries in neuromuscular transmission in
the urogenital tract and that this role changes during pathological
conditions. However, the smooth muscle wall in most urogenital
organs also receive a reasonably dense innervation [20, 21] and
respond to neurotransmitter mimetics acting on the same recep-
tor subtypes as those on ICC-LCs [13, 18, 19]. Responses to elec-
trical nerve stimulation is also very region specific. For example,
electrical nerve stimulation has little effect on the contractility of
the renal pelvis and ureter except at very high frequencies [22, 23],
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Fig. 1 Commonality of spontaneous Ca2�

transients recorded from ICC-LCs in the uri-
nary tract (A) simultaneous recording of
spontaneous Ca2� transients in ICC-LCs
(blue) and typical smooth muscle cells (red)
of the mouse renal pelvis failed to show any
temporal correlation. (B) In the rabbit ure-
thra, the spontaneous Ca2� transients in ICC-
LCs (blue) also do not have any close tempo-
ral relationship with circular SMCs (red). (C)
A simultaneous recording of spontaneous
Ca2� transients from ICC-LCs (blue) and
detrusor SMCs (red) in the guinea pig blad-
der. Note that Ca2� transients in ICC-LCs
exhibit similar temporal characteristics
among tissues as well as species.
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while the bladder and urethra appears to be more tightly controlled
by parasympathetic and sympathetic innervations.

In this review, we summarize recent advances in our under-
standing of the location and function of ICC-LCs in various organs
of the urogenital tract, as well as describe the variability in the mech-
anisms by which they generate their Ca2� and electrical signals and
what influence they may have on the SMC wall contractility.

ICC-LCs in the bladder

Electrophysiological investigations have demonstrated that iso-
lated detrusor SMCs of the bladder are capable of generating
spontaneous action potentials which are almost identical to those
recorded in intact preparations [10]. Moreover, detrusor smooth
muscles taken from idiopathic overactive bladder have been
shown to exhibit aberrant spontaneous activity, suggesting that
the increased excitability of detrusor smooth muscles during this
pathological condition may be attributed to the altered properties
of the SMCs themselves [24]. Thus, unlike GI tissues, where the
electrical activity is primarily generated by ICC, the bladder may
not require distinct electrical pacemaker cells. Nevertheless, ICC-
LCs in the bladder are preferentially located along the boundary of
SMC bundles where many spontaneous SMC Ca2� transients
originate suggesting that they may play some role in generating
spontaneous activity. Isolated single ICC-LCs are capable of gen-
erating spontaneous Ca2� transients and responded to muscarinic
receptor stimulation with Ca2� transients that persist in the pres-
ence of nifedipine [19]. Although L-type VOCCs have been
recorded from isolated ICC-LCs, existing evidence suggests that
these VOCCs are not involved in the generation of their sponta-
neous activity. Ca2� transients recorded from ICC-LCs in situ
occur independently of those in neighbouring SMCs even when
synchronous Ca2� waves sweep across the muscle bundles [8, 19].
Therefore, although the presence of boundary ICC-LCs seems to
be in the ideal location to drive the bulk of SMCs in the bladder,
they are unlikely to be acting as pacemaker cells.

In human beings, the finding that Kit� cells are increased in
samples taken from patients with overactive bladder suggests a
role for ICC-LCs in intercellular signal transmission [17, 25].
Imatinib mesylate (Glivecx, Novartis Pharma, Switzerland), an
inhibitor of Kit receptor tyrosine kinase, is more potent at inhibit-
ing evoked and spontaneous contractions in overactive bladder
than in normal bladder [17]. Although the inhibitory action of ima-
tinib in the normal balder, particularly on the amplitude of contrac-
tions, is most likely attributable to its non-specific action on both
L-type VOCCs and Ca2� release from intracellular stores [26], Kit-
signalling pathways may be well up-regulated in the overactive
bladder. In guinea pig, bladder outlet obstruction dramatically
increases the number of Kit� and vimentin� ICC-LCs (Fig. 2) [17],
indicating that ICC-LCs in the bladder must have different regula-
tory mechanisms than those determining the development of ICC
in the GI tract [27], or ICC-LCs in the renal pelvis [28], where
decreases in cell numbers have been observed in regions oral of

