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On the Origin of Bladder Sensing: Tr(i)ps in Urology
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The mammalian TRP family consists of 28 channels that can be subdivided into 6 different classes: TRPV (vanilloid),
TRPC (canonical), TRPM (Melastatin), TRPP (Polycystin), TRPML (Mucolipin), and TRPA (Ankyrin). TRP channels
are activated by a diversity of physical (voltage, heat, cold, mechanical stress) or chemical (pH, osmolality) stimuli and
by binding of specific ligands, enabling them to act as multifunctional sensors at the cellular level. Currently, a lot of
scientific research is devoted to these channels and their role in sensing mechanisms throughout the body. In urology,
there’s a growing conviction that disturbances in afferent (sensory) mechanisms are highly important in the
pathogenesis of functional problems. Therefore, the TRP family forms an interesting new target to focus on. In this
review we attempt to summarize the existing knowledge about TRP channels in the urogenital tract. So far, TRPV1,
TRPV2, TRPV4, TRPM8, and TRPA1 have been described in different parts of the urogenital tract. Although only
TRPV1 (the vanilloid receptor) has been extensively studied so far, more evidence is slowly accumulating about the role
of other TRP channels in the (patho)physiology of the urogenital tract. Neurourol. Urodynam. 27:264–273, 2008.
� 2007 Wiley-Liss, Inc.
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INTRODUCTION

What Are TRPs?

The transient receptor potential (TRP) channel superfamily
is named after its founding member, first described in the
Drosophila fly. Thirty years ago, a Drosophila mutant was
discovered which exhibited a transient instead of a sustained
response to light.1 In the rhabdomeres of the mutant fly, a
TRP was measured during light exposure, in contrast to a
sustained, plateau-like potential in the wild-type. Therefore,
the mutant was called TRP. The gene product for TRP was
cloned in 1989 and it was shown that the TRP gene codes for a
Ca2þ permeable cation channel, the founding member of the
TRP family.2

TRP channels share some common features. They are all
cation selective channels, although the permeability for dif-
ferent mono- and bivalent cations differs between isoforms. In
general TRP channels are thought to consist of four subunits,
forming functional channels as homo- or heterotetramers. The
topology of a TRP subunit consists of intracellular N- and C-
termini, six transmembrane spanning segments (S1–S6) and a
pore-forming loop between S5 and S6.3

TRP channels function as multifunctional sensors at the
cellular level. They can be activated by physical (voltage,
heat, cold, mechanical stress) or chemical (pH, osmolality)
stimuli and binding of specific ligands.4 Activation by store
depletion is recently under controversial discussion.5–7 TRPs
are the privileged candidates to function as primary sensing
molecules in the cell. The channels contribute to changes
in intracellular free Ca2þ by acting directly as Ca2þ-entry
channels in the plasma membrane or by changing membrane

potentials, modulating the driving forces for Ca2þ-entry
mediated by other pathways. In addition TRP channels on
the membranes of organelles provide an intracellular path-
way for Ca2þ-release.8

More than 50 TRP channels are described in different species,
ranging from yeast to man. At the moment, 28 mammalian TRP
channels are known. Based on amino acid homology, mamma-
lian TRP channels can be grouped into six different subfamilies.9

The mammalian TRP channels most related to the Drosophila
TRP are members of the TRPC (canonical) subfamily. Seven
mammalian TRPCs have been described so far (TRPC1-7). The
TRPM (Melastatin) and TRPV (Vanilloid) families consist of eight
(TRPM1-8) and six (TRPV1-6)mammalianmembers respectively,
the TRPP (Polycystin) family comprises three channel like and
five non-channel members. There are three mammalian TRPML
(Mucolipin) channels (TRPML1-3), whereas just one mammalian
TRPA (Ankyrin) channel, TRPA1 is known. A seventh subfamily
of TRP channels, TRPN (No mechanoreceptor potential C or
NOMPC) has only been detected in non-mammalian species.9

Lessons Learned From Other Organs

In general, TRP channels are widely spread throughout the
body. Some TRPs are ubiquitously present (e.g., TRPC1)
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whereas others are more confined to specific organs (e.g.,
TRPV5 in the human kidney). A better understanding of the
diverse functions of TRP channels can improve our insights in
the pathogenesis of many systemic diseases. For a detailed
review about the current knowledge on TRP channels in
disease, see Nilius et al.6 Our knowledge about the mecha-
nisms by which TRP channels function is still very limited.
Due to this lack of understanding, not many medical treat-
ments have yet focused on TRP channels as a possible target.
To date, only one member of the TRP family, TRPV1, has been
targeted in the treatment of pain, gastrointestinal, and
bladder disease. TRPV1 channel blockers are used to amelio-
rate chronic pain, whereas TRPV1 agonists that induce
desensitization are used to treat diseases in which channel
overexpression occurs.6

In urology, the vanilloid receptor (VR1) has been exten-
sively studied for several decades. Intravesical instillations
with vanilloids such as capsaicin or RTX have been used to
treat overactive bladder diseases of different aetiology. Since
VR1 was recognized as a member of the TRP family, there has
been a rising curiosity about the function of TRP channels in
the urogenital tract.10 In this review article we will give an
overview of the present data on the morphological, physio-
logical and pathophysiological role of TRP channels in the
urinary tract and discuss the role of TRP channels as possible
targets for pharmaceutical interventions (Fig. 1).

