
The TRPV4 Cation Channel Mediates Stretch-evoked Ca2�

Influx and ATP Release in Primary Urothelial Cell Cultures□S

Received for publication, May 12, 2009, and in revised form, June 12, 2009 Published, JBC Papers in Press, June 15, 2009, DOI 10.1074/jbc.M109.020206

Tsutomu Mochizuki‡§, Takaaki Sokabe§¶1, Isao Araki‡, Kayoko Fujishita�, Koji Shibasaki§¶, Kunitoshi Uchida§¶,
Keiji Naruse**, Schuichi Koizumi�, Masayuki Takeda‡, and Makoto Tominaga§¶2

From the ‡Department of Urology, Interdisciplinary Graduate School of Medicine and Engineering, University of Yamanashi,
Yamanashi 409-3898, the §Division of Cell Signaling, Okazaki Institute for Integrative Bioscience (National Institute for
Physiological Sciences), National Institutes of Natural Sciences, Okazaki 444-8787, ¶The Graduate University for Advanced Studies,
Okazaki 444-8585, the **Department of Cardiovascular Physiology, Graduate School of Medicine, Dentistry and Pharmaceutical
Sciences, Okayama University, Okayama 700-8558, and the �Department of Pharmacology, Interdisciplinary Graduate School of
Medicine and Engineering, University of Yamanashi, Yamanashi 409-3898, Japan

Transient receptor potential channels have recently been
implicated in physiological functions in a urogenital system. In
this study, we investigated the role of transient receptor poten-
tial vanilloid 4 (TRPV4) channels in a stretch sensing mecha-
nism in mouse primary urothelial cell cultures. The selective
TRPV4 agonist, 4�-phorbol 12,13-didecanoate (4�-PDD)
evokedCa2� influx in wild-type (WT) urothelial cells, but not in
TRPV4-deficient (TRPV4KO) cells. We established a cell-
stretch system to investigate stretch-evoked changes in intracel-
lular Ca2� concentration and ATP release. Stretch stimulation
evoked intracellular Ca2� increases in a stretch speed- and dis-
tance-dependent manner in WT and TRPV4KO cells. In
TRPV4KO urothelial cells, however, the intracellular Ca2�

increase in response to stretch stimulation was significantly
attenuated compared with that in WT cells. Stretch-evoked
Ca2� increases in WT urothelium were partially reduced in the
presence of ruthenium red, a broad TRP channel blocker,
whereas that in TRPV4KO cells did not show such reduction.
Potent ATP release occurred following stretch stimulation or
4�-PDD administration in WT urothelial cells, which was dra-
matically suppressed in TRPV4KO cells. Stretch-dependent
ATP release was almost completely eliminated in the presence
of ruthenium red or in the absence of extracellular Ca2�. These
results suggest that TRPV4 senses distension of the bladder
urothelium, which is converted to an ATP signal in the micturi-
tion reflex pathway during urine storage.

Transient receptor potential vanilloid 4 (TRPV4),3 amember
of the TRP superfamily of cation channels, is a Ca2�-permeable
channel activated by a wide variety of physical and chemical
stimuli (1, 2). TRPV4 was originally viewed as an osmo- or

mechano-sensor, because the channel opens in response to
hypotonicity-induced cell swelling (3–5) and shear stress (6).
Alternatively, TRPV4 can be activated by diverse chemical
stimuli such as synthetic phorbol ester 4�-phorbol 12,13-dide-
canoate (4�-PDD) (7), a botanical agent (bisandrographolide
A), anandamide metabolites such as arachidonic acid and
epoxyeicosatrienoic acids, as well as moderate warmth
(�27 °C) (8–10). TRPV4 is widely expressed throughout the
body, including renal epithelium, auditory hair cells, skin kerat-
inocytes, hippocampus neurons, endothelial cells, and urinary
bladder epithelium, thereby contributing to numerous physio-
logical processes such as osmoregulation (11, 12), hearing (13),
thermal andmechanical hyperalgesia (14, 15), neural activity in
the brain (16), skin barrier recovery (17), and cell volume regu-
lation (18). Therefore, the TRPV4 channel is now considered a
multimodal transducer in various tissues and cells.
Non-neuronal cells within the urinary bladder wall (notably

the transitional epithelial cells (urothelial cells)) function as a
barrier against ions, solutes, and infection and also participate
in the detection of physical and chemical stimuli (19–21). The
urothelium expresses various sensory receptors and channels
(bradykinin receptors, adrenergic/cholinergic receptors, nerve
growth factor receptors, purinergic receptors, amiloride-sensi-
tiveNa� channels, andTRP channels), all of which are substan-
tially implicated in modulating bladder functions (22).
Recently, the potential roles of TRP channels have been

