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Abstract The study of novel interstitial cells in the tissues of the urinary tract has

defined advances in the field in the last decade. These intriguing cells belong to the

same family as the better known interstitial cells of Cajal (ICC) of the gastrointes-

tinal tract, and their discovery has been interpreted to suggest that pacemaker cells

may be present in the urinary tract, driving the spontaneous or myogenic activity of

the neighboring smooth muscle. This scenario may be true for the urethra where

ICC have been described as “loose pacemakers” providing multiple, random inputs

to modulate urethral smooth muscle activity. However, there is a paucity of direct

evidence available to support this hypothesis in the bladder (where the smooth
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muscle cells are spontaneously active) or the renal pelvis (where atypical smooth

muscle cells are the pacemakers), and it now seems more likely that urinary tract

ICC act as modulators of smooth muscle activity.

Interestingly, the literature suggests that the role of urinary tract ICC may be

more apparent in pathophysiological conditions such as the overactive bladder.

Several reports have indicated that the numbers of ICC present in overactive

bladder tissues are greater than those from normal tissues; moreover, the contrac-

tility of tissues from overactive bladders in vitro appears to be more sensitive to the

Kit antagonist, glivec, than those from normal bladder. Future research on urinary

tract ICC in the short to medium term is likely to be dynamic and exciting and will

lead to increasing our understanding of the roles of these cells in both normal and

dysfunctional bladder.

Keywords c-Kit � Interstitial cells of Cajal � Smooth muscle � Ureter � Urethra �
Urinary bladder

The study of interstitial cells of Cajal (ICC) in the gastrointestinal tract has

revolutionized the way that researchers understand gut motility and neurotransmis-

sion. ICC were discovered by the Spanish neuroanatomist, Ramon and Cajal, one

century ago (Cajal 1911) and are now known to be a specialized class of cells who

act as pacemakers, driving peristaltic activity throughout the gut and who play a key

role in the transmission of signals from nerves to smooth muscle (Sanders 1996;

Horowitz et al. 1999). Outside the gastrointestinal field, ICC have been most widely

studied in tissues of the urinary tract with numerous independent laboratories

publishing research which points to the seemingly ubiquitous presence of ICC in

the urinary tract. The discovery of cells with morphological and physiological

properties of ICC in renal pelvis, ureter, bladder, and urethra not only provides

new opportunities to advance our knowledge of cellular interactions within these

tissues but is also of significant clinical impact in the development of new therapies

to treat urinary tract disorders.

1 ICC in the Urinary Tract

The established role of ICC as pacemakers in the gut naturally led to the suspicion

that other smooth muscle preparations with properties of spontaneous activity

might contain similar cells. While gut ICC provide a useful point of reference, it

is unwise to consider that ICC may play similar roles in other tissues in the absence

of direct experimental evidence. The urinary bladder has long been shown to

display myogenic, low-level, nonvoiding, “background” spontaneous contractions

which are thought to underpin bladder tone and shape during filling (Turner and
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Brading 1997). In vitro tension recordings from renal pelvis preparations showed

rhythmic activity in the smooth muscle, implying the existence of a pacemaker

mechanism (Lang et al. 1998), although activity in the ureter was less frequently

encountered. The ability of urethral strips to develop tone in similar experiments

also hinted at a specialized means of modulating contractility of the urethral smooth

muscle (Brading 1999).

Transmission electron microscopy (TEM) has been the gold-standard tool for

identifying ICC, and there are accepted ultrastructural criteria that a candidate cell

must satisfy before being termed an ICC (Komuro 1999; Komuro et al. 1999).

While there is some ultrastructural heterogeneity between ICC subtypes in the gut,

ICC typically have thin (5 nm) and intermediate filaments (10 nm), abundant

mitochondria, caveolae, rough and smooth endoplasmic reticulum, Golgi com-

plexes, a basal lamina which may be discontinuous but do not tend to have thick

filaments (15 nm), dense bodies or dense bands which are characteristic of smooth

muscle cells (SMC). In TEM, an electron beam is passed through ultrathin sections

of tissue, typically 70 nm thickness which enables investigation of the ultrastructure

of the cells present within the section at high magnifications (up to 80,000�). The

advantage of TEM is that one can establish that ICC are present within the tissue of

interest, and with meticulous (and time consuming) serial sectioning, it is possible

to study interactions between the cell of interest and neighboring cells. Confocal

fluorescent microscopy is perhaps the method of choice to image interactions

between cells as this allows the acquisition of optical sections from a “thicker”

specimen, up to a volume of 50 mm. Reconstruction of the optical sections in three-

dimensions (3D) enables one to analyze the 3D arrangement of a cellular network,

and if the sample has been labeled with antibodies and fluorophores of different

wavelengths to label, e.g., ICC and nerves, it is possible to visualize relationships

between several cell populations. Both of these techniques have been successfully

exploited in the study of ICC in the urinary tract and have provided morphological

evidence that specialized cells are indeed present.