TRP IN NORMAL PHYSIOLOGY

TRPV1. TRPV1 is the first discoveredmammalianmember of
the Vanilloid TRP receptor subfamily. TRPV1 is a polymodal

signal detector that is activated by vanilloids, heat and
protons. At neutral pH7,4 the channel is activated by noxious
heat (>43�C), but when pH decreases (e.g., in case of
inflammation or ischemia), the receptor can be activated at
room temperature.9,11

TRPV1 is expressed on capsaicin-sensitive primary afferent
neurons, mainly small unmyelinated C fiber nociceptors. TRPV1
is expressed on peripheral terminals of C fibers (innervating the
skin, mucous membranes, joints, muscles, and internal organs),
on cell bodies of dorsal root ganglia and trigeminal ganglia
neurons and on central projections of nociceptive neurons
towards the dorsal horn of the spinal cord.11 Co-localization
studies showed that TRPV1 is expressed in both neuropeptide
(SP and CGRP) as well as IB4 expressing nociceptors.11 TRPV1 is
expressed in the nodose ganglion and different non-neuronal
cell types as well.9,11,12

By creating a TRPV1 knock out mouse model it became clear
that TRPV1 functions as a chemical and thermal sensor in vivo
and has an essential role in inflammation, nociception and
heat perception.13

Morphological data

TRPV1 in the bladder. Before TRPV1 specific antibodies
were available, [3H] Resiniferatoxin autoradiography was
used to study the distribution of vanilloid receptors.14 The
first experiments using TRPV1 specific antibodies were
conducted by Tominaga et al. In urinary bladders of the rat,
they showed a suburothelial and muscular plexus of tortuous
TRPV1 immunoreactive (IR) nerve terminals. TRPV1 label-
ing was limited to unmyelinated C fibers.11 These data
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Fig. 1. Distribution of TRP channels throughout the bladder wall. Activation of urothelial TRPV1 and TRPV4

induces ATP and NO release by the urothelial cells. ATP can activate afferent nerves by acting on P2X3 receptors. The

presence of P2X and /or P2Y receptors on urothelial cells, smooth muscle cells and interstitial cells also suggest a

paracrien role for released ATP. NO is shown to act on smooth muscle cells, nerve fibres and interstitial cells. Most

TRP channels are present on nerve fibres in both the suburothelium and the muscularis, making them sensitive to

different stimuli. Direct or indirect (via second messengers like ATP) stimulation of afferent nerves fibres,

modulates afferent information to the CNS and thereby influences bladder filling/voiding. UC urothelial cell, NF

nerve fibre, IC interstitial cell, SMC smooth muscle cell, V1 TRPV1, V2 TRPV2, V4 TRPV4, A1 TRPA1, M8 TRPM8.
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were confirmed by Avelino et al.,15 who determined the
expression of TRPV1 throughout the entire urinary tract in
the rat. TRPV1 was present in a mucosal and muscular
TRPV1 IR plexus, not only in the bladder, but also in the renal
pelvis, the ureters and the proximal urethra. Also in the rat,
Birder et al.12 suggested that besides expression on afferent
nerve fibers, TRPV1 is expressed on detrusor smooth muscle
cells and urothelial cells, which respond to capsaicin by
releasing NO.

In human bladder tissue comparable suburothelial and
muscular networks of TRPV1 IR nerve fiber were found. How-
ever, myelinated, larger caliber fibers, possibly A delta fibers
were also stained.16,17 Our group found a non-neuronal loca-
lization of TRPV1 on detrusor smooth muscle cells and in-
terstitial cells but not on urothelial cells.17,18 Lazzeri et al.19 on
the other hand showed an intracytoplasmatic labeling of the
urothelium, smooth muscle cells, mast cells, and endothelium.

The morphological studies cited above, show a number of
discrepancies. These variations can be explained by differ-
ences in specimen collection and conservation. Human as well
as rat tissue was used. Human specimens were obtained by
cold cup biopsies during endoscopy or by taking full thickness
biopsies during open surgery or even autopsy. In some
protocols, tissues were immersion fixed while in others, tissue
was fresh frozen. These different conservation techniquesmay
contribute significantly to observed differences in staining
patterns.

TRPV1 in the prostate. In the human prostate, TRPV1 is
present on interstitial cells and nerve fibers spreading
throughout the prostatic urethral mucosa, verumontanum,
ejaculatory ducts, and periurethral prostatic acini.18,20 No
TRPV1 immunoreactive fibers can be detected in the transi-
tional and peripheral zones of the gland. In prostate cancer cell
lines PC-3 and LNCaP TRPV1 is expressed by epithelial prostate
cells, while this is not the case in normal epithelial cells.21

TRPV1 in other parts of the urogenital tract. TRPV1
expression studies in human and rat have shown that TRPV1
is widely expressed throughout the urogenital tract. In the
rat’s urinary tract, TRPV1 is present on peripheral nerve fibers
forming a suburothelial and a muscular network in the renal
pelvis, the ureters, the bladder and the proximal urethra. In
the distal urethra, TRPV1 IR fibers are only detectable in the
suburothelium.15 In the rat’s genital tract TRPV1 mRNA was
detected in prostate, testis and penis.22 TRPV1 is expressed in
the human prostate, testicles and seminiferous tubules. Also
human specimens from the corpus cavernosum, the glans, the
preputium, and the scrotal skin express TRPV1.22

Functional data

TRPV1 in the bladder. Bladder instillations with vanilloids
like capsaicin and resiniferatoxin have been used for over a
decade in the treatment of neurogenic bladder overactivity.23

Nevertheless, little is known about the role of TRPV1 in
normal bladder physiology. With the development of TRPV1
knock out mice, a model became available to study the
function of TRPV1 in the bladder in vivo.