explored in the bladder. Thus far, expression of TRPV1,
TRPV2, TRPV4, TRPA1, and TRPM8 has been reported in dif-
ferent regions of urogenital tracts (21). TRPV1 is reportedly
expressed in the epithelial cells lining the urothelium, in inter-
stitial cells, and in sensory nerve terminals. TRPV1-deficient
mice displayed a higher frequency of low amplitude non-void-
ing bladder contractions in comparison with wild-type (WT)
mice (22), suggesting that TRPV1 is required for detection of
bladder stretch, which involves stretch-evoked release of ATP
and nitric oxide. The release of both mediators was reduced in
the bladders of TRPV1-deficient mice. In a clinical setting, cap-
saicin or resiniferatoxin reduces bladder overactivity through
desensitization of bladder afferents by acting on TRPV1 (23).
Expression of other TRP channels, e.g.TRPM8 andTRPA1,was
found in sensory C fibers in the bladder (24–27). The diagnos-
tic ice water test is utilized to determinewhether disturbance of
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bladder function involves neurogenic components, one of
which could be related to TRPM8 function, in patients with
spinal cord lesion (28). TRPA1 in sensory afferents is activated
by several known ligands (allyl isothiocyanate and cinnamalde-
hyde), thereby inducing bladder overactivity (26). TRPV2 is
expressed by several cell types in the rat bladder (29); however,
its physiological function has not yet been investigated. TRPV4
is expressed in the urotheliumand in smoothmuscle cells of the
urinary bladder (30, 31). Activation of the channel by specific
ligands leads to augmentation of bladder contraction amplitude
in cystometry and induction of bladder overactivity in vivo. In a
separate cystometry analysis in conjunction with behavioral
experiments, the intermicturitional interval was elongated and
storage urine volume was increased in TRPV4-deficient mice
compared withWTmice (32). Thus, TRPV4may contribute to
bladder function, especially to mediating bladder distention
signals to primary afferent nerves during urine storage. How-
ever, whether urothelial TRPV4 is required for sensing
mechanical stretch, or to what extent urothelial TRPV4 con-
tributes to stretch-evoked ATP release, has not been precisely
determined.
In the present study, we examined the functional contribu-

tion of TRPV4 to stretch-dependent urothelial cell responses
and stretch-evoked ATP release in vitro. We first established a
primary cell culture for mouse urothelium and retention of
TRPV4 expression was confirmed. Because urothelial cells are
physically extendedduring urine storage in vivo, we reproduced
this phenomenon in an in vitro experiment using the uni-axial
cell stretch system. All the experiments were performed by
comparing urothelial cells obtained from WT mice and
TRPV4-deficient mice to evaluate the correlation between
TRPV4 expression and stretch responses. We demonstrated
that urothelial cells sensemechanical stretch stimuli via TRPV4
channels, which induces robust Ca2� influx and contributes to
ATP release upon extension.

EXPERIMENTAL PROCEDURES

Animals—Wild-type (C57BL/6Cr) mice and TRPV4-defi-
cient mice (12) backcrossed on a C57BL/6Cr background were
used. All experiments were performed using 8- to 12-week-old
male mice. All procedures were conducted in accordance with
the policies of the Institutional Animal Care and Use Commit-
tee, National Institute for Physiological Sciences andUniversity
of Yamanashi.
Preparation of Primary Urothelial Cell Cultures—Whole

bladders were taken from anesthetizedmice, and the urothelial
cells were prepared by modified procedures (33–35). Briefly,
the bladder was inverted by pushing the dome downward
through the bladder neck with a blunt 18-gauge needle. A
suture was tied around the neck, and the inverted bladder was
inflatedwith 100�l of phosphate-buffered saline (PBS) through
the needle. As the needle was removed, the suture was tight-
ened to produce a distended “everted ball bladder” in which the
urothelial surface was exposed. The everted ball bladder was
incubated with 0.05% trypsin-EDTA for 30 min on a shaker at
37 °C. After replacing with PBS, urothelial cells were harvested
and collected with a cell scraper. After pipetting, all urothelial
cells were centrifuged (1000 rpm for 5 min), and the cell pellet

was resuspended with keratinocyte serum-free medium
(KSFM, Invitrogen) (34, 36). This medium was supplemented
with epidermal growth factor (5 ng/ml), bovine pituitary
extract (50 �g/ml), cholera toxin (30 ng/ml), penicillin (100
units/ml), and streptomycin (1 �g/ml) (all from Invitrogen).
The urothelial cells were suspended in supplemented KSFM at
1 � 106 cells/ml. Drops (50 �l) of the cell suspension were
seeded on 60-mm dishes or 0.01% collagen type I (Sigma)-
coated coverslips (diameter, 12 mm, Warner Instruments Inc.,
Hamden, CT). The cells were incubated in a humidified atmo-
sphere of 5%CO2 at 37 °C for 2 h to allow cells to attach, and the
disheswere filledwith additional KSFMmedium.All the exper-
iments with urothelial cells were performed after they had
formed clusters, �72 h after cultivation.
RT-PCR and Real-time PCR of TRP Channels and CK7—To-

tal RNA was isolated and purified from WT and TRPV4-defi-
cient primary urothelial cell cultures using RNeasy micro kits
(Qiagen) according to themanufacturer’s instructions. Reverse
transcription (RT)-PCR was performed with TaqMan 1step
RT-PCR Master Mix Reagents (Takara, Kusatsu, Japan). The
reverse transcription was performed at 55 °C for 60 min, fol-
lowed by inactivation at 70 °C for 15 min. The temperature
profile consisted of 40 cycles of denaturation at 95 °C for 15 s,
annealing at 60 °C for 30 s, and elongation at 60 °C for 1 min.
Real-time PCR analysis was performed using a Smart Cycler
System (Cepheid, Sunnyvale, CA). The temperature profile
consisted of 40 cycles of denaturation at 95 °C for 15 s, anneal-
ing at 60 °C for 20 s, and elongation at 72 °C for 10 s. The gene-
specific primers for these channels were designed with the on-
line program Primer 3. The primer sequences for these
channels are shown in Table 1. Intron-spanning primer pairs
were used, except for trpv4 and trpa1 primer pairs for the real-
time PCR analysis. Amplified PCR products were confirmed by
electrophoresis on 1% agarose gel containing ethidium bro-

