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1 The involvement of Rho-kinase (ROCK) in the contractile mechanisms mediating smooth muscle
contraction of the rat urinary bladder was investigated using expression studies and the ROCK
inhibitor Y-27632.

2 Both isoforms of ROCK (ROCK I and ROCK II) were detected in high levels in rat urinary
bladder.

3 Y-27632 (10 mM) signi®cantly attenuated contractions of rat urinary bladder strips evoked by the
G-protein coupled receptor agonists carbachol (58.1+10.5% at 0.3 mM) and neurokinin A
(68.6+12.7% at 1 mM) without a�ecting contractions to potassium chloride (10 ± 100 mM). In
addition, basal tone was reduced by 47.8+2.0% by 10 mM Y-27632 in the absence of stimulation.

4 Contractions of urinary bladder strips evoked by the P2X receptor agonist a,b-methylene ATP
(a,b-mATP; 10 mM) were also attenuated by Y-27632 (30.0+7.2% at 10 mM).

5 Y-27632 (10 mM) signi®cantly attenuated contractions evoked by electrical ®eld stimulation (2 ±
16 Hz). The e�ect of Y-27632 on the tonic portion of the neurogenic response (4 ± 16 Hz) was not
signi®cantly di�erent from the e�ect of atropine (1 mM) alone.

6 While the mechanism underlying the ability of Y-27632 to inhibit a,b-mATP-evoked contractions
remains undetermined, the results of the present study clearly demonstrate a role for ROCK in the
regulation of rat urinary bladder smooth muscle contraction and tone.
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Introduction

It is widely accepted that the key signal to activate the
contractile apparatus in smooth muscle is an increase in the

intracellular calcium concentration ([Ca2+]i). The rise in
intracellular Ca2+ promotes binding to calmodulin (CaM),
which in turn activates the phosphorylation of myosin light
chain (MLC) by myosin light chain kinase (MLCK), resulting

in smooth muscle contraction (for review see Horowitz et al.,
1996). Recently, however secondary mechanisms have been
identi®ed that can modulate smooth muscle contractility

independently of Ca2+. Activation of excitatory G-protein
coupled receptors can cause contraction of smooth muscle
without necessarily changing [Ca2+]i, a process termed `Ca2+-

sensitization'. The small GTPase Rho and one of its
downstream e�ectors, Rho-associated kinase (Rho-kinase;
ROCK) have been shown to play important roles in this

process. Activated ROCK phosphorylates, and thus inacti-
vates, smooth muscle myosin phosphatase, preventing the
dephosphorylation of MLC, which leads to Ca2+-sensitiza-
tion of the smooth muscle (for review see Somlyo & Somlyo,

2000).

Y-27632, a speci®c inhibitor of ROCK (Uehata et al.,
1997; Davies et al., 2000; Ishizaki et al., 2000) has been used

to demonstrate a role for this enzyme in Ca2+-independent
regulation of contraction in a number of tissues including
vascular (Uehata et al., 1997), airway (Iizuka et al., 2000;
Yamagata et al., 2000) and genital (Chitaley et al., 2001; Rees

et al., 2001) smooth muscles. Recently, Jezior et al. (2001)
reported that bethanechol-evoked contractions of rabbit
isolated urinary bladder smooth muscle are inhibited in the

presence of Y-27632. The study described in this report was
designed to expand upon these ®ndings by investigating the
e�ects of Y-27632 on rat urinary bladder contractions evoked

through both G-protein coupled and non-G-protein coupled
mechanisms. In addition, expression studies con®rmed the
presence of ROCK in the rat urinary bladder.

Methods

Expression studies

Male Sprague ±Dawley rats (350 ± 600 g; Charles River,

U.S.A.) were anaesthetized with iso¯urane (4% in 100%
oxygen) and sacri®ced by cervical dislocation. Experiments
were conducted in accordance with the Guide for the Care and
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Use of Laboratory Animals (NIH publication No. 85 ± 23).
The Institutional Animal Care and Use Committee of
GlaxoSmithKline approved procedures using laboratory

animals. The following tissues were exposed and removed:
urinary bladder, aorta, heart, liver, kidney, brain and skeletal
muscle (diaphragm).

Western blotting

Western blotting was performed as described previously

(Sambrook et al., 1989). Brie¯y, 1 ± 2 g of frozen tissue was
homogenized in 15 ml lysis bu�er (50 mM Tris pH 8.0,
150 mM NaCl, 1% NP40) containing protease inhibitors.