2 Nomenclature

There has been much debate on the correct nomenclature that should be adopted

when describing these novel cells in tissues outside of the gastrointestinal tract, and

the literature contains many papers which refers to them as: interstitial cells (IC);

ICC; ICC-like cells or myofibroblasts. This issue was debated at the “Vth Interna-

tional Symposium on ICC” held in Ireland, July 2007 and a consensus was reached

that these cells should be termed “ICC.” This terminology describes a family of cells
found in many disparate tissues including bladder, urethra, ureters, renal pelvis,

other genitourinary tissues and blood vessels which possess morphological, ultra-

structural, and physiological properties of ICC while not implying that physiologi-

cal functions of gut ICC would be universal. This consensus was timely and served
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to consolidate the work of many groups working on similar cells in many smooth

muscle preparations. It should be noted, however, that this debate is ongoing and

as knowledge in the field continues to advance, there may be changes to this

nomenclature in the future. In this chapter, the term ICC will be used, and no

disrespect is intended to the original authors who may have chosen an alternative

description.

3 Urinary Bladder

3.1 Location and Morphology of Bladder ICC

The traditional view of the bladder considered the organ to be comprised of mucosa,

including urothelium and lamina propria, and underlying muscularis of the detru-

sor, containing smooth muscle. A rich microvasculature was known to be in the

lamina propria, along with sensory nerves and connective tissue, and the detrusor’s

rich innervation was widely demonstrated with many species exhibiting intramural

ganglia. Bladder filling and emptying is well described in text books in terms of

nervous control and smooth muscle contractility; however, the field has moved

considerably in the last decade with the discovery that previously unknown cell

types are also located throughout the bladder wall.

A study of the targets of cGMP signaling in guinea-pig and human bladder (Smet

et al. 1996, later confirmed by Gillespie et al. 2004), after nitric oxide stimulation,

first indicated that the bladder contained cells which were reminiscent of gut ICC by

their morphological appearance (i.e., the cells had lateral processes or branches).

The same study also showed a population of cells which were immunopositive for

the intermediate filament, vimentin, which is typically found in ICC and other cells

of mesenchymal origin, but not smooth muscle, leading the authors to speculate that

the bladder may contain cells resembling ICC. Although not a selective ICC

marker, vimentin antibodies provide a helpful means of visualizing cell types

which may include ICC, within a tissue preparation without labeling SMC.

McCloskey and Gurney (2002) later used antibodies to the established ICC marker,

c-Kit to demonstrate that the guinea-pig bladder did indeed contain ICC, and this

work has since been confirmed by several independent laboratories (Hashitani et al.

2004; Biers et al. 2006; Shafik et al. 2004; Piaseczna Piotrowska et al. 2004; Roosen

et al. 2009). c-Kit is a proto-oncogene that encodes the tyrosine kinase receptor, Kit
which is expressed by ICC and mast cells but not SMC or fibroblasts (Maeda et al.

1992). The discovery that gastrointestinal ICC could be labeled with anti-c-Kit was
a milestone for ICC research, providing a reliable tool for identifying ICC in

smooth muscle tissues with light microscopy, moreover, presenting the opportunity

to manipulate the function of ICC in tissue preparations or animal models using

pharmacological tools or neutralizing Kit antibodies (Sanders et al. 2002; Sanders

and Ward 2007).
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3.1.1 ICC in the Lamina Propria

A population of ICC has been identified with c-Kit and vimentin antibodies in

the lamina propria region (ICC-LP) between the urothelium and the detrusor

muscularis (Sui et al. 2002; Davidson and McCloskey 2005; see Figs. 1 and 2).

These ICC-LP have a stellate-shaped morphology with several branches ema-

nating from a central cell body (Davidson and McCloskey 2005) and make

connections with neighboring ICC-LP to form an interconnected network.

Immunohistochemistry and TEM have shown that this network is connected

by connexin 43 gap junctions (Sui et al. 2002; Wiseman et al. 2003). The ICC-

LP network is closely associated with mucosal nerves as shown by confocal

imaging where Kit-positive cells made contacts with anti-PGP9.5 labeled nerves

Fig. 1 Kit-positive ICC in guinea-pig and mouse bladder. ICC labeled with anti-c-Kit in guinea-

pig bladder lamina propria at low magnification (a) and at higher magnification (b) where nuclei

have been counterstained with DAPI (blue). Mouse detrusor Kit-positive ICC are elongated,

branched cells orientated in parallel with the muscularis (c). Guinea-pig (d) detrusor ICC

(green) are associated with nerves (red) and have similar arrangement to those in mouse detrusor.

Images courtesy of Dr RA Davidson and Dr KD McCloskey
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(Davidson and McCloskey 2005) and by TEM which demonstrated close con-

tacts between ICC-LP and nerve endings (Wiseman et al. 2003). Recent work

has shown that human bladder ICC-LP make frequent structural associations

with a mucosal cholinergic plexus (Johnston et al. 2008; submitted), consistent

with the finding that ICC-LP express M2 and M3 muscarinic receptors (Mukerji

et al. 2006; Grol et al. 2009). de Jongh et al. (2007, 2009) suggested that cells

resembling lCC-LP were immunopositive for cyclooxygenase 1; furthermore,

Ost et al. (2002) reported vanilloid receptor immunoreactivity giving further

insight into the pharmacological profile of these cells. The finding that puriner-

gic receptors including P2X3, P2Y2, and P2Y4 but predominantly P2Y6 are

expressed on ICC-LP (Sui et al. 2006) is particularly interesting as there is now

substantial functional evidence for physiological responses to ATP in this cell

type (see below).