the site of obstruction. Although the reduction of Kit signalling in
W/Wv transgenic mice leads to site-specific decreases in ICC num-
bers and a dysregulation of GI motility [29], neither the distribu-
tion of Kit� ICC-LCs nor the spontaneous contractile activity in the
bladder is affected [3]. Similarly, bladders of Sl/Sld mice, in which
the production of SCF the native ligand for the Kit receptor is
diminished, do not show a reduction in the number of Kit� ICC-
LCs or any alteration in their spontaneous contractility (H.
Hashitani, unpublished observations). These results suggest that
the SCF/ Kit pathway may not be an exclusive trigger for the dif-
ferentiation and development of ICC-LCs in the urogenital tract,
despite their often common expression of Kit immunoreactivity.
Interestingly, ICC-LCs have been identified in the human bladder
which are (CD117) Kit–, but CD34 immunoreactive, and which
have a stellate morphology that envelops and intermingles with
individual muscle fascicles [30].

ICC-LCs may play an important role in the nerve-mediated
modulation of detrusor smooth muscle excitability. Following
stimulation with sodium nitroprusside, ICC-LCs in the bladder
develop an intense induction of cGMP immunoreactivity, while the
detrusor SMCs remain uniformly negative [20]. In addition, a
close apposition of ICC-LCs with cholinergic nerves has also been
identified by immunohistochemical studies [15]. This is consistent
with the finding that isolated ICC-LCs readily respond to mus-
carinic receptor stimulation by firing Ca2� transients [19].
Therefore, ICC-LCs in the bladder may be involved in the neuro-
muscular transmission, and thus changes in ICC-LC numbers may
account for the increased excitability of detrusor smooth muscle
in overactive bladders. However, it should be noted that SMCs also
respond to muscarinic receptor stimulation through the same
receptor subtype and at the same concentration range as do ICC-
LCs [19]. Sildenafil, a PDE5 inhibitor, suppresses spontaneous
contractions in detrusor smooth muscle preparations, while hav-
ing little effect on the spontaneous activity in single detrusor SMC
bundles [31]. Interestingly, sodium nitroprusside, a nitric oxide
donor, enhances spontaneous excitations in detrusor smooth
muscle in a cGMP-independent manner, while 8-Br-cGMP invari-
ably suppresses spontaneous contractions of the intact bladder.
Thus accumulation of endogenous cGMP in ICC-LCs by sildenafil
may diminish communications between muscle bundles to sup-
press the spontaneous contractions in the bladder.

The suburothelium region of the human bladder contains a net-
work of vimentin� myofibroblasts (suburothelial ICC-LCs) that
appear to be interconnected via the gap junction protein, connexin
43 [32]. Unlike ICC-LCs in the detrusor layer of the guinea pig
bladder, these cells were first described as not expressing Kit
immunoreactivity, although others have recently demonstrated the
presence of Kit�, stellate-shaped ICC-LCs in this region [15]. In
addition, myofibroblasts are contractile, unlike ICC-LCs in the
detrusor muscle layer which do not contract either spontaneously
or upon stimulation. Myofibroblasts form close associations with
suburothelial afferents [33] and may also be the target of efferent
nitrergic nerves [20]. Isolated myofibroblasts are spontaneously
active, respond to ATP upon P2Y receptor activation, but not to
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muscarinic receptor activation, to generate inward currents and
transient increases of intracellular Ca2� [13]. These cells are ide-
ally located to play a modulatory role in the process of bladder
 sensation and may play an intermediate and variable gain stage in
the process of bladder filling. Therefore, pathological changes in
suburothelial myofibroblast may also account for the sensation of
urgency in the overactive bladder. In obstructed bladders of guinea
pig, the distribution of Kit� ICC-LCs extends towards the detrusor
muscle layer [17], suggesting that the altered distribution of ICC-
LCs may play a role in the signalling pathway from the urothelium
to afferent nerves or underlying detrusor smooth muscles.

ICC-LCs in the urethra

Smooth muscle strips taken from the urethra develop sponta-
neous tone maintained by the firing of slow waves generated from
the summation of STDs [34, 35]. As in the gut, the generation of
STDs occurs in ICC-LCs, while isolated single SMCs are electri-
cally quiescent, indicating that ICC-LCs in the urethra may have a

genuine pacemaker role [36]. However, the sustained mechanical
tone of the urethral smooth muscle strips, is clearly different from
the slow wave-associated phasic contractions in the gut suggest-
ing that the signal transmission from ICC-LCs to SMCs in the
 urethra may well be quite different from that in the gut.