The homogenate was centrifuged at 10,0006g for 15 min
and the supernatant taken. The total protein concentration
of each supernatant was measured using Bio-Rad Dc protein

assay reagents (Bio-Rad Laboratories, Hercules, CA,
U.S.A.). Each sample containing 100 ug of total protein
was taken and mixed with 56 sodium dodecyl sulphate
(SDS) sample bu�er and phosphate bu�ered saline. After

boiling for 10 min, samples were loaded onto Invitrogen
NuPAGE 4 ± 12% Bis-Tris Gel (Invitrogen, Carlsbad, CA,
U.S.A.). The protein was separated by electrophoresis in a

Novex gel box and blotted onto Invitrogen PVDF
membranes. Membranes were blocked for 2 h with 5% dry
milk in TBST bu�er (20 mM Tris pH 7.5, 0.5 M NaCl, 0.1%

Tween 20) and then incubated with a primary monoclonal
antibody against ROCK I (1 : 50 dilution) or ROCKII
(1 : 200 dilution; R54520, BD Transduction Laboratories,

San Diego, CA, U.S.A.) at 48C overnight. For normal-
ization of the protein loading, a monoclonal antibody
against GAPDH (RD1-TRK5G4-6C5, Research Diagonos-
tics Inc., Flanders, NJ, U.S.A.) was used in 1 : 5000 dilution

in the same manner. After washing the membranes three
times with TBST, the membranes were incubated for 1 h
with 1 : 5000 HRP linked anti-mouse Ig in TBST containing

5% dry milk. Following three times washes with TBST, the
blots were developed with Western Lightning-Chemilumi-
nescence Reagents Plus (NEL104, NEL105, PerkinElmer

Life Sciences, Boston, MA, U.S.A.) and exposed on Kodak
X-OMAT AR imaging ®lms.

RT±PCR

Isolation of total RNA from rat tissues was performed as
described previously (Sambrook et al., 1989). Real-time

quantitative polymerase chain reaction (RT±PCR) analysis
(Heid et al., 1996) was used to determine the relative levels
of ROCK I and ROCK II mRNA in rat tissues. 1 ± 2 mg of

total RNA from each sample was treated with RQ Dnase 1
(Promega Biotechnology, Madison, U.S.A.) prior to reverse
transcription. The resulting cDNA was diluted to 100 ml and
5 ml was loaded to each PCR reaction. Reverse transcription
and PCR reactions were performed according to the
manufacturer's instructions (Applied Biosystems, Foster
City, U.S.A.). ROCK I or ROCK II sequence-speci®c

ampli®cation was detected with an increasing ¯uorescent
signal of FAM reporter dye during the ampli®cation cycle.
A rodent glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) primer and probe set obtained from Applied
Biosystems was used to amplify the mRNA level of
GAPDH. This ampli®cation was included in the same

reaction on all samples tested as an internal control of
variations in RNA amounts. Each sequence speci®c
ampli®cation was quadruplicated. Levels of the di�erent

mRNAs were subsequently normalized to GAPDH mRNA
levels, and the relative mRNA level of each tissue was then
compared to that of heart tissue (whilst arbitrarily setting
the mRNA heart level as 1.0). Oligonucleotide primers and

Taqman probes were designed using Primer Express soft-
ware (Applied Biosystems) and were synthesized by Applied
Biosystems. Sequences of forward primers, reverse primers,

and probes were:

ROCK I

forward primer ±AGGCCTGTGCCAAACCTTT
reverse primer ±TGGTCCCTGTGGGACTTAACA
Taqman probe ±CCGCCTGCCCTAGAGTGTCGAAGA

ROCK II
forward primer ±CCCGATCATCCCCTAGAACC
reverse primer ±TTGGAGCAAGCTGTCGACTG

Taqman probe ±CAACAAAACCAGTCCATTCGGCGGC

Contraction studies

Rat urinary bladder was obtained as described above and
bisected longitudinally. Bladder strips were mounted in 15 ml

vertical tissue baths, aerated with 95% O2 and 5% CO2, and
bathed in a physiological salt solution of the following
composition (mM): NaCl 118; KCl 4.7; NAHCO3 25;

KH2PO4 1.2; MgSO4 0.58; CaCl2 2.5 and glucose 11. The
tissues were equilibrated for 1 h under 1 g resting tension and
maintained at 378C. In experiments using carbachol,
neurokinin A (NKA) or phorbol 12,13 dibutyrate (PDBu)

as agonists, control responses to 100 mM potassium chloride
(KCl) were obtained and the tissues washed every 15 min for
1 h. Antagonist or vehicle was then incubated for a period of

45 min.
Cumulative concentration-response curves to carbachol,

NKA or PDBu were then constructed. In experiments using

KCl as the contractile test substance, tissues were ®rst
incubated with Y-27632 or vehicle for 45 min before
cumulative doses of KCl were added. In experiments
investigating the e�ects of Y-27632 on a,b-methylene ATP

(a,b-mATP)-evoked responses, an initial response was
obtained to a,b-mATP, followed by a 60 min washout period
(to avoid desensitization of responses). Tissues were then

incubated with Y-27632, HA-1077 or vehicle for 45 min and
re-challenged with a,b-mATP. In experiments evaluating the
e�ect of various compounds on electrical ®eld stimulation