TABLE 1
Genes and primers used in this study

Gene Primer Product
size

bp
Primers for RT-PCR
mTRPV1 F: 5�-AACTCCACCCCACACTGAAG-3� 548

R: 5�-TCGCCTCTGCAGGAAATACT-3�
mTRPV4 F: 5�-ACAACACCCGAGAGAACACC-3� 404

R: 5�-CCCAAACTTACGCCACTTGT-3�
mTRPA1 F: 5�-AACTCCTCAACCACCCTGTG-3� 577

R: 5�-CTGAGGCCAAAAGCCAGTAG-3�
mTPPM8 F: 5�-ATATGAGACCCGAGCAGTGG-3� 412

R: 5�-GAGCAGCACATAGGCAAACA-3�
mCK7 F: 5�-TGCCAAGTTAGAGTCCAGCA-3� 350

R: 5�-TTGATGGAATAGGCCCTGAG-3�
mGAPDH F: 5�-TGAAGGGTGGAGCCAAAAGG-3� 545

R: 5�-GGAAGAGTGGGAGTTGCTGTTG-3�

Primers for real-time PCR
mTRPV1 F: 5�-CGGAAGACAGATAGCCTGAA-3� 134

R: 5�-GCTCCATTCTCCACCAAGAG-3�
mTRPV4 F: 5�-TCACCTTCGTGCTCCTGTTG-3� 84

R: 5�-AGATGTGCTTGCTCTCCTTG-3�
mTRPA1 F: 5�-GCTGGTGATGGATGAAGACA-3� 105

R: 5�-ATGGACACATTGAAGCCAAG-3�
mTPPM8 F: 5�-GGCTCATCCACATTTTCACC-3� 113

R: 5�-CACCATCCACACAGCAAAGA-3�
mCK7 Same as above
mGAPDH Same as above
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mide. The amplified DNA fragments by PCR were identified as
trpv4 fragments by DNA sequencing.
Immunostaining—For immunohistochemistry, whole blad-

ders were excised from male mice (WT and TRPV4-deficient)
and fixed at 4 °C for 2 h in 4% paraformaldehyde in PBS, fol-
lowed by cryoprotection at 4 °C in 20% sucrose, then 30%
sucrose, each overnight. The samples were embedded with tis-
sue-TEKOCTcompound (Sakura, Torrance, CA) and frozen in
liquid nitrogen. Cryostat sections (16 �m) mounted on glass
slides were washed (3 � 5 min) with PBS supplemented with
0.3% Triton X-100 and blocked for 1 h at room temperature
with BlockAce (Yukijirushi, Sapporo, Japan). The sampleswere
incubated overnight at 4 °C with the first antibody (rabbit anti-
TRPV4 antibody, a generous gift from Dr. B. Nilius) diluted
1:500 in blocking solution, washed (3 � 5 min) with PBS sup-
plemented with 0.3% Triton X-100, and then reacted with the
second antibody (Alexa Rb488,Molecular Probes, Eugene, OR)
for 1 h at room temperature. For immunocytochemistry, pri-
mary urothelial cell cultures were fixed with 4% paraformalde-
hyde for 10 min and washed in PBS. Cells were incubated with
the first antibody (rabbit anti-TRPV4 antibody, 1:500 and
mouse monoclonal anti-cytokeratin 7 (CK7) antibody, 1:25,
Dako Denmark A/S, Glostrup, Denmark) dissolved in Block
Ace overnight at 4 °C and washed (4 � 15 min) with PBS sup-
plemented with 0.3% Triton X-100, then covered with the sec-
ond antibody (Alexa Rb488 and Ms546, Molecular Probe) for
1 h at room temperature. A different anti-TRPV4 antibody
raised in our laboratory (16) was used in an attempt to stain
primary culture cells; however, it showed high backgroundwith
nonspecific nuclear staining (data not shown). The imageswere
obtained with a fluorescence microscope (Olympus, Tokyo,
Japan).
Mechanical Stretch Experiment—An elastic silicone cham-

ber (STB-CH-04, STREX, Osaka, Japan) was attached to two
pieces of glass by an adhesive agent, in which a slit 1-mm wide
(from glass edge to edge) was formed in the center of the obser-
vation area. This customized design enables only part of the
chamber to be extended upon stretching (supplemental Fig. S1,
A and B). To reduce glue-derived cell toxicity, the following
procedures were performed. After adhesion, the silicone cham-
ber was dried at 50 °C overnight. The dried chamber was auto-
claved in distilled water at 120 °C for 20 min. The chamber was
left in autoclaved dH2O for 3 days, after which the chamber was
ready for use. Primary urothelial cell suspensions (1� 106 cells/
ml, 50 �l) were added to the collagen-coated silicone chamber,
followed by incubation at 37 °C for 2–3 h. Medium was added
up to 200 �l, and cells were further cultured for 72 h. The
chamber was carefully attached to an extension device (modi-
fied version of STB150, STREX) on the microscope stage (sup-
plemental Fig. S1, C and D). Stretch stimulation was applied
with preset stretch speed and distance.
Measurement of [Ca2�]i—primary cultures of urothelial cells