The vanilloid pathway. Electrophysiological studies in cats
and rats have revealed the importance of afferent activity in
control of the bladder function. In normal circumstances,
afferent bladder activity is mediated primarily by small
myelinated afferent fibers (Ad fibers). These afferents pass
through the spinal cord to the periaqueductal gray matter in
the brainstem, where they give information about bladder
fullness to the pons. These nerves form the afferent loop of
the spinobulbospinal micturition reflex pathway. A second
group of bladder afferents, small unmyelinated C fibers

form an addition pathway. In normal circumstances, most of
these C fibers are inactive (silent C fibers) but many of them
can be activated by chemical irritants, resulting in bladder
contraction and expulsion of the irritant.24 These C fibers are
capsaicin sensitive and mediate the burning sensation after
intravesical capsaicin instillations.

TRPV1 as pressure sensor in the bladder. In the bladder,
TRPV1 seems to play a crucial role in stretch detection by the
urothelial cells. Urothelial tissue produces ATP in response
to pressure application and similarly cultured urothelial
cells respond to hypotonic stretch by releasing NO and ATP.
In TRPV1 knock out mice this stretch evoked urothelial release
of NO and ATP was significantly smaller compared to wild
type littermates, suggesting that TRPV1 is directly involved
in mechanosensing by the urothelium.25 In our lab, we found
that extravesically applied capsazepine (a selective TRPV1
antagonist) decreased the contractile response of isolated
bladders to intravesical volume load. These findings support
the role of TRPV1 in stretch detection.26

Finally there is evidence that bladder filling detected by
TRP not only evokes local responses, but that this information
is sent to the CNS. In TRPV1 knock out mice there is a
significant decrease in c-fos expression in the lumbo-sacral
cord in response to bladder distension.25 Whether TRPV1
channels in the urothelium are solely responsible for this
function remains unclear. The presence of TRPV1 in other cell
types like interstitial cells, smooth muscle cells, and nerve
fibers, suggests these cells might also have a contribution to
mechanosensing in the bladder.

Effect of TRPV1 on bladder contractions. TRPV1 knock out
mice show enhanced intermictional spotting, whereas normal
micturitions seem to be unaffected. This was reflected in
the cystometrograms by an increase in the frequency of non-
voiding contractions and a regular pattern of voluntary
voiding contractions. Whether these non-voiding contractions
are responsible for the increased spotting is still uncertain and
needs further investigation.25

All urethane anesthetized TRPV1 knock out mice display
increases in mean bladder capacity and reductions in
spinal cord c-fos induction in response to bladder distension.
In conscious mice, the micturition frequency is unaffected in
these knock outs, suggesting that TRPV1-mediated mecha-
nisms are responsible for setting the micturition threshold
under anesthesia, whereas non-TRPV1-mediated mechanisms
set the threshold in voluntary conditions.25

Because TRPV1 is expressed by various cell types (urothelial
cells, interstitial cells, neurons, and smooth muscle cells), it is
not easy to understand how TRPV1 contributes to intermic-
tional spotting, non-micturition contractions and abnormal
reflex voiding. The use of different bladder preparations
(bladders of live animals, bladder strips with or without the
urothelium, in vitro isolated whole bladders, urothelial cell
cultures) can help us to gain insight in the specific function of
TRPV1 in each part of the bladder wall.

Our group studied autonomous bladder activity after pre-
treatment with piperine and RTX (30 min before pressure
measurements). RTX installations induced shorter contrac-
tions (macro-transients) with increased amplitudes and a
significant decrease in the number of spikes.27 Similarly
piperine instillations caused shorter contractions and more
periods of inactivity.26 In both studies the frequencies of
macro-transients were unaffected.

Drake et al. suggest that the bladder is arranged into
modules, controlled by the central nervous system as well
as the peripheral myovesical plexus. When modules contract
separately, they can only cause minor intravesical pressure
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changes. When all modules are activated at the same time
however, they contract synchronously, resulting in an
increase of the intravesical pressure, causing a micturition
contraction. TRPV1 seems to play a role in the way these
modules interact. More efficient macro-transients (higher
amplitude and shorter duration) and a decrease in the number
of spikes after treatment with specific TRPV1 agonists PIP
and RTX, suggests a better electrical coupling between the
different modules, leading to coordinated contractions instead
of isolated module contractions.27

The increased number of non-micturition contractions in
TRPV1 knock-out mice could be the result of a reduced
coupling between the bladder modules. On the other hand,
these non-micturition contractions can also be a compensa-
tory mechanism by which the bladder tries to increase the
afferent information to the central nervous system, trying to
detect the amount of bladder filling in absence of the stretch
detector TRPV1.

TRPV1 in diuresis and natriuresis. TRPV1 is present in the
renal pelvis on afferent nerve fibers, which form a sub-
urothelial and a muscular plexus.15 In the rat, capsaicin
instilled in the renal pelvis at one site causes ipsilateral as well
as contralateral afferent renal nerve activity, resulting in an
increase of diuresis and natriuresis at both kidneys, without
influencing blood pressure. It is suggested that this phenom-
enon is caused by an ipsilateral and contralateral renorenal
reflex mediated by capsaicin sensitive nerves. Renal denerva-
tion at the site of instillation and admission of capsazepine
inhibits these renorenal reflexes.28,29

In human patients, intravesical administration of capsaicin
can also increase natriuresis and diuresis. This suggests the
presence of a vesico-renal reflex, mediated by TRPV1 positive
nerve fibers.30 It appears that intravesical irritation promotes
expulsion of the irritant, not only by increasing bladder
contractility, but also by increasing diuresis.