50 µm 20 µm

50 µm100 µm

a b

c d

Fig. 2 Kit-positive ICC in human bladder. ICC labeled with anti-c-Kit (green) in human

bladder lamina propria (a) forming a loose network between urothelium and detrusor and

making connections with cholinergic nerves (red), labeled with antivesicular acetylcholine

transferase. Kit-positive ICC in the human detrusor (c, d) have an elongated, branched mor-

phology and are associated with smooth muscle bundles (red). Images courtesy of Dr L Johnston

and Dr KD McCloskey

238 K.D. McCloskey



3.1.2 ICC and the Bladder Microvasculature

A current study has demonstrated a new class of bladder Kit-positive cell, asso-

ciated with blood vessels in the lamina propria of human bladder (Johnston et al.

2010). These cells are located on the outer surface of the microvessels with the

branches of individual cells contacting up to six vascular SMC and may represent

pericytes. Cells resembling ICC, associated with vascular smooth muscle, have

been reported in guinea-pig gall-bladder (Lavoie et al. 2007) and may represent a

local control of perfusion within the tissue in response to metabolic needs. The

vascular perfusion of the bladder wall is a key determinant of normal bladder

contractility as in vivo ischemia in animal models has been shown to induce bladder

overactivity (Azadzoi et al. 1999). Further work is needed to determine whether

Kit-positive cells on the bladder microvessels have any physiological role in the

regulation of bladder blood flow.

3.1.3 ICC in the Detrusor

The arrangement of ICC in the detrusor region of guinea-pig, mouse, and human

bladder is distinctively different from that of the mucosa. Confocal imaging of

detrusor whole-mount, flat-sheet preparations, and subsequent 3D reconstruction

has revealed that Kit-positive ICC are located on the boundary of detrusor smooth

muscle bundles apparently tracking them (McCloskey and Gurney 2002; Hashitani

et al. 2004; Davidson and McCloskey 2005; McCloskey et al. 2009; Johnston et al.

2010). These ICC have a distinctive elongated morphology with several lateral

branches and appear to be placed as discrete cells with little evidence that they

form complex networks (see Figs. 1 and 2). They have previously been termed

“intramuscular ICC” (ICC-IM; Brading and McCloskey 2005) and have also been

reported to be present within the smooth muscle bundles (Hashitani et al. 2004).

These ICC-IM are associated with detrusor nerves as shown in double-labeling

experiments with anti-c-Kit and the general neuronal marker, anti-PGP9.5 (Davidson

and McCloskey 2005) and cholinergic nerves in particular with anti-vAChT (vesicu-

lar acetylcholine transferase, Johnston et al. 2008). Like the ICC-LP, Kit-positive

ICC-IM also contain vimentin filaments (Davidson and McCloskey 2005).

Ultrastructurally, ICC-IM are very similar to gut ICC as shown by Kubota et al.

(2008), Rasmussen et al. (2009) and Cunningham et al. (2009). These elongated,

branched cells on the boundary of smooth muscle bundles have a basal lamina

(or membrane dense bands), extensive rough and smooth endoplasmic reticulum,

Golgi complexes, caveolae, mitochondria, thin and intermediate filaments, and a

centrally placed nucleus. They are distinct from SMC by the absence of thick

filaments and dense bodies and differ from fibroblasts by the absence of dilated

rough endoplasmic reticulum which is a defining characteristic of fibroblasts and

the presence of a basal lamina. Two studies reported the interesting finding that

detrusor ICC contained vesicles or coated pits, perhaps indicative of a secretory

function (Rasmussen et al. 2009; Cunningham et al. 2009).
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A further ICC subtype is also present in the detrusor which has a stellate

morphology and more closely resembles the ICC-LP (Davidson and McCloskey

2005). These so-called ICC-IB (interbundle ICC; Brading and McCloskey 2005)

are c-Kit- and vimentin-positive and make connections with each other in the

spaces between the detrusor smooth muscle bundles. The TEM work of Rasmussen

et al. (2009) demonstrated detrusor ICC–ICC contacts via gap junctions and peg

and socket junctions, supporting the existence of interconnected ICC occupying the

space between the smooth muscle bundles.

Davidson and McCloskey (2005) proposed that bladder ICC could form a

conduit for the relay of information from urothelium to detrusor, incorporating

ICC-LP, ICC-IB, and ICC-IM. This view has been shared by others and is consis-

tent with findings from studies of bladder ICC from mice, guinea-pigs, and humans.

The morphological evidence suggests that ICC-LP form a network below the

urothelium which presumably could respond to chemical transmitters released

by urothelial cells, communicate with mucosal nerves, and/or relay information

directly to underlying detrusor ICC and/or smooth muscle. Alternatively, ICC-LP

could act as stretch-sensors, as proposed by Sui et al. (2004) capable of sensing

bladder fullness and relaying information to mucosal sensory afferents.

3.2 Physiological Properties of Bladder ICC

The study of bladder ICC with traditional physiological techniques has been both

intriguing and productive, generating a significant body of literature in less than a

decade. Several laboratories have used the patch-clamp technique and real-time

fluorescent Ca2+-imaging to characterize the physiological properties of bladder

ICC, and the overall picture is rather different from urethral ICC or their counter-

parts in the gastrointestinal tract. Furthermore, ICC-LP and detrusor ICC have been

shown to have idiosyncratic differences which may hint at their uniquely different

roles in bladder function.