Spontaneous Ca2� transients recorded in ICC-LCs of the
 rabbit urethra in situ occur at a frequency of 1–10/min., and have
a much longer duration (5–30 sec.) than the Ca2� transients in the
urethral SMCs (1–3 sec. duration) measured in same preparation
(Fig. 1B) [5]. Urethral ICC-LCs are distributed either separately
and sparsely or as small clusters – they do not form an extensive
network [16]. Nicardipine, which either abolishes or greatly
reduces the amplitude of Ca2� transients in SMCs has little effect
on Ca2� transients of ICC-LCs; however, the generation Ca2� tran-
sients in ICC-LCs is prevented by omitting extracellular Ca2� [5].
Spontaneous Ca2� transients of ICC-LCs are readily abolished by
CPA, ryanodine or caffeine, while their amplitude was greatly sup-
pressed by 2-APB, suggesting that their generation results from
the Ca2� release from intracellular Ca2� stores through both ryan-
odine-sensitive and InsP3-sensitive Ca2� release channels. These
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Fig. 2 Increased population of Kit� and
vimentin� ICC-LCs in the obstructed bladder
of the guinea pig (Aa) In normal bladder Kit-
immunoreactive ICC-LCs are scattered in the
subserosal and detrusor muscle layers. (Ab)
Kit� cells are spindle or stellate shaped when
viewed at higher magnification. (Ba) In
obstructed bladders, the number of Kit� ICC-
LCs is dramatically increased. (Bb) Kit� ICC-
LCs form close contacts with each other. (Ca)
In the normal bladder vimentin� ICC-LCs are
distributed in the suburothelial layer. The
white line indicates the border between the
urothelium and the suburothelial layer. (Cb)
In obstructed bladders the number of
vimentin� ICC-LCs is increased and their dis-
tribution expanded. Modified from [17] with
permission.
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properties are maintained in single urethral ICC-LCs after enzy-
matic isolation [37] confirming that spontaneous activity of ICC-
LCs relies on Ca2� mobilization through intracellular Ca2� stores.
In addition, the essential role of mitochondria in generating spon-
taneous Ca2� transients in ICC-LCs has also recently been demon-
strated [38].

Despite ICC-LCs ability of generating spontaneous Ca2� and
electrical activity, they often fail to show a close temporal relation-
ship with neighbouring SMCs (Figs 1 and 3), suggesting they are
not necessarily strongly coupled to their neighbours, in contrast to
GI ICC [5]. Fluo-4 Ca2� imaging shows that spontaneous Ca2�

transients occur randomly in individual SMC bundles. Even within
a muscle bundle, Ca2� transients seldom form intercellular Ca2�

waves. In the circular muscle of the rabbit urethra, STDs and slow
waves recorded in intact preparations are very similar to the elec-
trical signals generated by isolated ICC-LCs [34] suggesting that
the electrical transients generated in ICC-LCs faithfully propagate
into neighbouring SMCs, which appear to have relatively high

input resistances. However, the electrical coupling between ure-
thral SMCs seems relatively poor, and this lack of synchronicity
between and within muscle bundles may also contribute to the
poor temporal relationship between ICC-LCs and SMCs. The situ-
ation may be different in the longitudinal muscle of the urethra
where bursting action potentials are regularly recorded [39, 40].

Spontaneous electrical and Ca2� signals generated by ICC-LCs
in the urethra are accelerated by �-adrenoceptor stimulation and
suppressed by nitric oxide [5, 18, 41]. Thus ICC-LCs may well act
as mediators of the effects of both excitatory and inhibitory neu-
rotransmission, particularly if ICC-LCs electrically drive the ure-
thral smooth muscle. However, urethral SMCs are also capable of
responding to noradrenaline and nitric oxide [40, 42]. Thus a par-
allel innervation appears to present in which both ICC-LCs and
SMCs are effectors of efferent nerves in the urethra. Because of
the ‘less secure’ pacemaking activity of ICC-LCs as well as the rel-
atively low cell-to-cell coupling between urethral smooth muscle,
neural inputs that facilitate spontaneous contractility may be
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Fig. 3 ICC-LCs in the urethra act as ‘less
secure’ pacemaker cells (Aa) In circular
smooth muscle layer of the rabbit urethra,
about 30% of ICC-LCs generated sponta-
neous Ca2� transients that had a close tem-
poral relationship with adjacent SMCs. (Ab)
In the remaining 70% of cells, ICC-LCs gen-
erated spontaneous Ca2� transients that
were independent of the smooth muscle
activity. (B) The frequency of ICC-LCs Ca2�

transients was invariably lower than the Ca2�

transients in the smooth muscle. (C) Model
of ICC-LC pacemaking in the urethra.
Individual or coupled ICC-LCs send depolar-
izing inputs (STDs) to adjacent SMCs.
Because of low cell-to-cell electrical coupling
between urethral SMCs, pacemaker signals
from ICC-LCs seldom cause intercellular
Ca2� waves within muscle bundles. However,
summed signal inputs from ICC-LCs to
smooth muscle increase the urethras overall
excitability.
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required to promote the synchronous contractions within and
across muscle bundles and play an important role in maintaining
urethral muscle tone.

ICC-LCs in the penis

Spontaneous contractions have been recorded in corporal smooth
muscle preparations taken from various mammals, including man,
and are considered to contribute to the sustained smooth muscle
tone in the flaccid penis. These contractions result from the spon-
taneous generation of action potentials and associated transient
increases in internal Ca2� that are readily prevented by L-type
VOCCs blockers [43].

Spontaneous Ca2� transients recorded from corpus spongio-
sum smooth muscle of the guinea pig are blocked by CPA, ryan-
odine or 2-APB, suggesting that Ca2� release from intracellular
Ca2� stores via both InsP3- and ryanodine-receptors contributes
to their generation [44]. Spontaneous transient inward currents
have been recorded in single SMCs of rat and human corpus cav-
ernosum smooth muscle (CCSM) [11]. In single rabbit CCSM, the
generation of spontaneous transient inward currents relies on the
opening of Ca2�-activated Cl� channels upon the release of Ca2�

from intracellular stores [12]. Consistently, spontaneous action
potentials recorded form rabbit CCSM in situ are prevented by

either CPA or niflumic acid, a blocker of Ca2�-activated Cl� chan-
nels [45]. Therefore, spontaneous activity of corporal smooth
muscle appears to be primarily initiated by Ca2� release from
intracellular stores that opens Ca2�-activated Cl� channels to
depolarize the membrane. Since the resting membrane potential in
CCSM (about �45 mV) is close to the activation threshold for L-
type Ca2� channels, the resulting oscillatory depolarizations
would ‘securely’ trigger action potential discharge.

ICC-like cells have been identified in the corporal tissue by their
immunoreactivity to antibodies raised against the Kit receptor [44,
45]. However, corporal SMCs themselves are capable of generat-
ing Ca2� store-dependent depolarizations to trigger action poten-
tials, and thus ICC-LCs may play other roles in addition to being
pacemaker potential generators. Immunohistochemical and bio-
chemical findings show that cyclooxygenase-2 (COX-2) is highly
expressed in ICC-LCs in the corpus cavernosum and the corpus
spongiosum of the rabbit [45] (Fig. 4A). Haematoxylin and eosin
staining reveals that cells with COX-2 immunoreactivity are spin-
dle or stellate shaped and are often interconnected. Furthermore,
COX-2 immunoreactive cells are also strongly immunoreactivity to
Kit and vimentin antibodies, confirming them as ICC-LCs [39]
(Fig. 4A). Therefore, unlike ICC in the GI tract, ICC-LCs in CCSM
may modulate spontaneous activity originating in the SMCs them-
selves, by releasing prostaglandins produced by constitutively
active COX-2. This paracrine role of ICC-LCs in corporal tissues is
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Fig. 4 COX-2 expression in Kit� ICC-LCs and distribution of mast cells in corporal tissues (Aa, b) Scattered distribution of Kit� ICC-LCs (Aa) and COX-2
immunoreactive cells (Ab) in rabbit corpus cavernosum. The merged picture in Ac shows Kit� and COX-2� cells (orange). Note that background SMCs
are uniformly negative to Kit or COX-2 antibodies. (B) In the guinea pig corpus spongiosum, toluidine blue staining revealed the presence of many mast
cells of various forms (round Ba, stellate Bb and spindle-shaped Bc). Modified from [45] with permission.
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supported by the findings that spontaneous electrical and contrac-
tile activities in the rabbit CCSM are largely attenuated by COX-2
inhibitors [45]. Moreover, inhibition of COX-2 activity also sup-
presses CCSM contraction evoked by nerve stimulation and the
activation of �-adrenoceptors.