were loaded with the fluorescent Ca2� indicator (5 �M fura-2-
acetoxymethyl ester, Molecular Probes) and nonionic surfac-
tant (0.02%pluronic F-127, Sigma) inKSFMat 37 °C for 60min.
The cells were washed in an extracellular solution containing
(in mM): 140 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, and 10
glucose, pH 7.4, adjusted with NaOH. The chemical stimulants

were applied by perfusion, or applied directly to the chamber
when the cell stretch systemwas used. Ionomycin (5�M, Sigma)
was applied at the final step in each experiment for normaliza-
tion and to check cell viability. Measurement of [Ca2�]i was
performed by ratiometric imaging with fura-2 at 340 nm and
380 nm, and the emitted light signal was read at 510 nm. F340/
F380 was calculated and acquired with an imaging processing
system (IP-Lab, Scanalytics Inc., Rockville, MD). Changes in
ratio (�) were calculated by subtracting basal values from peak
values. 4�-PDD-responsive cells were defined as cells having
�20% increase in �4�-PDD/�ionomycin.
Photon Imaging of ATPRelease—Stretch-evokedATP release

fromprimary urothelial cell cultures was detectedwith a lucife-
rin-luciferase bioluminescence assay. The stretch chamber and
an extension device were set on a photon imaging system, and
the chamber medium was replaced with extracellular solution
containing a luciferase reagent (ATP bioluminescence assay kit
CLS II, Roche Diagnostics, Basel, Switzerland). ATP biolumi-
nescence during stretch stimulation was detected and visual-
ized with a VIM camera (C2400-35, Hamamatsu Photonics,
Hamamatsu, Japan) using an integration time of 30 s (37). The
absolute ATP concentration was estimated using a standard
ATP solution (Roche Diagnostics). The standard calibration
curve yielded a correlation coefficient for bioluminescence ver-
sus ATP concentration of 0.9903 over a concentration range of
0 nM to 1 �M (supplemental Fig. S2). Data were imaged with
Aquacosmos software (Hamamatsu Photonics) and analyzed
with ImageJ 1.41 software (rsbweb.nih.gov/ij/).
Statistical Analysis—The experimental results were

expressed as means � S.E. The statistical significance of differ-
ences between two groups was determined by Student’s t test
or Fisher’s protected least significant difference, and a p
value of �0.05 was considered significant.

RESULTS

TRPV4 Is Highly Expressed in Mouse Bladder Epithelium—
Several thermosensitive TRP channels, including TRPV4, are
expressed in urinary bladder epithelium (20, 21).We, therefore,
first confirmed gene expression of these TRP channels and a
positive marker of primary urothelial cell cultures (Fig. 1). Pri-
mary 3-day urothelial cell cultures from bothWT and TRPV4-
deficient mice revealed expression of ck7, which is an interme-
diate filament protein present in all urothelial layers and
considered a urothelial marker (38) (Fig. 1A). trpv4 expression
was much more abundant than other thermosensitive TRP
channels in WT urothelium, whereas no trpv4 expression was
detected in TRPV4-deficient cells (Fig. 1, A and B). trpa1
seemed to be present in both cell types, while the expression of
trpv1 and trpm8 genes was undetectable, unlike previous
reports (21, 29, 39). We also confirmed expression of these
genes in freshly dissected urothelium after trypsin treatment by
a RT-PCR method, which showed no essential difference from
data with culture cells (data not shown).
We performed a TRPV4 immunofluorescent study for whole

bladder tissues and primary urothelial cell cultures. As previ-
ously reported (32), TRPV4-like immunoreactivity was present
in basal and intermediate urothelial cell layers, but to a much
lesser extent in an apical umbrella cell layer and a detrusor
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muscle suburothelial space in WT tissue (Fig. 2A, left). In con-
trast, TRPV4-like immunoreactivity was lacking in the bladder
of TRPV4-deficientmice (Fig. 2A, right). Immunocytochemical
analysis of primary urothelial cells obtained from bothWT and
TRPV4-deficient mice revealed that these cultured cells origi-
nated from urothelial cells with positive signals for CK7, and
WT urothelial cells were stained with an anti-TRPV4 antibody
as did the tissues, but TRPV4-deficient cells were negative for
TRPV4 staining (Fig. 2B). The population of TRPV4-positive
cells was �66.2% (2145 positive cells out of 3241 total cells).
Contaminating interstitial cells (e.g. fibroblasts and muscle
cells) showed no staining for either anti-CK7 or anti-TRPV4
antibody (supplemental Fig. S3). The contamination level of
interstitial cells was �3.6% (48 cells out of 1350 total cells), and
these cells were clearly distinguished from urothelial cells by
their shapes, evenwithout staining for CK7 andTRPV4. There-
fore, we omitted the interstitial cells from analysis in the follow-
ing experiments.
Primary Urothelial Cell Cultures Retain Functional TRPV4—