3.2.1 ICC-LP Physiological Properties

Patch-clamp studies of enzymatically dispersed ICC-LP have shown the presence of

voltage-dependent Ca2+ currents and TEA-sensitive K+ currents (Sui et al. 2004). Wu

et al. (2004) reported spontaneous transient inward currents (STICs) in 45% of cells

tested, which reversed close to the chloride equilibrium potential, were associated

with increases in intracellular Ca2+-concentration [Ca2+]i and were reduced by the

Cl� channel blocker, DIDS. Inward currents, generated in response to ATP applica-

tion (Sui et al. 2004; Wu et al. 2004), had a similar profile, indicative of a Ca2+-

activated Cl� current. The ATP-generated conductance was attenuated by capsaicin

(Sui et al. 2008) in keeping with reports that ICC-LP possess vanilloid or TRPV1

receptors (Ost et al. 2002). The original authors recently questioned the reliability of
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the TRPV1 antibody as nonspecific cellular TRPV1-immunoreactivity was observed

in bladders from TRPV1 knockout mice (Everaerts et al. 2009); however, further

work with more selective antibodies or molecular techniques should clarify this issue.

ICC-LP also fired Ca2+-activated Cl� currents and Ca2+-transients in response to

reduction of extracellular pH (Sui et al. 2008) which were similar to those evoked by

ATP application.

The mean resting membrane potential (RMP) of ICC-LP from current-clamp

studies was found to be around �60 mV (Sui et al. 2004; Wu et al. 2004), and

spontaneous depolarizing fluctuations were recorded, demonstrating that ICC-LP

are electrically active. The RMP was shown to lie between EK and ECl as recordings

with K+ filled pipettes gave a RMP of �60 mV, whereas recordings with Cs+-filled

pipettes gave RMPs of �30 mV. The spontaneous depolarizations were supported

by Ca2+-signaling studies of isolated ICC-LP which demonstrated the ability of

ICC-LP to undergo spontaneous changes in [Ca2+]i (Sui et al. 2004; Wu et al. 2004).

3.2.2 Detrusor ICC Physiological Properties

Detrusor ICC have also been studied with patch clamp and been shown to possess

several ion channels including L-type Ca2+ currents, a nickel-sensitive Ca2+ current

which was not a T-type conductance (McCloskey 2006); Ca2+-activated K+ currents

(BK) and voltage-dependent K+ currents (McCloskey 2005) including a KCNQ

component (Anderson et al. 2009). The urethral pacemaker conductance, a Ca2+-

activated Cl� current (Sergeant et al. 2000), similar to that found in bladder ICC-LP

(see above), has not yet been clearly demonstrated in detrusor ICC, although sponta-

neous transient depolarizations (STDs) (of an uncharacterized ionic basis) have been

recorded from detrusor ICC in current-clamp mode (Anderson et al. 2009), implying

rhythmic electrical firing, consistent with pacemaker-like behavior.

Spontaneous activity was also seen in Ca2+-imaging experiments from detrusor

ICC which fired long-duration Ca2+-transients at a rate of approximately three per

minute both in isolated cells and in tissue sheets (McCloskey and Gurney 2002;

Hashitani et al. 2004; Johnston et al. 2008). This pattern of spontaneous activity was

clearly different from SMC which fired Ca2+-transients of comparatively greater

frequency and shorter duration. The relationship between ICC and SMC Ca2+-

signaling remains rather elusive and is not easily explained by either the views that

ICC act as pacemakers or indeed the view that ICC have no meaningful role in

bladder spontaneous activity. The observation that the SMC never fire at a rate less

than the ICC may suggest that ICC provide a baseline input; moreover, multiple

ICC may “pace” a smooth muscle bundle in response to local needs, providing a

fine-control on smooth muscle myogenic activity. The situation has similarities to

urethral ICC and urethral SMC (see below), where urethral ICC are considered to

randomly enhance the activity of neighboring SMC (Hashitani and Suzuki 2007),

rather than act as a coordinated pacemaker cellular network.

Muscarinic stimulation by application of carbachol to whole-sheet “in situ”

preparations increased the frequency of detrusor ICC Ca2+-transients (Johnston
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et al. 2008; see Fig. 3), suggesting that detrusor ICC activity can be modulated by

parasympathetic nerves. Application of carbachol to enzymatically dispersed detru-

sor ICC induced an intracellular Ca2+-transient which was not associated with

contraction, in contrast to detrusor SMC which were vigorously contractile under

identical experimental conditions. The cholinergic signaling pathway in these cells

has been shown to be mediated largely via M3 muscarinic receptors and an IP3 and

ryanodine receptor-dependent release of Ca2+ from intracellular stores (Johnston

a

b

i ii
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CCh CCh

1.0
(F / F0)

5 s

3
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methoctramine

20 µm
4-DAMP
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F
/F
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Fig. 3 Bladder detrusor ICC physiology. (ai) Typical morphology of bladder ICC. (aii–iii) Time

series micrograph showing Ca2+ response to 1 mM carbachol which was blocked by the M3

antagonist 4-DAMP (1 mM). Traces show intensity time series of responses to carbachol and the

effects of 4-DAMP and the M2 antagonist methoctramine (1 mM). Fluorescence (F) of an event is

expressed as a ratio of background (F0). CCh carbachol. (b) Graph summarizing the effect of

4-DAMP and methoctramine on 7 and 11 cells, respectively. Asterisk denotes statistical signifi-

cance. Figure taken from Johnston et al. (2008)
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et al. 2008). It is interesting that while carbachol generates an increase in [Ca2+]i in

detrusor ICC, there is no such response in ICC-LP (Wu et al. 2004) and this

difference may represent an important division of labor between two ICC subtypes

in the bladder. The physiological consequence of the detrusor ICCs’ Ca2+-response

to cholinergic stimulation has not yet been ascertained, although Johnston et al.