TRPV1 in the urethra. TRPV1 positive nerve fibers form two
plexuses in the proximal urethra, but only a single sub-
urothelial plexus in the distal part of the urethra.15 In the dog
urethra, capsaicin causes relaxation of the smooth muscles
precontracted by noradrenalin. This effect is mediated by the
release of NO, after activation of capsaicin sensitive afferents.
Neuropeptides, like substance P and CRGP released by the
afferent nerves, do not seem to be involved in this process.31 In
urethral striated muscle of the rat, capsaicin also induces
relaxation, but in a CGRP mediated way.32 In urethane
anesthetized rats, intravesical infusion of saline induces reflex
bladder contraction as well as activation of the external
urethral sphincter, leading to intraluminal pressure high
frequency oscillations (IPHFO). Intraurethral capsaicin instil-
lation enhances these IPHFO’s and when the bladder is empty,
intraurethral capsaicin is able to evoke these IPHFO’s itself.
These capsaicin evoked contractions seem to be mediated by a
urethra-urethral reflex, via the pundendal nerves. Intraure-
thral capsaicin activates TRPV1 positive nerve fibers and leads
to the suprapinally mediated activation of the external
urethral sphincter.33 This effect seems to be opposite to the
direct effect of capsaicin on isolated urethra striated muscle
tissue. Depression of this TRPV1 mediated external sphincter
activation however, could be a possible explanation for the
increased spotting seen in TRPV1 knock out mice.25 The exact
function of TRPV1 in the urethra is still unclear, but it appears
to be involved in the complex coordination between bladder
and urethra.

TRPV2. TRPV2, also known as VRL1, shares a 50% homology
with TRPV1. TRPV2 expressed in a subset ofDRGneurons and in
the hypothalamus, but is also highly expressed outside the

nervous system in the heath, the gastro-intestinal tract and
smooth muscle cells.8,34 TRPV2 is activated by highly noxious
temperatures (>52�C) and IGF-1.35 TRPV2 can also be activated
by hypo-osmotically induced cell swelling and functions as a
mechanosensor in vascular myocytes.36 TRPV2 is associated
with dystrophic cardiomyopathy37 and inflammation-induced
hyperalgesia.38 Due to lack of a TRPV2 knock out model and
TRPV2 specific activators and inhibitors, the knowledge about
TRPV2’s physiological role is still very limited.8

TRPV2 in the urogenital tract. Before TRPV2 was described
as a separate channel, it was thought that TRPV2, or VRL1 was
a variant of VR1 (now TRPV1). In our group we used aVR1 and
aVRL1 antibodies to stain for VR1 in the human bladder. Both
types of antibodies gave a similar staining pattern in small
nerve fibers, as well as suburothelial interstitial cells and
smooth muscle cells.17 Post factum it is tempting to relate the
VRL1 immunoreactivity in the human bladder to the presence
of TRPV2, but results might be influenced by the lack of
specificity of the antibodies. By using RT-PCR, Birder et al.
showed a similar expression pattern of TRPV1 and TRPV2. Both
VR1 and VRL1 mRNA was found is cultured urothelial cells,
bladder urothelium tissue, dissociated bladder smooth muscle
cells and de-epithelialized bladder tissue.12

From these data we can conclude that TRPV2 is probably
expressed in the urogenital tract, but further research is
needed to assess its exact localization. Being a stretch
activated channel, TRPV2 might play a role in the detection
of bladder filling. If TRPV1 and TRPV2 would indeed have a
similar distribution pattern in the bladder, they might form
functional heterotetramers like in other organs.39

TRPV4. TRPV4 was discovered in 2000 by Liedtke et al.40 as
an osmotically activated channel, showing structural
similarities with OSM-9 as well as VR1. TRPV4 is a non-
selective cation channel activated by various physical and
chemical stimuli such as hypotonicity, (cell swelling),
moderate heat, acid and agonists like phorbol derivates
(4aPDD).9,40–43 TRPV4 is expressed in the neurons of
circumventricular organs in the mammalian CVS, in the
kidneys, the liver, the airway and the hearth.40,44,45 TRPV4 is
expressed in afferent as well as autonomous nerves.43,45

Using a TRPV4 knock out model, it became clear that
TRPV4 plays an essential role for regulating the osmotic
balance in vivo, functioning as an osmotic sensor in the CNS.46

Knock out mice show an impaired detection of acid and
pressure, but hot and touch sensation are still intact.43 TRPV4
is therefore suggested to be an important mechanosensor in
the body.

Recent articles suggest that TRPV4 is also shear stress
sensitive and is able to act as a flow sensor in endothelial cells
as well as in cortical collecting ducts.47,48

TRPV4 in the urological tract. TRPV4 is expressed in the
prostate. Northern blot analysis revealed the presence of
TRPV4 (TRPVL2) mRNA transcripts in the prostate.45 Using
monoclonal TRPV4 antibodies our lab showed the presence
of TRPV4 on the basal urothelial cells in rat bladders. There
was no TRPV4 IR in the suburothelium or in the superficial
urothelial cells.49

TRPV4 knock out mice showed an altered micturition
pattern, having significantly more intermictional spotting,
whereas micturitions itself seem to be normal. Perform-
ing continuous cystometrograms we found an increase of
the intermictional interval and an increased number of non
micturition contractions.49

Nakamura et al.50 also checked the micturition pattern
in TRPV4 knock out mice. They presented an increase of
both mean micturition volume per void and intermictional
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interval. These results are similar to ours, suggesting that
TRPV4 indeed plays an important role in bladder physiology.