In guinea pig CSSM, numerous mast cells have also been iden-
tified by toluidine blue staining (Fig. 4B). Mast cells, although typ-
ically round in shape, also displayed other morphologies, includ-
ing spindle and stellate shapes. Therefore, a proportion of the Kit�

cells could well be mast cells. This is a particular interest as given
their changing paracrine function in health and disease.
Discrimination between ICC-LCs and mast cells requires further
examination.

ICC-LCs in the upper urinary tract

Spindle- and stellate-shaped cells that are Kit� have been
described within the urothelial layer, the lamina propria and the
muscle layer of the renal pelvis and proximal ureter of mouse (Fig. 5)
[6, 46–49], rat [49] and pig [50] and human [51, 52]. However,
many of these studies have exclusively used sectioned material
and not been verified using electron microscopy, nor have all
have been extensive in excluding other Kit� haematopoietic cells,
or macrophages and melanocytes, even nerve bundles (Fig. 6)
and glial cells [53]. In unfixed whole mount preparations of the
mouse renal pelvis, relatively few spindle- and stellate-shaped
Kit� cells accumulate FITC-dextran FD-70S consistent with these

cells being ICC-LCs and not macrophages (Fig. 5) [6, 54]. These
ICC-LCs display a sparse distribution similar to the fusiform
 interstitial cells firing nifedipine-insensitive Ca2� signals of low
frequency and long duration (Figs 1A and 6) that distinguishes
them from the high-frequency Ca2� responses in typical or atyp-
ical SMCs. ICC-LCs in the renal pelvis of mouse (Fig. 5B) and rat
[55], when viewed with electron microscopy, fulfil many of the
ultrastructural criteria for ICC or ICC-LCs (see below), are
sparsely distributed in the lamina propria and muscle layer and
do not appear to make an interconnecting network. We have also
not been able to demonstrate that ICC-LCs pre-labelled with a Kit
antibody that selectively binds at an extracellular site are in fact
the interstitial cells displaying low-frequency Ca2� signals.
Moreover, as in the bladder [3], the renal pelvis obtained from
adult wild-type and W/Wv mice, do not display any noticeable
 differences in their Ca2� signalling, contractility (Fig. 6) or
responses to electrical nerve stimulation [6, 14]. However, Kit
antibody application to mouse embryonic kidneys in organ cul-
ture can markedly alter ureteric development and the initiation of
peristalsis without affecting SMC differentiation [48], perhaps
suggesting that the SCF/ Kit transduction pathway is involved in
the initial development of the kidney but that other mechanisms
establish the development of pyeloureteric peristalsis in older
W/Wv mice.

In the guinea pig renal pelvis, ICC-LCs form a distinct network
within the lamina propria, displaying close associations with neigh-
bouring like cells and with both typical and atypical SMCs [56].
Indeed, injections of a fluorescent tag into an individual ICC-LC has
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Fig. 5 Presence of Kit� cells and ICC-lCs in the mouse renal pelvis (A) fluorescence micrographs of the lamina propria (Ai) and serosal (Aii) regions of
an unfixed whole mount preparation of mouse renal pelvis exposed to FITC FD70S (green) to label macrophages and then the extraceullarly binding Kit
antibody H300 (red) and followed by the nuclear stain, Hoechest blue. Less than 20% of Kit� cells also displayed the FITC-dextran fluorescence. (B) Low
magnification electron micrograph through the mid region of the mouse renal pelvis illustrating the urothelium, ICC-LCs within the lamina propria and
both typical (TSMC) and atypical (ASMC) SMCs.
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been observed to travel into several neighbouring ICC-LCs [54].
However, ICC-LCs in the guinea pig renal pelvis are clearly not
immuno-positive for Kit, only rounded Kit� mast cells are evidence
after staining with Kit antibodies. We have previously suggested
that ICC-LCs in the guinea pig renal pelvis could well be acting as
integrators of the atypical SMC pacemaker drive [24, 56] so that
the long processes of ICC-LCs rapidly distribute a pacemaker
 signal over a relatively wide area of the renal pelvis. This may well
be critical in the proximal regions of the renal pelvis where the
 distribution of both atypical and typical SMCs is relatively sparse
and not as well organized as in the more distal regions. The lack of
such an extensive network in the rat and mouse renal pelvis
 perhaps suggests that ICC-LCs have a more paracrine role.