(2008) suggested that release of transmitter substances may result, consistent with

the observation of vesicles in ICC from TEM studies (Rasmussen et al. 2009;

Cunningham et al. 2009). de Jongh et al. (2007) suggested that ICC may release

prostaglandins and further work is necessary to determine whether detrusor ICC

actually exhibit a secretory-type function.

3.3 Clinical Significance of Bladder ICC

The morphological and physiological studies of the various subtypes of bladder

ICC indicate that these are novel cells, with many properties of classical gut ICC

which are ideal candidates to contribute to normal bladder function. However,

current research does not adequately resolve the issue of what the actual roles of

ICC are in bladder filling and emptying. When these cells were first discovered,

several groups considered that ICC could fulfill a pacemaking role, responsible for

the origin and propagation of spontaneous activity in the bladder wall during filling.

While both ICC-LP and detrusor ICC have been shown to exhibit spontaneous

electrical and Ca2+-signaling, a profile consistent with a pacemaking phenotype,

direct evidence that this signaling acts to modulate the activity of detrusor smooth

muscle has not yet been published.

Pharmacological and animal model-based experimental approaches have been

used in the study of ICC function in bladder. The fact that ICC express the tyrosine

kinase receptor, Kit, has been exploited using the drug imatinib mesylate (Glivec) to

block the Kit receptor in in vitro and in vivo studies. Glivec is used clinically in the

treatment of chronic myeloid leukemia and gastrointestinal stromal tumors and

targets the tyrosine kinases PDGF receptor, bcr–abl, and c-Kit. Biers et al. (2006)

found Glivec to improve capacity, compliance, urinary frequency and to reduce

spontaneous activity in cystometric studies in guinea-pigs. This was consistent with

the finding that Glivec reduced spontaneous electrical and mechanical activity in

isolated guinea-pig detrusor tissues (Kubota et al. 2004, 2006). The study of a mutant

mouse strain which had been pivotal in revealing the role of ICC in the gut (Sanders

et al. 1999, 2006; Sanders and Ward 2007) was less promising for bladder ICC

research. TheW/Wvmouse has defects in theW locus which encodes the Kit receptor

and does not contain several populations of gut ICC; however, detrusor ICC were

apparently little affected by the mutation and were present in comparable numbers

and localization to bladders from wild-type animals (McCloskey et al. 2009).

The activity and presence of ICC seems to be less prominent in normal, healthy

bladders compared with pathological conditions, and studies of “abnormal” bladder

have enhanced our understanding of the implications of ICC in a clinical setting.
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Biers et al. (2006) demonstrated increased numbers of Kit-positive ICC in over-

active human bladder samples compared with normal tissues and interestingly

demonstrated a greater inhibitory effect of Glivec on detrusor contractions in

samples from overactive bladder. Kubota et al. (2008) reported an increase in the

population of ICC in guinea-pig bladder after outlet obstruction. Increased expres-

sion of connexin 43 in the bladder lamina propria of rats after spinal cord transec-

tion (SCT) was associated with increased coordination of spontaneous activity

compared with normal adult rats (Ikeda et al. 2007). Moreover, Glivec was found

to have a marked inhibitory effect on the enhanced spontaneous contractions of

whole bladders from spinal cord transected rats, whereas there was little effect on

control bladders (Sui et al. 2008). Roosen et al. (2009) found increased lamina

propria connexin 43-immunostaining in human overactive bladder but noted little

change in c-Kit expression perhaps indicating that gap junctions numbers were

upregulated rather than the actual numbers of ICC. Piaseczna Piotrowska et al.

(2004) compared the presence of ICC in normal bladders and samples from patients

with megacystis-microcolon intestinal hypoperistalsis syndrome and demonstrated

marked lack of ICC in the MMIHS sample set. This is particularly interesting as the

MMIHS bladder is distended, unobstructed, and dysfunctional and supports the

finding of increased numbers of ICC in obstructed, overactive bladders.

The literature currently seems to support a more prominent role for ICC in

diseased or abnormal bladders, largely explained by an increase in their populations

and/or the gap junctions connecting the network. The question remains for the

normal bladder, do ICC simply act as bystanders, capable of fine-tuning and regu-

lating SMC activity in response to the needs of the tissue or do they have a primary

role as communicators, sensing and relaying information between the complex

system of heterogeneous cells (SMC, ICC, nerves, microvessels, and urothelial

cells) that make up the bladder wall? The existing body of evidence points to

multiple roles for ICC in the bladder, dependent on their location, structural con-

nections with neighboring cells, expression of membrane receptors, and ion chan-

nels and appears to be tightly controlled by the physiological/pathophysiological

state of the organ. This area of research is dynamic and exciting and is contributing

to many areas of inquiry. For example, the multiple and complex functions of the

urothelium is a rapidly progressing field in which ICC are clearly involved. The

areas of painful bladder syndrome (PBS) and interstitial cystitis are also likely to

reveal ICC participation. The work of Mukerji et al. (2006) correlated ICC and

M2/M3 receptors to urgency scores in patients with PBS and idiopathic detrusor

overactivity. Furthermore, we do not yet know the fate of ICC in diabetic or age-

related lower urinary tract symptoms.