Another possible role for TRPV4 might be the detection of
urine flow in the urethra, hereby activating the urethra to
bladder reflex, promoting bladder emptying. Once micturition
is started, bladder emptying is facilitated by contraction of the
detrusor. The mechanisms responsible for these detrusor
contractions are still poorly understood, but bladder to bladder
and urethra to bladder reflexes seem to play an important
role. In the awake ewe urethra to bladder reflexes are
stimulated by urethral infusion saline at body temperature,
but not at temperatures below the physiological rate.51 As
TRPV4 in activated by shear stress at body temperature, it is
good candidate for mediating the urethra to bladder reflex.
Using the TRPV4 knock out model is would be interesting to
asses this hypothesis and evaluate the possible role of TRPV4
for flow detection in the urethra.

TRPM8. TRPM8 was first discovered in the prostate. By
looking for new markers of prostate cancer, Tsavaler et al.52

found a new member of the TRP family that was expressed in
normal prostate tissue and was up-regulated in prostate
cancer. TRPM8 is member of the temperature sensitive TRP
channels, but in contradiction to TRPV1, TRPV2, TRPV3, and
TRPV4 it is activated by cold temperatures (<23�C).9,53

Pharmacological agents that evoke a ‘‘cool sensation’’, like
menthol and ilicin can activate TRPM8.53 TRPM8 is expressed in
DRG and TG neurons that do not express TRPV1, IB4, or CGRP.
This suggests that TRPM8 is expressed in a subpopulation of
thermoceptive and nociceptive nerves different from the
TRPV1 expressing subpopulation.53

TRPM8 in the urogenital tract. Asmentioned above, TRPM8
is expressed in the prostate, where it is located on the cell
membrane of the basal epithelial cells.52 TRPM8 expression
studies in the rat showed the presence of TRPM8 not only in
prostate but also in testis, penis, bladder and dorsal root
ganglion tissue. In the human urogenital tract TRPM8 is
expressed in the prostate, the testicles, seminiferous tubules,
scrotal skin, and bladder.54

While in the study by Stein et al.54 TRPM8 expression in
the human bladder was limited to the urothelium, Mukerji
et al.55 showed TRPM8 immunoreactivity in the bladder
urothelium as well as in fine nerve fibers scattered in the
suburothelium.

In patients with spinal cord lesion, infusion of ice cold
water in the bladder causes reflex detrusor contraction.56 This
phenomenon has been used as a diagnostic test, the ice water
test, in patients with bladder overactivity to assess whether
their bladder problems have a neurogenic origin.57 This reflex
activity is likely to be mediated by cold sensitive TRP channels
like TRPM8 and TRPA1. In the guinea pig bladder, infusion of
menthol indeed affects the micturition pattern (lowering of
the volume threshold, increase of micturition pressure). In
addition, when guinea pig bladders are pre-treated with
menthol, cold saline itself is able to cause reflex micturition.58

In the human prostate, TRPM8 is expressed in the androgen
dependent apical epithelial cells and smooth muscle cells.59

TRPM8 expression is regulated by androgens and it is suggested
that TRPM8 plays an important role in normal prostate secre-
tion. Consequently TRPM8 could have an influence on sperm
mobility.59

The role of TRPM8 in the testis and scrotal skin is still
unknown, but TRPM8 may mediate temperature homeostasis
of the testes, by positioning them closer or further to the body.
If TRPM8would indeed be responsible for both spermmobility
and temperature homeostasis in the testicles, it would be a
highly important factor in male fertility.

TRPA1. TRPA1 is the only mammalian member of the
Ankyrin TRP subfamily. TRPA1 is activated by covalent
modification of cysteines at the N-terminus, for example by
some plant derived agonists like allyl isothiocyanate (the
pungent compound in mustard oil), allicin (garlic), and
cinnamaldehyde (in cinnamon).60,61 TRPA1 is also activated
by intracellular Ca2þ and is a voltage dependent channel. It is
considered as a mechanosensor based on genetic evidence and
expression in heterologous systems.62 There is still discussion
to whether or not TRPA1 is activated by noxious cold (<17�C).8

TRPA1 is expressed inDRGand TGneurons and in hair cells.63,64

In sensory nerves, TRPA1 is co-expressed with TRPV1. It has
been suggested that TRPA1 participated in noxious pain
perception, mechanosensing and hearing, but conflicting
observations were made in two independently developed
knock out mice models.65,66

TRPA1 in the urogenital tract. Immunohistochemical
studies revealed the presence of TRPA1 in sensory nerve fibers
innervating the trigone of the bladder.63 No non-neuronal
expression of TRPA1 in the urogenital tract has been reported
so far.

When TRPA1 agonists isothiocyanate and cinnamaldehyde
were applied to isolated rat bladder strips, they caused
concentration dependent bladder contractions. Application
of maximal agonist concentrations induced rapid desensitiza-
tion. Cross desensitization was noted between TRPA1 agonists
and the TRPV1 agonist capsaicin and also between different
TRPA1 agonists. In contradiction to TRPV1, TRPA1 mediated
contractions were sensitive to tetrodoxine and indomethacin,
but resistant to atropine and suramin. TRPA1 mediated
contractions were dependant on extracellular Ca2þ and TRPA1
agonist application to the urinary bladder caused release of
prostaglandine E2 and substance P.67

We conclude that TRPA1 activation induces bladder
contractions, mediated by sensory afferent stimulation and
release of neuropeptides and prostanoids.