To determine whether TRPV4 expressed in urothelium was
functional, we performed aCa2�-imaging experiment to exam-
ine the effect of the TRPV4-selective agonist, 4�-PDD, on pri-
mary urothelial cell cultures. 4�-PDD evoked a prominent
increase in intracellular Ca2� concentration ([Ca2�]i) in WT
urothelium, whereas the Ca2� response to 4�-PDD was absent
in TRPV4-deficient cells (Fig. 3, A (left and middle panels), B,

and C). The population of 4�-PDD-responsive cells was
�77.9% (141 positive cells out of 181 total cells), being not
much different from that of TRPV4-positive cells in immuno-
cytochemical analysis (Fig. 2B). After the Ca2�-imaging exper-
iment, the urothelial cells were fixed and stained with an anti-
TRPV4 antibody. In WT mice, the cells which showed the
[Ca2�]i increase in response to 4�-PDD corresponded to
TRPV4-positive cells (Fig. 3A, right). In contrast, TRPV4-defi-
cient cells showed noTRPV4 immunoreactivity. SomeTRPV4-
negative cells were present inWTurothelium, possibly because
primary urothelial cell cultures consisted of all the urothelial
layers with faint TRPV4 expression in the apical cell layer (Fig.
2A). In the absence of extracellular Ca2�, WT and TRPV4-
deficient urothelium showed minimal [Ca2�]i increase upon
4�-PDD stimulation (Fig. 3C), indicating that the [Ca2�]i
increase is due to Ca2� influx via TRPV4 channels. These
results clearly show that primary urothelial cell cultures from
WTmice conserve functional TRPV4 expression.
TRPV4 Mediates the Response of Urothelium to Mechanical

Stretch Stimulation—Recent investigations using TRPV4-defi-
cient mice have revealed the involvement of TRPV4 in urinary
bladder functions, such as distention-inducedmicturition (32).
It has been proposed that TRPV4 is activated upon hypotonic-
ity-induced cell swelling (3–5) and shear stress (6), suggesting
that TRPV4 is mechanosensitive. We, therefore, established a
uni-axial cell-stretch system for in vitro experiments (see

FIGURE 1. Gene expression of TRP channels in mouse primary urothelial
cell cultures. A, RT-PCR shows expression of trpv4 and trpa1 in wild-type (WT,
upper panel) and expression of trpa1 in TRPV4-deficient (TRPV4KO, lower
panel) primary urothelial cell cultures from mice. The cytokeratin 7 (ck7) gene
is detected in both WT and TRPV4KO cells. In RT (	) lanes, reverse tran-
scriptase enzyme was omitted (negative control). B, real-time PCR analysis
shows that trpv4 is uniquely abundant in primary urothelial cell cultures. Copy
numbers were calculated by standard curves of specific primer sets and nor-
malized by the copy numbers of glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) (1 � 106 copies).

FIGURE 2. Immunofluorescent analyses with mouse bladder and cultured
urothelial cells. A, TRPV4 staining in mouse whole bladder tissue merged
with a phase-contrast image. TRPV4-like immunoreactivity is mainly detected
in basal and intermediate urothelial cell layers in wild-type (WT), but not in
TRPV4-deficient (TRPV4KO) cells. A muscle layer, a suburothelial layer, and an
urothelial apical cell layer (umbrella cells) appear to express much less TRPV4
in WT. An inset in the WT image was expanded from the square box to show
TRPV4 localization in urothelial cell layers. M, muscle; L, lumen. Scale bars: 100
�m. B, immunocytochemical analysis of primary urothelial cell cultures.
Cytokeratin 7 (CK7)-like immunoreactivity indicates that the cells are urothe-
lial origin both in WT and TRPV4KO cell clusters, and TRPV4 signals are present
in WT cells, but not in TRPV4KO cells. Green, TRPV4; red, CK7; and blue, 4�,6-
diamidino-2-phenylindole. Scale bars: 100 �m.
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“Experimental Procedures” and supplemental Fig. S1). Primary
urothelial cells were seeded in an elastic silicone chamber, and
the Ca2� responses to stretch stimulation were examined in
various combinations of stretch speeds and distances after 3
days of cultivation (supplemental Fig. S4). When the stretch
distance was fixed at 500 �m, [Ca2�]i increased in a stretch
speed-dependent manner in both WT and TRPV4-deficient
urothelium. However, the [Ca2�]i increase was significantly
lower in TRPV4-deficient cells at a stretch speed of 400 �m/s
(supplemental Fig. S4A). When the stretch speed was fixed at
400 �m/s, [Ca2�]i increased in a stretch distance-dependent
manner in bothWT and TRPV4-deficient urothelium, but sig-

nificant differences in [Ca2�]i increase were observed at stretch
distances of 500 and 700�m(Fig. 4,A–C, and supplemental Fig.
S4B). A stretch distance of 500–700 �m theoretically induces
150–170% elongation of 1 mm width slit in the silicone cham-
ber, but the actual extents of cell elongation in the chamber
were 127 � 1.3% at 500- and 138 � 2.1% at 700-�m stretch
(supplemental Fig. S4C).WTurothelial cells showed a transient
[Ca2�]i increase immediately after stretching, followed by a
sustained [Ca2�]i increase (Fig. 4B). The transient [Ca2�]i
increasewas small, whereas a sustained increasewas retained in
TRPV4-deficient cells. We next evaluated the effects of ruthe-