Further research should be directed to address the current gaps in our knowledge

of bladder ICC with the full complement of techniques available at the level of the

gene, protein, cell, tissue, organ, animal model, and translational research in patients.

This area has attracted attention from many reputable research groups but remains

largely unexploited. Given that present therapies for the treatment of urgency and

many of the types of incontinence are effective in only a subset of patients, ICC may

present novel opportunities for the development of better treatments.
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4 Urethra

The study of urethral ICC is arguably more advanced than our knowledge of ICC

in other tissues of the urinary tract, particularly in terms of cellular physiology. Smet

et al. (1996) first demonstrated cells morphologically resembling ICC in the guinea-

pig and human urethra using cGMP immunohistochemistry. A study of the electrical

activity of rabbit urethral smooth muscle with intracellular microelectrode record-

ings demonstrated STDs which were reminiscent of gut slow waves, normally

generated by ICC (Callahan and Creed, 1981; Hashitani et al. 1996). However, the

first direct evidence that the urethra contained ICC-like cells was reported by

Sergeant et al. (2000), who observed a mixed population of enzymatically dispersed

cells from the rabbit urethra muscularis including majority spindle-shaped SMC

and a smaller population of branched stellate-shaped cells and elongated cells with

lateral branches, both of which were morphologically reminiscent of gut ICC.

4.1 Location and Morphology of ICC in the Urethral Wall

Sergeant et al. (2000) used vimentin immunohistochemistry to distinguish the

branched cells from the SMC which contained myosin filaments but not vimentin.

In addition, they demonstrated with TEM that the cell dispersal contained branched

cells with the defining ultrastructural characteristics of ICC, i.e., abundant mito-

chondria, intermediate filaments, Golgi complexes, rough and smooth endoplasmic

reticulum, caveolae, and a basal lamina. These ICC were clearly distinct from the

SMC ultrastructural phenotype, adding support to the hypothesis that the urethra

contained specialized ICC. The ICC identified in enzymatic cell dispersals were

derived from the muscularis layers and this work was later advanced by Lyons et al.

(2007) who carried out a morphological characterization of ICC in whole-mount

preparations of rabbit urethra with confocal microscopy (see Fig. 4). Immunohisto-

chemical labeling with anti-c-Kit and anti-vimentin showed that ICC were located

within the circular and longitudinal layers of the muscularis and were arranged in

parallel with the SMC. Moreover, reconstruction of optical sections demonstrated

that ICC were in close proximity to the SMC, consistent with the idea that urethral

ICC may have a pacemaker type role. The morphological profiles of the Kit-

positive cells described by Lyons et al. (2007) were consistent with those found

in the cell dispersals by Sergeant and clearly comprised several subtypes; unipolar,

bipolar, stellate, and elongated with several lateral branches. Similar to bladder,

several subpopulations of ICC have been reported in the urethral wall; lamina

propria ICC, ICC in the muscularis, and ICC associated with the serosa (Garcı́a-

Pascual et al. 2008).

Investigation of the relationships between intramural nerves and ICC in the

urethra in double-labeling experiments with anti-c-Kit and antineurofilament (or

anti-PGP 9.5) showed a close association between ICC and nerves within the
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muscularis layer. This suggested that the activity of ICC could be controlled by

neurotransmitters released by adjacent urethral nerves perhaps providing a means

of pacemaker regulation. More specifically, close relationships have been reported

between urethral ICC and nitergic nerves labeled with antinitric oxide synthase

(Lyons et al. 2007; Garcı́a-Pascual et al. 2008).

4.2 Physiological Properties of Urethral ICC

Investigation of urethral ICC with patch-clamp electrophysiology and fluorescent

Ca2+-imaging has established that these cells possess properties expected of

a

b c d

200 µm

50 µm 30 µm 30 µm

Fig. 4 Kit-positive ICC in the rabbit urethra. ICC in rabbit urethra labeled with anti-c-Kit (green).
Smooth muscle is labeled with antismooth muscle myosin (red). Urethral ICC are located on the

both the edge of and between the smooth muscle bundles, running in parallel with the bundle

orientation. Figure from Lyons et al. (2007)
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pacemaker cells. The initial study of Sergeant et al. (2000) demonstrated that non-

contractile cells morphologically resembling ICC fired STDs, larger slow waves

and STICs. The ionic basis of the pacemaking conductance was a depolarizing Ca2

+-activated Cl� current which had previously been found in sheep urethral SMC

(Cotton et al. 1997; Sergeant et al. 2001) and which depolarized the RMP until

L-type Ca2+-currents were activated, carrying the “upstroke” of the slow wave. The

finding that in rabbit urethra, the pacemaking current was exclusively found in ICC

and notably absent in SMC attributed a pacemaking function to rabbit urethral ICC.

This work defined the earlier findings of Hashitani et al. (1996) at the cellular level

who had demonstrated Cl�-dependent STDs in rabbit urethral tissue preparations.

The pacemaker current was found to be regulated by exogenously applied nor-

adrenaline via a1 adrenergic receptors or ATP mediated by purinergic P2Y receptors,

as demonstrated by an increase in the frequency of firing (Sergeant et al. 2002, 2009),

consistent with the morphological studies which showed structural relationships

between ICC and nerves. The source of Ca2+ to activate the current was shown to

be largely via release from the IP3 sensitive intracellular Ca
2+-stores (Sergeant et al.