TRP IN PATHOPHYSIOLOGY

TRPV1

TRPV1 in bladder disorders

(1) Neurogenic detrusor overactivity (NDO): In cats and rats the
reflex pathways controlling the bladder after chronic spinal
cord injury differ markedly from normal bladder control.
Spinal cord injury (SCI) is associated with the emergency of
an aberrant sacral spinal reflex that is mediated by capsaicin
sensitive C-fiber afferents in the bladder suburothelium.68

These observations formed the basis for performing bladder
instillations with vanilloids in patients with neurogenic
bladder overactivity. These vanilloids can desensitize the
TRPV1 positive C fibers, thereby interrupting the afferent
limb of the spinal reflex arc.

Patients with NDO have an increased immunoreactivity of
PGP9.5 and TRPV1 in the suburothelium and an increased
TRPV1 reactivity in the basal layers of the urothelium
compared to control patients. In addition, patients with
NDO clinically responding to intravesical instillations of
resiniferatoxin show a significant decrease of this TRPV1
immunoreactivity in both the suburothelium and the basal
urothelial layers compared to non-responders, suggesting a
role for TRPV1 in the pathophysiology of NDO.69,70 The effects
of vanilloids on urothelial TRPV1 indicate that vanilloid
actions are more complex than simple C fiber desensitization.
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The exact effect of capsaicin or its analogues on the different
TRPV1 positive structures (urothelium, afferent nerve fibers,
interstitial cells) still needs further elucidation.

(2) Overactive bladder (OAB) with and without detrusor over-
activity (OAD): Patients with OAB without demonstrable
OAD,71 who have a normal filling cystometry but an early
first sensation during bladder filling due to sensory
discomfort, show an increased TRPV1 mRNA expression
in the trigonal mucosa. In these patients, TRPV1 expression
levels in the trigone are inversely correlated to the volume
at first sensation during bladder filling.

In patients with idiopathic detrusor overactivity on the
other hand, there are no changes in TRPV1 expression levels,
suggesting a distinct molecular basis between SU and IDO.72

These data provide a basis for the use of intravesical vanilloid
instillations in patients with OAB without demonstrable OAD.
No data from clinical trials in this patient group are available
so far.

(3) Painful bladder syndrome (PBS) and interstitial cystitis (IC):
Painful bladder syndrome is the complaint of suprapubic
pain related to bladder filling, accompanied by other
symptoms such as increased daytime and night-time
frequency, in the absence of proven urinary infection or
other obvious pathology.73 PBS is used to describe this
syndrome of complaints, while IC is preserved for typical
cystoscopic and histological features. In patients with PBS
there is a significant increase in the number suburothelial
TRPV1 nerve fibers. In these patients the relative TRPV1
nerve density in the urothelium is correlated with their
pain scores. Inflammatory bladder changes might be the
driving force in these alternations, with nerve growth
factor (NGF) being a key player. NGF is increased in
inflammation and the levels of NGF are increased the
urine and urothelium of patients with PBS. As NGF
stimulates TRPV1 expression, NGF contributes to the
hyperproliferation of TRPV1 nerve fibers in patients
with PBS.

Not only an increased expression, but also an increased
sensitivity of TRPV1 nerve fibers in the bladder wall can
contribute to the bladder dysfunction. In cats with feline
interstitial cystitis (FIS) afferent nerves are larger, have an
increased excitability and exhibit a slower desensitization to
capsaicin as a consequence of an increased phosphorylation of
TRPV1 by PKC.74,75

Theoretically, intravesical vanilloid instillations, causing
TRPV1 nerve fiber desensitization could be an adequate
therapy in people with PBS. The results from the first, small
randomized controlled trial with RTX showed promising
results, but a recently published RCT using a much larger
populationwas unable to show any benefit of intravesical RTX
instillations for patients with interstitial cystitis.76,77

(4) Hemorrhagic Cystitis: Irritating substances in the bladder
activate the C fibers, leading to bladder contraction and
expulsion of the irritant. In cyclophosphamide induced
hemorrhagic cystitis anandamide levels in the bladder are
increased, activating TRPV1 and leading to the develop-
ment of hyper-reflexia and hyperalgesia.78 These effects
can be blocked by capsazepine and RTX pre-treatment.

TRPV1 in vulvodynia in vulval vestibulitis. The term
vulvodynia comprises all conditions of vulval pain, affecting the

vulval vestibule. Vulval vestibulitis is a condition characterized
by the sudden onset of painful burning sensation, mechanical
allodynia and hyperalgesia at the vulval vestibule. In patientswith
vulvodynia of the vestibulitis type, there is an overexpression of
TRPV1positivenervefibers in thepapillarydermisandepidermis.79

Local application of capsaicin cream in these patients successfully
relieved the symptoms of vulval vestibulitis, reduced dyspareunia
and resulted in more frequent sexual relations.80

TRPV1 in erectile dysfunction. In a study conducted in
male diabetes patients with erectile dysfunctions it was
suggested that dysfunction of unmyelinated C fibers plays a
key role in erectile dysfunction.81 TRPV1 positive afferents take
part in a reflex arc, leading to penile erection. In impotent men,
intraurethral capsaicin induces penile erections, comparable
to the effect of papaverine injections. These data suggest the
involvement of a capsaicin sensitive urethra-corpora cavernosa
reflex arc.82 No other clinical trials have been reported, the
desensitizing effect vanilloid instillations will probably worsen
erections in long term, instead of ameliorating them.

TRPV1 in transitional cell carcinoma (TCC). In normal
bladder tissue TRPV1 is present on all the urothelial cells.
TRPV1 staining is higher in the more differentiated
superficial urothelial cells and decreases toward the basal
layers.12,19 In bladder TCC there is a progressive loss of TRPV1
expression as tumor grade increases, with TRPV1 being
absent in pT4 tumors.83 Thus, TRPV1 expression seems to be
related to the degree of cell differentiation, cell growth and
apoptosis.