(EFS), tissues were stimulated through ring electrodes using a
S88 Square Pulse Stimulator connected to a SIU5 RF
Isolation Unit (both from Astro-Med Inc., U.S.A.). Fre-

quency-response curves were carried out using the following
parameters: 150 volts, 0.5 ms pulse width for 30 s, at
frequencies of 2, 4, 8 and 16 Hz. Tissues were stimulated at
15 min intervals and washed between each stimulation. Test

compounds or vehicle was added, equilibrated for 45 min and
second frequency-response curves were constructed. Test
compounds or vehicles were re-added following washing

between each stimulation during construction of second
frequency-response curves. In experiments using a,b-mATP
as a desensitizing agonist of P2X receptors, following
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construction of control frequency-response curves, 10 mM a,b-
mATP was added to the bath and incubated for 10 min. To
con®rm desensitization, the tissues were then re-challenged

with 10 mM a,b-mATP (which was left in the bath throughout
the subsequent 45 min incubation with Y-27632 or vehicle).
Second frequency-response curves were then performed as
described above.

Data capture and analysis

Changes in bladder tension were recorded using TSD125C
50 g isometric force transducers connected to DA 100B
General Purpose Transducer Ampli®ers connected to a PC

based MP100 System and analysed o�-line using AcqKnow-
ledge version 3.5.7 software (all from Biopac Systems Inc.,
U.S.A.). The amplitude (g) of bladder contractions evoked

by application of agonists were measured. For concentra-
tion-response curves this measurement was made after
plateau to each concentration of agonist had been reached.
Changes in bladder tensions evoked by agonists were

expressed as percentages of the contractile response to
100 mM KCl in each tissue (where the contractile test
substance used was KCl, 100 mM was also the maximal

response and concentration used in concentration-response
curves) and were compared with vehicle controls by the
Mann-Whitney Test followed by the Bonferroni test.

Changes in bladder tension evoked by a,b-methylene ATP
were expressed as percentage changes before and after the
administration of test substances and compared with vehicle

controls by Student's unpaired t-test. Both amplitude and
area under the curve (AUC) of responses to EFS were
measured. Baseline bladder tensions were measured 2 min
before administration of test substances, and changes in

resting bladder tensions from baseline caused by test
substances were measured at 15 min intervals over the
45 min incubation period. Changes in baseline bladder

tensions and bladder contractile responses to EFS were
expressed as percentage changes before and after the
administration of test compounds, and compared with

vehicle controls by the Mann ±Whitney Test followed by
the Bonferroni test. P values 50.05 were considered
signi®cant. All values are mean+s.e.mean and n numbers
refer to the number of bladder strips examined.

Drugs and solutions

Drugs and chemicals were obtained from the following
sources: Y-27632 ((+)-(R)-trans-4-(1-amino-ethyl)-N-(4-pyri-
dyl) cyclohexanecarboxamide dihydrochloride monohydrate),

fasudil (hydrochloride; HA-1077) and GF 109203X (bisindo-
lylmaleimide) from Tocris Cookson Ltd, U.S.A.; carbamyl-
choline chloride (carbachol), Neurokinin A, potassium

chloride, a,b-methylene ATP, atropine (sulphate), tetrodotox-
in, MEN 10,367, phorbol 12,13-dibutyrate (PDBu) and
dimethyl sulphoxide (DMSO) from Sigma Aldrich Chemicals,
U.S.A. All drugs were dissolved in distilled water, except GF

109203X, PDBu and MEN 10,367 that were dissolved in
DMSO. Test substances were added to baths in a maximum
of 150 ml volume and the concentrations reported are ®nal

bath concentrations. The ®nal concentration of DMSO in the
bath was always 40.01%. Administration of vehicles had no
e�ect on the responses under study.

Results

Expression of ROCK

Figure 1 demonstrates by Western blotting with antibodies to
ROCK I and ROCK II, that both isoenzymes are expressed
in rat urinary bladder smooth muscle. The calculated

molecular weights were as expected, approximately 160 kDa
(Ishizaki et al., 1996). ROCK I and II were also detected in
rat aorta, brain and heart. Expression of both ROCK I and

ROCK II was low in rat liver, kidney and skeletal muscle.
The results of RT±PCR experiments were consistent with
Western blotting studies and con®rmed the presence of high

levels of both ROCK I and ROCK II mRNA in rat urinary
bladder (Figure 2). ROCK I expression was highest in rat
aorta, followed by signi®cant expression in the urinary

bladder. Conversely, the expression level of ROCK II
detected in the urinary bladder was approximately twice as
high as that detected in the aorta. Expression of both ROCK
I and ROCK II was comparatively much lower in rat brain,

liver, kidney and skeletal muscle than in urinary bladder and
aorta.