2001). Rhythmic Ca2+-waves were initiated by ryanodine-mediated release of Ca2+

and wave propagation was controlled by the IP3-sensitive stores and also found to be

highly sensitive to the external Ca2+ concentration (Johnston et al. 2005). These Ca2+

events are the primary signal which activates Ca2+-activated Cl� channels, leading to

depolarization of the cell membrane and subsequent opening of L-type Ca2+-channels

and slow wave firing. Interestingly, the frequency of spontaneous Ca2+-waves was

increased by noradrenaline or ATP (Sergeant et al. 2009), as suggested by the finding

of adrenergic and purinergic modulation of the pacemaker conductance. Further

characterization of the pacemaking mechanism has revealed the role of the mem-

brane Na+/Ca2+ exchanger in regulating the frequency of the pacemaker conductance

(Bradley et al. 2006); moreover, mitochondrial buffering of [Ca2+]i has also been

demonstrated to regulate urethral ICC Ca2+-signaling (Sergeant et al. 2008).

4.3 Functional Role of Urethral ICC

The work described above from isolated cells has been furthered by Ca2+-imaging

experiments from whole-sheet preparations of rabbit urethra Hashitani and Suzuki

(2007). Spontaneous Ca2+-signals were recorded from both ICC and SMC, which

like the bladder were different in frequency and duration, with the ICC firing events

at a mean rate of three per minute of longer duration than SMC events. While

signals from neighboring ICC were often synchronized, there was little evidence of

correlation with the SMC events. The hypothesis that urethral ICC act as pace-

makers, regulating the activity of the smooth muscle was not necessarily supported;

however, the authors speculated that the ICC could act as a “loose” pacemaker,

providing multiple random depolarizing inputs to the smooth muscle to maintain

activity at the optimum level to generate appropriate urethral tone.
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The physiological characteristics of urethral ICC have been convincingly

established by the McHale laboratory and clearly, these novel cells are among

the most promising areas in the study of urethral function. However, much work

needs to be done in order to consolidate any clinical implications of ICC in the

urethra, not least the need to develop robust animal models in which the func-

tional roles of urethral ICC can be deduced and the necessary translation of work

from animal cells to human urethral ICC. The limited availability of “normal”

human urethral tissue has undoubtedly been a major limiting factor; however, van

der Aa et al. (2004) demonstrated kit-positive cells resembling ICC in unfixed,

frozen sections of human urethra. Urethral smooth muscle tone is known to

contribute to urinary continence and if this tone is indeed regulated by ICC

activity, it remains to be shown whether aspects of LUTS are attributable to

defects in either the quantities or function of urethral ICC.

5 Upper Urinary Tract: Renal Pelvis and Ureter

The upper urinary tract has long been known to display spontaneous peristaltic

activity which propels urine from the kidneys to the bladder via the ureters. This

activity is predominant in the renal pelvis and lessens along the tract to the distal

ureter which is comparatively quiescent in the majority of mammalian species, with

the exception of human and pig (Constantinou et al. 1978; Constantinou 1977). For

several decades, it has been known that the pacemaker region, driving the sponta-

neous electrical and mechanical activity is located in a group of specialized cells,

termed atypical smooth muscle cells (ASMC; Gosling and Dixon 1971, 1974).

These cells are dominantly present in the proximal renal pelvis but absent in the

ureter and are morphologically and ultrastructurally distinct from the SMC (Klemm

et al. 1999). A defining feature of ASMC was the fact that 40% of their cellular

sectional area contained contractile filaments, compared with the SMC which had

more than 60%. ASMC possessed branched processes, formed a cellular network

and were not immunopositive for c-Kit. The high-frequency pacemaking properties

of the ASMC were elegantly demonstrated in intracellular microelectrode record-

ings in which the cell of interest was filled with neurobiotin so that its morphology

could be visualized (Klemm et al. 1999).

5.1 Location and Morphology of ICC in the
Upper Urinary Tract

Klemm et al. (1999) first described a new cell type in guinea-pig renal pelvis which

was absent from ureter, morphologically resembling ICC. These cells differed from

fibroblasts by the presence of numerous membrane-associated caveolae and an

incomplete basal lamina. Like the ASMC, the ICC also had many processes and
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formed junctional contacts with similar cells or SMC, but differed from both ASMC

and SMC by their distinct lack of contractile filaments. While the initial study in

guinea-pig did not find the ICC to be immunopositive for c-kit, others have since

reported c-Kit-positive ICC in upper urinary tract tissues, indicating that as in

bladder and urethra, detection of c-Kit positivity depends on the use of a panel of

c-Kit antibodies and perhaps interspecies differences. Kit-positive ICC have been

reported to be located between the smooth muscle bundles in uteropelvic junction

samples (Solari et al. 2003; Lang and Klemm 2005) and in lamina propria and muscle

layers in ureter frommouse (Pezzone et al. 2003; David et al. 2005), human (Metzger

et al. 2004) and other mammalian species (Metzger et al. 2005, 2008). Typically, the

presence of ICC is reported to decrease from proximal to distal segments.