TRPV1 activation in neurons, airway epithelial cells and
even in pancreatic tumor cells can induce apoptosis.84,85

Hence, TRPV1 on low stage TCC cells could be a possible target
for intravesical vanilloid therapy. Circumin, a popular Indian
food spice, derived form the rhizome of the plant Curcuma
longa Linn, is a potent cytotoxic for in vitro bladder
tumor cell lines. In a murine bladder tumor model Circumin
inhibits tumor implantation and tumor growth. The action
mechanism by which curcumin induces apoptosis is still
poorly understood, but interestingly, curcumin has a vanilloid
structure and possesses a vanilloid like activity by selectively
binding TRPV1. TRPV1 activation by curcumin could be a
possible mechanism by which apoptosis is induced. Future
studies using other vanilloids are needed to determine the
contribution of TRPV1 activation in inducing apoptosis and
preventing implantation of TCC cells.

TRPM8

TRPM8 in functional bladder disorders. TRPM8 is expressed
in bladder urothelium as well as myelinated (a-delta) and
unmyelinated (C) nerve fibers in the suburothelium. Bladder
specimens of patients with idiopathic detrusor overactivity
and painful bladder syndrome show a significant increase in
the number of TRPM8 positive C fibers, while the numbers of
TRPM8 immunoreactive a delta fibers and urothelial cells is not
significantly changed.55 In these patients the density of TRPM8
positive nerves fibers is positively correlated to the Frequency
and Pain scores. These data indicate a role for TRPM8 in the
pathophysiology of IDO as well as PBS.

TRPM8 in prostate cancer. TRPM8 was initially described
as a prostate specific TRP that was overexpressed in malignant
tissue.52 The expression of TRPM8 in prostate cancer seems
to be regulated by androgens.59,86,87 TRPM8 expression is
reduced after anti-androgen therapy and when prostate
cancer becomes androgen independent.86 It is assumed that
TRPM8 gene transcription is regulated by direct binding of
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the androgen-androgen receptor complex to the androgen
response elements in the TRPM8 gene.88

TRPM8 is a possible diagnostic marker in the differential
diagnosis of prostate cancer and a prognostic marker for
androgen dependency and progression of the tumor. In the
future TRPM8 might also be used as a potential therapeutic
target in hormone sensitive prostate cancer. Sustained
calcium influx by application of menthol caused apoptosis in
the androgen dependant LNCaP prostate cancer cell line.87

A more extensive review about TRPM8 medicated mecha-
nisms in prostate cancer has recently been published.88

TRPV4 and TRPC4 in nocturnal enuresis. Hereditary
factors are very important in the aetiology of nocturnal
enuresis, although somatic and psychosocial environmental
influences exert amajor modulatory effect. Nocturnal enuresis
is most commonly inherited in an autosomal dominant way.
Linkage analysis in familieswith nocturnal enuresis associated
the disorder with four different chromosomal loci, but no
association with candidate genes could we proven so far.89

Interestingly two of the associated loci refer to the location of
TRP channel genes, namely TRPV4 (12q) and TRPC4 (13q13).90

The association of these genes with nocturnal enuresis has not
been checked so far. As TRPV4 has a role in bladder physiology,
it would be an interesting new candidate gene.

TRPV1 as Therapeutic Target

Vanilloids. Almost two decades ago Maggi et al.91 were the
first ones to use intravesical instillations of capsaicin in
patients with hypersensitive bladder disorders. Since then, a
large amount of studies have been published about the use of
intravesical vanilloids for different types of functional bladder
disease.

The first vanilloid usedwas capsaicin, the pungent ingredient
of hot chilli peppers (capsicum annuum). In patients with
neurogenic detrusor overactivity capsaicin instillations are
effective in improving both clinical and urodynamic parame-
ters. In a meta-analysis by de Sèze et al. 115 patients with
neurogenic detrusor hyper-reactivity, treated with capsaicin
were identified. 97 (84%) of them experienced an improvement
of their complaints. Only two randomized controlled trials
using capsaicin in 30% ethanol in saline have been published
so far. These trials by Wiart et al.92 and de Sèze et al.93 show a
significant improvement in continence, frequency, urgency and
patient satisfaction one month after capsaicin instillation. After
bladder instillations, both the treatment and control (30%
ethanol) group reported immediate side effects (suprapubic
burning sensation, urgency, hot flushes, hot flushes, autonomic
hyperreflexia) that lasted almost 2 weeks.

As previously mentioned, TRPV1 is upregulated in patients
with painful bladder syndrome. A randomized controlled trial
by Lazzeri et al.94 showed that instillation of 10 mM capsaicin
induces a significant improvement of frequency and nocturia
but not of urgency or pain score compared to placebo.

Resiferatoxin is the active ingredient in the drug
euphorbium, the air-dried latex of the cactus like plant
Euphorbia resinifera. RTX is more than a thousand times
more potent than capsaicin in desensitizing contractions in
the urinary bladder, but has a similar potency in activating
TRPV1.95 It was suggested that RTX could provide better
results than capsaicin with less side effects, as it can cause
desensitization, without activating TRPV1.