The agents described above that interrupt store uptake and IP3-
depedent release of Ca2� in the bladder and urethra are equally
effective at blocking Ca2� signalling in ICC-LCs in the mouse [9]
and guinea pig [57] renal pelvis. In comparison to the relatively
modest effect on Ca2� transients in ICC-LCs in the prostate [58,
59], but similar to the urethra [5], ryanodine completely blocks
Ca2� transient discharge in ICC-LCs in the renal pelvis. Selective
blockade of COX-1 has little effect on the frequency or amplitude of
the spontaneous contractions of the guinea pig renal pelvis but
decreases contraction amplitudes in the rat. In contrast, COX-2
inhibition reduces contractility only in the guinea pig [60]. This
suggests that prostaglandin or prostacyclin production is essential
in maintaining the spontaneous contractility in the upper urinary

tract in a COX- and species-related manner. In contrast to corporal
tissues, the effects of nerve stimulation are little affected by
indomethacin, the non-selective blocker of COX [60, 61].

Although Ca2� transients of ICC-LCs in the mouse renal pelvis,
in the presence or absence of nifedipine, appear as large and long-
lasting signals at the cell body (Fig. 1A), we have not yet been able
to detect Ca2� transients in their long projections, nor any syn-
chronicity between neighbouring ICC-LCs [6]. Nor have we been
able to observe Ca2� transients generated in ICC-LCs travelling
into any of neighbouring typical SMC bundles. Thus it appears
that, as in the bladder, ICC-LCs under physiological conditions are
relatively uncoupled from the SMCs in the muscle wall. Together
with their intrinsically low frequency of discharge, it is unlikely that
ICC-LCs are acting as a primary pacemaker. However, it is tempt-
ing to suggest that ICC-LCs could provide a secondary pacemaker
drive which can take over pacemaking during conditions that dis-
locate the ureter from the proximal atypical SMC pacemaker drive,
e.g. during ureteric obstruction or after kidney transplantation.

ICC-LCs in the prostate

The male prostate in the guinea pig [62, 63], mouse [64] and
human [65, 66] is also endowed with a population of Kit� cells,
while the dog prostate displays a population of vimentin� cells
that could well be ICC-LCs [67]. In the guinea pig, an electron
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Fig. 6 Comparison of Kit� cells and Ca2� signalling in the renal pelvis of wild-type and W//Wv mice (A) fluorescence micrographs of unfixed whole mount
preparations of mouse renal pelvis obtained from wild-type and W/Wv transgenic mice and exposed to the Kit antibody AK2. Ca2� waves in typical SMCs
in the absence of nifedipine and Ca2� transients recorded in atypical SMCs and ICC-LCs recorded in the presence of 1 �M nifedipine were indistinguish-
able in wild-type (B) and W/Wv mice (C).
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microscopic investigation has established that these Kit� cells
have the necessary gross morphology, intracellular apparatus and
close appositions with their neighbours to establish them as ICC-
LCs (Fig. 7). These prostatic ICC-LCs form a network within the
lamina propria border between the epithelium and stroma – they
display projections that lay between and within the smooth mus-
cles bundles and form close associations with nerve bundles [62]
(Fig. 7). In W/Wv mice, the prostate is significantly smaller after 4
weeks of age, after 8 weeks the difference in size does not appear
to be so marked. Kit antibodies also reduce the size and the num-
ber of branching points of 4-day-old wild-type prostates placed in
organ culture for a further 4 days [64]. These prostates have an
increased basal/luminal cell ratio but do not have any apparent
defects in terms of SMCs recruitment into the stroma or vascula-
ture and survival of the prostate epithelium suggesting that Kit
signalling plays a key role in luminal cell differentiation [64].