FIGURE 3. Ca2� imaging in response to 4�-PDD in primary urothelial cell
cultures. A, representative pseudo-color images show that 4�-PDD stimula-
tion causes robust [Ca2�]i increases in wild-type (WT) urothelial cells (upper
left and middle panels), whereas TRPV4-deficient (TRPV4KO) cells fail to
respond to 4�-PDD (lower left and middle panels). The right panels show the
TRPV4-positive cells (shown in “green”) merged with a phase-contrast image
after a Ca2�-imaging experiment. Scale bars: 100 �m. B, quantification of
[Ca2�]i changes in individual cells displays 4�-PDD-evoked [Ca2�]i increases
in WT cells, but not in TRPV4KO cells. All traces were obtained from the cells
shown in A both in WT and TRPV4KO cells. Black bars: 10 �M 4�-PDD applica-
tion; gray bars: 5 �M ionomycin application. C, the average peak [Ca2�]i
increases in response to 10 �M 4�-PDD are significantly reduced in TRPV4KO
cells in the presence of extracellular Ca2� (Ca2� (�)), but Ca2� responses are
negligible in both cell types in the absence of extracellular Ca2� (Ca2� (	)). All
data are normalized to the responses to ionomycin as 100% and presented as
means � S.E. (n � 6). **, p � 0.005 (Student’s t test).

FIGURE 4. Ca2� responses to stretch stimulation in primary urothelial cell
cultures. A, [Ca2�]i increases upon stretch stimulation by STREX in wild-type
(WT) urothelial cells (upper panels), but the response is poor in TRPV4-defi-
cient (TRPV4KO) cells (lower panels). All images were taken from cells seeded
on the 1-mm slit area in the stretch chamber (refer to supplemental Fig. S1).
The stretch speed was 400 �m/s, and the distance was 500 �m. Cells were
extended to a vertical axis (indicated by arrows) in both cell types. Scale bars:
100 �m. B, quantification of [Ca2�]i changes in individual cells. Stretch evokes
transient [Ca2�]i increases in WT cells, whereas only small and sustained
[Ca2�]i increases are observed in TRPV4KO cells. All traces were obtained from
the cells shown in A both in WT and TRPV4KO cells. Black arrowheads denote
the onset of stretch. Gray bars: 5 �M ionomycin application. C, the average
peak of [Ca2�]i increases is significantly reduced in TRPV4KO (KO) urothelium
upon stretching. Ruthenium red (RR, 10 �M) attenuates the stretch-evoked
[Ca2�]i increase in WT cells to the level achieved in TRPV4KO cells without RR
treatment, but shows no effect on TRPV4KO cells. [Ca2�]i increases are similar
between WT and TRPV4KO cells in the absence of extracellular Ca2� (Ca2�

(	)). All the data are normalized to the values induced by 5 �M ionomycin
application as 100% and presented as means � S.E. (n � 7). An asterisk indi-
cates significant difference between WT and the other five groups. *, p � 0.05
(Fisher’s protected least significant difference).
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nium red (RR, 10 �M), a broad TRP channel blocker, in the
stretch experiments. In WT urothelial cells, RR significantly
attenuated the stretch-evoked [Ca2�]i increase to the level of
TRPV4-deficient cells, whereas no further reduction of [Ca2�]i
response was observed in TRPV4-deficient urothelium (Fig.
4C). Furthermore, the stretch-evoked [Ca2�]i increase was sig-
nificantly reduced in WT cells in the absence of extracellular
Ca2�; however, TRPV4-deficient cells did not show such a
reduction (Fig. 4C). These data strongly indicate the involve-
ment of Ca2� influx via TRPV4 in the mechanical stretch-
evoked [Ca2�]i increase in primary urothelial cell cultures.
Stretch-induced ATP Release from Urothelial Cells via

TRPV4 Channel—Bladder epithelium releases ATP upon dis-
tention, hypotonic stimulation, or stretch stimulation, which
mediates signaling to primary afferent neurons via purinergic
receptors (32, 40). To determine whether activation of TRPV4
is required for the stretch-evoked ATP release from urothelial
cells, we modified the luciferin-luciferase chemiluminescence
bioassay to detect releasedATP levels by using a high sensitivity
single photon counting camera in which photon counts corre-
late with extracellular ATP levels. Urothelial cells in a stretch
chamberwere extended using the same conditions as theCa2�-
imaging experiment (stretch distance: 500 �m 
 �127%,
stretch speed: 400 �m/s). Upon stretch stimulation, prominent
ATP release was observed inWT urothelial cells, whereas ATP
released from TRPV4-deficient cells was significantly less (Fig.
5, A and B). Consistent with the Ca2�-imaging experiment, the
ATP release was dramatically suppressed by application of RR
or chelating extracellular Ca2� in WT cells (Fig. 5B). RR treat-

ment or Ca2� chelation slightly
affected the amount of the stretch-
evoked ATP release in TRPV4-defi-
cient cells; however, there was no
significant reduction (Fig. 5B).
When cells on the silicone cham-
ber were extended for 300 �m, dur-
ing which only small [Ca2�]i
increases were observed in WT and
TRPV4-deficient cells (supplemen-
tal Fig. S4B), small amounts of ATP
were released from both WT and
TRPV4-deficient cells (Fig. 5C). A
1000-�m stretch, which causes a
maximal [Ca2�]i response both in
WT and TRPV4-deficient urothe-
lium (supplemental Fig. S4B),
induced robust ATP release from
WT and TRPV4-deficient cells (Fig.
5C). Interestingly, the amount of
released ATP was higher in WT
urothelium than that in TRPV4-de-
ficient cells after a 1000-�m stretch,
although there was no significant
difference. We also examined ATP
release upon 4�-PDD stimulation
(Fig. 5D). 4�-PDD-evoked ATP
release was significantly higher in
WT urothelium than that in

TRPV4-deficient cells. Collectively, these results suggest that
TRPV4 channel activation and the resultant [Ca2�]i increase
critically contribute to ATP release upon stretch stimulation in
primary urothelial cell cultures.