In patients with neurogenic detrusor overactivity, Silva
et al.96 compared the effect of instillation of 50 nM RTX
in ethanol 10% to instillation of vehicle alone. In the RTX
treatment group, there was a significant increase of bladder

capacity and a significant decrease of frequency and urinary
incontinence. In patients with painful bladder syndrome
however, RTX does not seem to have a beneficial effect.97

Several randomized controlled trials have compared the
effect of RTX to capsaicin. Giannantoni et al. compared the
effect of 2 mM capsaicin in 30% ethanol in saline to 100 nM
RTX in saline. They showed RTX to be superior to capsaicin in
improving urodynamic and clinical parameters in patients
with chronic spinal cord injury. In addition, RTX did not evoke
the same irritating side effects as capsaicin.98 de Sèze et al.99

however, did not observe any differences in efficacy and
tolerance between capsaicin dissolved in glucidic solvent and
RTX dissolved in 10% ethanol. They suggest that differences
between the effect of capsaicin and RTX in previous studies
are strongly influenced by the vanilloid solute. Our lab showed
indeed that ethanol is not an inert vehicle, but strongly
impairs bladder contractility.100 Ethanol activates TRPV1 and
inhibits TRPM8.101 Therefore, the results of studies conducted
with ethanol as a solvent for vanilloids need to be interpreted
with care.

Capsaicin is a highly hydrophobic molecule that is insoluble
in water. Therefore it was usually formulated in saline using
30% of ethanol. As ethanol is not considered to be an
appropriate solvent any more, there is a need for better and
safer vehicles to dissolve vanilloids in water. Liposomes (LP)
are vesicles composed of concentric phospholipids bilayers,
separated by aqueous compartments. Hydrophobic vanilloids
can be entrapped in the phospholipids bilayers of liposomes
and brought into an aqueous solution. The liposomes can fuse
with the cell membrane and deliver capsaicin to the cell.102

Hydrogels can also be used to dissolve capsaicin. These gels
have an amphiphilic nature and can dissolve vanilloids. At
room temperature these polymers are in a fluid state suitable
for intravesical instillation. In the bladder they change to
the gel state, covering the bladder surface.102 In a comparable
study between 30% ethanol, liposomes and hydrogels as a
vehicle for capsaicin, liposomes were as effective as ethanol
30% without causing tissue damage. Hydrogels were a little
less effective but equally safe as liposomes, suggesting that
both liposomes and hydrogels can serve as valuable alter-
natives for capsaicin delivery. Another alternative to dissolve
capsaicin is the use of a glucidic solute. This solute consists of a
seven cycle oligosaccharide molecule dissolved in isotonic
aqueous solution. The effect of capsaicin 1 mM in glucidic
solute in comparison to glucidic solvent alone was compared
in a randomized controlled trial in patients with neurogenic
detrusor overactivity. After 1 month, patients treated with
capsaicin in glucidic solute scored significantly better than
controls with regard to clinical parameters, bladder capacity
and quality of life. Pelvic pain during instillation was reported
more frequently in the treatment group (58% compared to
12,5% in the control group).103

Short term evidence indicates that these new solvents are a
safe and effective alternative for ethanol to dissolve vanilloids.
However, long term results about efficacy and tolerance of
repeated applications still need to be evaluated.

Botulinum toxin A. The rationale for the use of Botulinum
neurotoxin A (BoNT/A) injections as a treatment for bladder
overactivity is based on the theory that BoNT/A temporarily
blocks the presynaptic release of acetylcholine from the efferent
parasympatic nerves, hereby paralyzing the bladder.104 There is
accumulating evidencehowever that BoNT/A alsohas a complex
effect on afferent mechanisms.105

Intravesical injections of BoNT/A significantly decrease the
TRPV1 immunoreactivity of suburothelial nerve fibers, without
influencing suburothelial PGP9.5 expression in patients with
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NDO.(70) This means that TRPV1 expression on afferent nerves
is decreased, while the nerves themselves stay intact. By
inducing cleavage of SNAP-25, BoNT/A causes a destabilization
of the SNARE complex and inhibits the expression of TRPV1 on
peripheral nerve fibers.106 Thus, BoNT/A affects bladder con-
tractility by influencing both efferent and afferent innervation
and its effect on afferent innervation is different than that of
vanilloids.

FUTURE RESEARCH

In functional bladder disorders, most of our therapies target
efferent mechanisms mediating bladder contractions. Accu-
mulating evidence shows however that disruption of afferent
mechanisms is the driving force behind pathophysiological
changes in bladder overactivity.107 This could explain why
many of our conventional therapies fail to improve bladder
complaints. TRP channels are able to respond to a large variety
of physical and chemical stimuli, making them privileged
candidates to function as primary sensing molecules in the
bladder. TRPs are involved in normal bladder physiology.
Overexpression or dysfunction of these channels induces
pathophysiological processes, leading to functional bladder
disorders. Therefore, research about TRP channels in the
bladder is an unexplored and very promising domain that
can help us understand the molecular mechanisms leading to
urinary (in)continence (Table I).

TRP channels also seem to be involved in cell differ-
entiation, cell growth and apoptosis. As we know, calcium
overload in cells induces apoptosis. Thus, TRP channels located
at the cell membrane of tumor cells, could be interesting new
targets for drug therapy, immunotherapy or even gene
therapy. TRPM8 and TRPV1 seem to be involved in prostate
and urothelial cancer respectively. Little is known however
about the changes in expression of these and other TRP
channels during differentiation and carcinogenesis. Research
is needed to map the expression patterns of these channels,
determine their contribution to carcinogenesis and explore
the application of TRP agonist in the treatment of cancer.

In different branches of urology (uro-ocology, functional
urology) research on the domain of TRP channels will
provide new insights and possibilities in patients who cannot
be cured with our current understandings and conventional
therapies.
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