Prostatic preparations of the guinea pig impaled with intracellu-
lar microelectrodes filled with a fluorescent tag reveals that slow
waves are recorded in the SMCs within the stromal wall, and that
they are driven by a population of nifedipine-resistant pacemaker
potentials [62]. These slow waves are envisaged as being made up
of a depolarizing transient that triggers a number of nifedipine-sen-
sitive Ca2�-dependent spikes. The amplitude of these depolarizing
transients is not constant, but appears to vary as a consequence of
the varying electrical distance between their ICC-LC pacemaker cell
and the point of recording of the prostatic slow wave. However, this
has proven difficult to demonstrate in the prostate with its complex
multi-acini geometry. Thus, ICC-LCs and slow waves in the guinea
pig prostate appear to have properties most similar to ICC-generated

slow waves in the GI tract. The frequency of pacemakers potentials
and slow waves are accelerated by histamine or the �-adrenoceptor
agonist, phenylepherine, in the absence or presence of nifedipne,
and readily blocked by inhibitors (CCCP) of mitochondria function
and IP3-dependent Ca2� mobilization; ryanodine causes only a
transient increase in pacemaker frequency [58, 59]. This blockade
is accompanied by a membrane depolarization that sometimes trig-
gers high frequency, brief, nifedipine-sensitive action potentials.
Prostatic slow waves are also blocked by the Cl� channel blockers,
9-AC and niflumic acid [68]. Interestingly, blockade of slow wave
activity by niflumic acid is readily reversed upon the addition of
phenylepherine. However, phenylepherine could not reverse the
inhibitory actions of blocking Ca2� uptake into the internal stores
or mitochondria [59].

Mircoelectrode impalements of the guinea pig prostate also
reveal a proportion of cells firing spontaneous, large, brief nifedip-
ine-sensitive action potentials. These cells are recorded in cells
with depolarized membrane potentials compared to cells display-
ing slow waves or pacemaker potentials and resemble the action
potentials recorded in CPA- or CCCP-arrested preparations [63],
perhaps suggesting that these spike potentials reflect the sponta-
neous activity generated in the SMC bundles themselves.
Electrical characterization of single SMCs from the guinea pig
 prostatic stroma reveals that these cells are indeed capable of
 generating a simple spike potential as they express a L-type Ca2�

current, a 4-aminopyridine sensitive ‘A type’ K� current, as well as
iberiotoxin-sensitive Ca-activated large conductance K� channels
that were capable of generating spontaneous transient outward
currents at positive potentials [69, 70].
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Fig. 7 ICC-like cells in the guinea pig prostate
(A) Low magnification light micrograph of the
junction between 3 prostatic acini within the
ventral lobe of the guinea pig prostate illus-
trating that the lumen is surrounded by a
glandular secretory epithelial cells (g)
enveloped by a stroma consisting mainly of
SMCs (sm). Scale bar represents 50 �m.
Higher magnification electron microscopy
demonstrates that the stroma is tightly
packed with SMCs (B) and that ICC-LC cells
are found within the space between the lam-
ina propria and the epithelial cells (C). ICC-LC
processes were also found between the
SMCs (B); scale bars represent 2 �m. (D)
higher magnification of an ICC-like cell illus-
trating internal organelles such as the rough
endoplasmic reticulum and cavaeloe, scale
bar 0.5 �m.
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Future issues of ICC-LC research in 
the urogenital organs

Kit (CD117) is a member of the heterogeneous family of CD cell
surface molecules, which perform a number of essential roles in
the development of the immune system and physiology of
 various cells, including GI ICCs. Kit (CD117) is also a proto-onco-
gene so that its mutation or overexpression can lead to the devel-
opment of cancers in a number of organs including the ovaries,
testes, skin, GI tract, blood and the kidney. Kit(CD117)-
immunoreactivity is also used to identify bone marrow
haematopoietic progenitors such as haematopoietic stem cells,
myeloid progenitors and multipotent progenitors, as well as mast
cells, melanocytes, even nerve bundles [53]. A subpopulation of
Kit (CD117)� cells in the mouse prostate has also recently been
identified as stem cells and shown to generate a prostate after
transplantation [64].