DISCUSSION

Here, we provide evidence that the TRPV4 channel is a can-
didate molecule involved in mechanosensory transduction in
the urinary bladder. First, we demonstrated that trpv4mRNA is
uniquely abundant among the TRP channels that reportedly
exist in urinary bladder epithelium. In the immunohistochem-
ical study, TRPV4 was localized in basal and intermediate
urothelial cell layers of mice bladders, and TRPV4 expression
was also confirmed in primary cell cultures. Second, we
observed the functional expression of TRPV4 in urothelial cells
using a selective agonist, 4�-PDD in Ca2�-imaging experi-
ments. Third, we showed that in vitromechanical stretch stim-
ulation of urothelial cells activated TRPV4, leading to increased
[Ca2�]i and ATP release. These results clearly indicate that the
TRPV4 channel participates in themechanosensory pathway in
urinary bladder.
TRPV4 has been implicated in a number of physiological

processes, including osmoregulation (11, 12), hearing (13),
thermal andmechanical hyperalgesia (14, 15), neural activity in
the brain (16), skin barrier recovery (17), and cell volume regu-
lation (18). Many of these processes require mechanosensitive
molecules, and TRPV4 is a proposed mechanoreceptor
responding to cell swelling (3–5) and shear stress (6). Neverthe-
less, the mechanosensitivity of this channel has been unclear.

FIGURE 5. Visualization of stretch-evoked ATP release from primary urothelial cell cultures. A, ATP is
robustly released from wild-type (WT) urothelial cells, but poorly released from TRPV4-deficient (TRPV4KO) cells
upon stretching. The upper panels show urothelial cells in phase-contrast images, and the lower panels show
photon count images (white dots) in the same field. The stretch speed was 400 �m/s, and the distance was 500
�m. Cells were extended transversely (indicated by arrows). Scale bars: 100 �m. B, the average amount of ATP
released from TRPV4KO cells in response to mechanical stretch stimulation is significantly smaller than that in
WT cells. ATP release is diminished by RR treatment or by the absence of extracellular Ca2� (Ca2� (	)) in WT
cells. Data presented as means � S.E. (n � 6). An asterisk indicates a significant difference between WT and the
other five groups. *, p � 0.05 (Fisher’s protected least significant difference). C, ATP release is minimal at a
stretch distance of 300 �m and saturated at 1000 �m in both cell types (also refer to supplemental Fig. S4). Data
are presented as means � S.E. (n 
 6). D, 4�-PDD (10 �M) induces robust ATP release by WT cells, but not by
TRPV4KO cells. Data are presented as means � S.E. (n 
 6). Significant difference: **, p � 0.005 (Student’s t test).
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Upon cell swelling, activation of the phospholipase A2 and
arachidonic acid signaling cascade is required prior to TRPV4
activation, which implies that the channel is not the initial
mechanosensor in the signaling pathway (41). To our knowl-
edge, this is the first study to reveal the activation of TRPV4
uponmechanical stretch in primary urothelium culture. In our
cell-stretch system, extension-evokedCa2� responseswere sig-
nificantly diminished by TRPV4 blockade or by TRPV4-defi-
ciency, and the levels were similar to those in the absence of
extracellular Ca2� in both genotypes (Fig. 4). These results sug-
gest that TRPV4 constitutes the primary Ca2� influx pathway
in the mechanical stretch response in mouse urothelial cells. A
recent report claimed that TRPV4 interacts with actin, which is
important for regulatory volume decrease after cell swelling
(42). The authors showed that hypotonicity-mediated [Ca2�]i
increase was almost absent after disruption of actin fibers in
trpv4-transfected cells. It was speculated that TRPV4 is linked
to the actin cytoskeleton forming a mechanosensory complex,
although they failed to detect direct interaction between
TRPV4 and actin. Whether TRPV4 is directly gated by mem-
brane stretch, or activated by upstreammolecules remains to be
clarified. Alternatively, the TRPV4-independent [Ca2�]i
increase (Fig. 4 and supplemental Fig. S4) suggests that there
could be other mechanosensitive molecules. Multiple mech-
anosensory systems with different thresholds might regulate
urinary bladder responses upon distension.
Stretch-evoked ATP release also appeared to be TRPV4-de-