5.2 Physiological Properties of Upper Urinary Tract ICC

Neurobiotin experiments, similar to those described above, revealed that the ICC cell

population fired intermediate-type action potentials (Klemm et al. 1999) characterized

by a single spike, quiescent plateau phase, and abrupt repolarization. Interestingly,

ICC were found in distal regions of renal pelvis where pacemaker type activity was

absent, leading the authors to speculate that ICC in the upper urinary tract were not

primary pacemakers but could form a conduit for transmission of signals from the

ASMCpacemakers to the SMC. Further study of the three cell types in themouse renal

pelvis examined the electrical and Ca2+-signaling basis of their spontaneous activity.

Again, the ASMC were found to be the main pacemakers, whereas the ICC had more

of a supportive role, firing less frequent Ca2+-transients, and long duration action

potentials (Lang et al. 2007a and b). SpontaneousCa2+ signals in ICCwere sensitive to

blockade of Ca2+ release from IP3 or ryanodine-dependent intracellular stores (Lang

et al. 2010). Study ofW/Wv transgenic mice unfortunately showed no change in ICC

Ca2+-signaling (Lang et al. 2009), suggesting that the renal pelvis, like the urinary

bladder, is not significantly affected by the c-Kitmutation (McCloskey et al. 2009).

Lang et al. (2007b) studied isolated ICC from mouse UPJ under voltage-clamp

and found high-frequency STICs and long-lasting large inward currents (LICs).

These currents were relatively insensitive to Cl� channel blockers and were con-

sidered to represent cationic-selective currents. This direct evidence of depolarizing

spontaneous electrical activity in the ICC suggested that these cells could perhaps

provide a type of pacemaking or modulatory input to adjacent smooth muscle

bundles, especially if activity from ASMC was not present.

5.3 Functional Implications of ICC in the Upper Urinary Tract

As seems to be the case for bladder, the putative role of upper urinary tract ICC

has been revealed in studies outside of the normal adult physiological situation.
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Solari et al. (2003) noted a decrease in the density of Kit-positive ICC in obstructed

human UPJ specimens. Incubation of murine ureter tissues with neutralizing Kit

antibodies under tissue culture conditions not only altered ureter morphology

but also disrupted peristalsis leading the authors to suggest that Kit was required

for the spontaneous activity (David et al. 2005). Consistent with this, the same study

investigated the embryonic development of ureter ICC and contractility and

reported a correlation between the ability of isolated ureter preparations to exhibit

unidirectional contractions and an upregulation of c-Kit expression. To date, the

literature supports pacemaking in the upper urinary tract coming primarily from

ASMC but also with a convincing, although less dominant input from ICC.

6 Future Perspectives for Urinary Tract ICC

The last decade has seen significant advances in our knowledge of the complexity of

cells present in the tissues of the urinary tract and their morphological and physio-

logical characteristics. Cells with properties typical of ICC are expressed in renal

pelvis, ureter, urinary bladder, and the outlet urethra in many species, including

human. What has become clear is that these cells have a unique arrangement in

urinary tract tissues compared with the gastrointestinal tract. The extensive and

dense networks of ICC typical of the pacemakingmyenteric plexus regions of the GI

tract have not yet been shown in any of the urinary tract tissues.Whether this is a true

reflection of the actual arrangement of ICC or represents limitations in currently

available detection methods remains to be seen. However, the comparatively less-

dense networks of ICC in the lamina propria regions of the tissues are clearly distinct

from the ICC present in the muscularis regions, which do not appear to be widely

networked but are placed along the boundary of smooth muscle bundles. Another

common finding in the urinary tract is that the ICC do not appear to be the main

pacemaker or “driver” for the adjacent smooth muscle. This is perhaps most evident

in the renal pelvis and ureter where the ASMC population have already been directly

demonstrated to be the primary pacemakers. In addition, in the bladder and urethra,

the smooth muscle activity appears to be myogenic in origin, with the ICC perhaps

providing positive or negative signals to regulate the activity.

For those who have perhaps lost faith in the urinary tract ICC having clearly

defined physiological roles, the answer may lie in the study of pathological condi-

tions. There is good agreement, for example, that numbers of ICC and spontaneous

activity are increased in obstructed bladder, and the Kit-blocking drug Glivec

appears to have a more convincing effect in those tissues compared with normal

controls. Similar findings in spinal cord injury bladders add support to these findings.

The studies of patient samples with megacystic-microcolon intestinal hypoperistal-

sis are especially relevant as the dysfunctional, distended, and unobstructed bladders

were correlated with a clear lack of ICC. Future work should be directed to the study

of ICC in patient samples with clinically defined lower urinary tract symptoms with

the specific aim of assessing the presence of ICC and their activity in each condition.
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Furthermore, work on animal models will perhaps enable the field to progress more

rapidly providing the opportunity to correlate urinary tract activity with the absence,

presence, or increased numbers of ICC.

While there are many unknowns relating to urinary tract ICC and the field lags

behind knowledge of gut ICC, the fact that urinary tract ICC persist under normal

adult physiological conditions strongly suggests that they are important players in

the concert type of activity from all the cells present within these complex tissues.

Their roles may not be dominant in primary pacemaking as initially anticipated, yet

they are unlikely to be maintained as uninvolved bystanders. To use an orchestral

analogy, which is the most important instrument (or cell)? ICC may not be the

applauded classical solo instruments such as violin, clarinet or flute, but even the

percussionist’s humble triangle has its own part to play in the most wonderful of

concertos. I have no doubt that the roles of ICC in the normal and pathophysiologi-

cal urinary tract will ultimately be discovered and may even surprise us.
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