Thus we believe that the identification of Kit� cells in sectioned
material of the urogenital tract is not sufficient to establish these
cells as ICC-LCs. Immuno-staining of whole mount preparations
and low-magnification electron micrographs of preparations are
required to provide evidence of the general morphology and posi-
tion of Kit� cells within the urogenital wall, whether they indeed
form a network of intercommunicating cells and close associa-
tions with, and therefore a possible intermediatory role between
their target SMCs and nerve bundles, all essential criteria in the
original definitions of ICC [71]. Higher-magnification electron
micrographs are also required to provide evidence of the intracel-
lular structures previously used to define Kit� cells as ICC in the
GI and urogenital tracts. The presence or absence of various ‘gold
standard’ internal structures, such as an extensive smooth endo-
plasmic reticulum, bundles of intermediate filaments, large Golgi
apparatus, numerous mitochondria and caveolae, a discontinuous
basal lamina, etc., are essential criteria in the definition of ICC-LCs
[56]. However, it should be noted that, as in the intestine where
ICC can range between myoid (smooth muscle)-like to fibroblasts-
like [71–74], these criteria for ICC-LCs are likely to be somewhat
fluid between species, tissues and location. This is particularly
true now that studies are beginning to concentrate on the pres-
ence of ICC-LCs in the urogenital tract under pathological condi-
tions where these cells, and possibly the SMCs within the wall,
may well be undergoing various stages of differentiation, de-dif-
ferentiation or trans-differentiation.

Indeed there are an increasing number of reports describing
that the number of Kit� cells decreases in pathological of condi-
tions in the upper urinary tract; conditions including ureteropelvic
obstruction [28] or refluxing and obstructive megaureter in
human [75–77] and ureteral obstruction induced in rats [78] or
ureterovescial reflux in pigs [79, 80]. In contrast, the number of
Kit� cells is increased in bladder outlet obstruction in guinea pigs
[17] and human overactive bladder [25]. It has been reported that
apoptotic cell death is continuing process in the GI ICC and these
cells may be continually regenerated with a relatively fast cell cycle

to maintain their network [81]. Thus another area of research
interest involves understanding the mechanisms controlling the
proliferation and differentiation of ICC-LCs themselves.

Little is known of the time course of ICC-LC remodelling with
obstruction or upon the relief of obstruction. However, obstruction
in the urogenital tract is likely to result in ischemic conditions.
Thus the trigger of ICC-LC remodelling could well be the dimin-
ished by the supply of substrates for mitochondrial respiration.
Since the mitochondrial function is closely linked to Ca2� oscilla-
tion in ICC-LCs [38, 82], changes in Ca2� dynamics arising from
this diminished mitochondrial function could affect many cellular
pathways, including nuclear function, protein synthesis and mito-
chondrial function itself.

ICC-LCs have been characterized as being richly endowed with
mitochondria [36, 38], and their involvement in generating spon-
taneous activity has been well established pharmacologically [38,
58, 82]. ICC-LCs may well sense the local metabolic supply that is
critical for providing substrates of mitochondrial respiration, i.e.
glucose and oxygen. Their role in producing ATP to meet the local
energy demands suggests that ICC-LCs may also act as metabolic
sensors. These mechanisms could well undergo considerable
stress and remodelling during pathological conditions that involve
urinary or seminal stasis. It is very curious that the bladder and
renal pelvis or ureter do not respond in the same way in terms of
the numbers of Kit� cells present when their outlets are
obstructed.

Although myofibroblasts in the suburothelial layer of the bladder
have some contractile functionality, other ICC-LCs do not. So it is of
interest to know how ICC-LCs consume the energy produced by
their numerous mitochondria. Certainly, providing ATP for the
CaATPase to refill intracellular stores after each Ca2� transient is
critical in generating spontaneous activity in ICC-LCs. This ATP pro-
duction may also be essential in the synthesis and secretion of sub-
stances from ICC-LCs critical to maintaining signal transmission in
surrounding SMCs or nerves. ICC-LCs in the corporal tissue and
bladder express COX-2 immuno-reactivity, while COX inhibition
strongly suppresses spontaneous electrical and contractile activity
in corpus carvernosum [45] and renal pelvis [60, 61]. Therefore,
ICC-LCs may be constitutively producing and releasing essential
paracrine substances, the nature of which has yet to be elucidated.

In summary, the role of mitochondria in regulating ICC-LCs
function and the consequences of their malfunction under condi-
tions of metabolic dysfunction, e.g. during ischemia or diabetes,
may well reveal the fundamental role of urogenital ICC-LCs in
physiology and disease. In addition, whether ICC-LCs can trans-
form into other cell types, e.g. SMCs or (myo)fibroblasts, should
be investigated to establish if ICC-LCs have a role as progenitor or
precursor cells.
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