pendent. The amount of released ATP was dramatically
reduced following RR treatment of WT urothelial cells or in
TRPV4-deficient cells, and the stretch-evoked ATP release in
WT cells required extracellular Ca2� (Fig. 5). Given that
TRPV4 causes major Ca2� influx (Fig. 4), channel activation is
critical for ATP release upon stretch stimulation. This is sup-
ported by the fact that pharmacological activation of TRPV4
resulted in robust ATP release inWTurothelial cells, but not in
TRPV4-deficient cells (Fig. 5). The amount of 4�-PDD-evoked
ATP release was less than that evoked by stretch stimulation in
WT cells, and TRPV4-deficient cells displayed small amount of
ATP release upon stretch stimulation. These results imply the
existence of TRPV4-independent ATP-releasing pathway(s)
responsible for stretch stimulation. So far, two general mecha-
nisms for ATP release by epithelia have been proposed. One is
conductive release through ion channels (43, 44), and the other
is exocytotic release with ATP-enriched vesicles (45), which is
regulated by intracellular Ca2� levels. The mechanism for
TRPV4-mediated ATP release remains unclear, and several
pathways could be involved (46). For example, Ca2� influx via
TRPV4 might activate anion channels through which ATP
could be released (43), or connexin hemi channels (47). Alterna-
tively, ATP could also be released through vesicular exocytosis by
a phosphatidylinositol 3-kinase-mediated pathway (45, 46).
ATP released from the urothelium is important for paracrine

signaling to neighboring cells such as afferent nerve endings,
surroundingmuscle cells, and umbrella cells, because ATP reg-
ulates various bladder functions, including micturition reflex,
non-voiding contractions, and increase of membrane capaci-
tance (40). It is very interesting that TRPV4 is expressed in both
the urothelial basal and intermediate layers in the urinary blad-

der, because primary afferent nerves and detrusor smoothmus-
cles are presented adjacent to the urothelium. Transmitter sig-
nals such as ATP from urothelium could be directly conveyed
to these nerves and muscles. Indeed, investigation using iono-
tropic ATP receptor 3 (P2X3)-null mice demonstrated that
ionotropic ATP receptor 3 (P2X3)-deficiency caused a signifi-
cant increase in intermicturition interval and total void volume
(48), and TRPV4-deficient mice showed similar phenotypes
(32). Thus, these data clearly indicate thatmechanical stimulus-
dependent activation of TRPV4 in urothelial cell layers is a key
event for ATP signaling in the micturition reflex pathway.
The extent of TRPV4 involvement seems different in Ca2�

influx and ATP release. TRPV4 involvement in total Ca2�

influx upon stretching ismodest, whereasATP release critically
depends on TRPV4 activation upon stretching (Figs. 4 and 5).
This raises a possibility that there are physical interactions
and/or functional relays between TRPV4 and anATP-releasing
system, by which Ca2� influx via TRPV4 specifically promotes
ATP release, while intracellular Ca2� increase through other
mechanisms has only aminor contribution to the releasing sys-
tem. This hypothesis is supported by the fact that ATP release
was lower in TRPV4-deficient cells when the urothelium was
stretched for 1000 �m (Fig. 5C), whereas [Ca2�]i increases
evoked by the same stretch distance were indistinguishable
between WT and TRPV4-deficient cells (supplemental Fig.
S4B). However, we should be careful when interpreting our
results to consider the contribution of TRPV4 channels in vivo.
In our in vitro system, cells must be extended �120% at 400
�m/s to induce TRPV4 activation, whereas bladder is probably
stretched more slowly upon urine storage. One explanation for
this inconsistency is that our mechanical stimulation system
stretches cells in a uni-axial direction, whereas bladder under-
goes multidirectional distension with hydrostatic pressure.
Alternatively, stretching experiments were done at room tem-
perature because of technical reasons, whereas bladder is kept
at core body temperature, at which warmth-activated TRPV4
channels could be more sensitive to other stimuli. Such physi-
ological conditions might be more effective for TRPV4 activa-
tion with less extension.
Another TRP channel implicated in urinary bladder function

is TRPV1, which contributes to bladder sensation with its
expression in the urothelium and bladder afferent nerves (22,
29). However, we failed to detect trpv1 gene expression in our
primary urothelial cell cultures even after acute disaggregation
with 30-min trypsin treatment. On the other hand, trpa1
expression was observed in primary urothelial cells (Fig. 1).
Some reports have claimed that TRPA1 has mechanosensitiv-
ity, although the data are not conclusive. In our study, TRPV4-
independent Ca2� influx during stretch stimulation was small
(Fig. 4), and one or more TRPV4-independent pathways were
not primal in ATP release (Fig. 5). These results suggest that
mechanosensory systems independent of TRPV4 (including
one involving TRPA1) make only minor contributions to
stretch-induced ATP release in urothelial cells.
In a clinical setting, overactive bladder, which is a urine stor-

age disorder defined as urinary urgency with little urine accu-
mulation, has been thought to correlate with urothelial patho-
genesis. Recently, it has been speculated that distension during
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urine storage stimulates urothelial cells to release various
chemical mediators (e.g. ATP, prostaglandin, NO, and acetyl-
choline), which then transfer signals to afferent nerves or mus-
cle cells (19). Some abnormalities in this pathway could cause
overactive bladder (20, 39, 49). We currently have no evidence
for the involvement of mechanical stretch stimulation in the
induced release of other chemical mediators from primary
urothelial cell cultures, which should be examined in the future.
Given that TRPV4 is critically involved in the sensing mecha-
nism in the bladder, development of chemicals modulating
TRPV4 activity would hopefully lead to the treatment of blad-
der disorders such as overactive bladder.
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