Effect of test substances on baseline bladder tension

Y-27632 (10 mM) caused a signi®cant decrease (47.8+2.0%)

in baseline bladder tension over a 45 min incubation period
(Figure 3; n=28). HA-1077 (10 mM) evoked a similar
decrease in baseline bladder tension, causing a 37.54+1.0%

decrease after 45 min (Figure 3; n=9). The e�ects of Y-27632
and HA-1077 on baseline bladder tension were not
signi®cantly di�erent. In addition, 10 mM GF 109203X
evoked a decrease in bladder tension of 38.6+5.9% following

45 min incubation (Figure 3; n=5). This was not signi®cantly
di�erent from the e�ects of Y-27632 and HA-1077 on
baseline bladder tension. MEN 10,367 (10 mM) evoked an

increase in baseline bladder tension of 176.2+52.3%, that
returned to pre-drug levels within approximately 15 min

Figure 1 Expression of ROCK I and ROCK II in rat tissues from
Western blotting experiments. Tissue homogenates were subjected to
SDS±PAGE and immunoblotted with anti-ROCK I, II or GADPH.
Each lane represents results from di�erent rat tissues: heart (H),
bladder (Bl), brain (Br), aorta (A), liver (Li), kidney (K) and skeletal
muscle (diaphragm; M). Results are representative of tissue samples
from ®ve animals.
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(n=4). All other test substances used in the present study had

no e�ect on baseline bladder tensions (not shown).

Effect of Y-27632 on carbachol- and NKA-evoked bladder
contractions

Cumulative additions of carbachol (1 nM± 10 mM) evoked
sustained concentration-dependent contractions of rat urinary

bladder strips (Figure 4). The maximal response to carbachol
in vehicle experiments was 5.3+0.9 g at 10 mM, which was
105.0+28.2% of the response to 100 mM KCl (Figure 4;

n=6). The carbachol EC50 value was 183.5+68.9 nM.
Pretreatment with 10 mM Y-27632 signi®cantly attenuated
carbachol-evoked contractions at concentrations of carbachol

between 1 ± 300 nM, with an inhibition of 58.1+10.5% at
300 nM (Figure 4; n=4). At higher carbachol concentrations
(1 ± 100 mM), contractions were attenuated by Y-27632,

however the inhibition was not statistically signi®cant. The

carbachol EC50 value in the presence of 10 mM Y-27632 was
1034.3+336.1 nM, with a calculated agonist dose ratio (DR)
of 5.63. (1 and 3 mM Y-27632 had no e�ect on carbachol-

evoked contractions and therefore 10 mM Y-27632 was used
in subsequent experiments).

Cumulative additions of NKA (1 nM± 1 mM) evoked
sustained concentration-dependent contractions of rat urinary

bladder strips (Figure 5). The maximal response to NKA in
vehicle experiments was 4.2+0.4 g at 300 nM NKA, which
was 136.2+24.8% of the response to 100 mM KCl (Figure 5;

n=4). The EC50 value for NKA was 6.5+3.9 nM. Pretreat-

Figure 2 Expression of ROCK I and ROCK II in rat tissues from
RT±PCR experiments. ROCK I or ROCK II speci®c message was
normalized to GAPDH speci®c message and the relative amount of
mRNA of each sample was compared to that of heart while
arbitrarily setting heart mRNA level as 1.0 unit. Each bar represents
the mean value of four tissue samples from separate animals and
vertical bars show s.e.mean.

Figure 3 E�ects of 10 mM Y-27632, 10 mM HA-1077 and 10 mM GF
109203X on baseline bladder tension in rat urinary bladder strips.
Data is expressed as a percentage of pre-treatment tension. Each
point represents the mean value and vertical bars show s.e.mean of
®ve experiments. *P50.05 compared to vehicle.

Figure 4 E�ect of 10 mM Y-27632 on carbachol-evoked contractions
of rat urinary bladder strips. Typical traces are shown in (A), while
summary data (n=4±6 for each point) is shown in (B). Responses
are expressed as a percentage of the response evoked by 100 m MCl.
Vertical bars indicate s.e.mean. *P50.05 compared to vehicle.

Figure 5 E�ect of 10 mM Y-27632 on NKA-evoked contractions of
rat urinary bladder strips. Responses are expressed as a percentage of
the response evoked by 100 mM KCl (n=4±5 for each point).
Vertical bars indicate s.e.mean. *P50.05 compared to vehicle.
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ment with 10 mM Y-27632 signi®cantly attenuated NKA-
induced contractions at all NKA concentrations with an
inhibition of 68.6+12.7% at 1 mM NKA (Figure 5; n=5).

The EC50 value for NKA in the presence of Y-27632 was
32.4+9.4 nM, with a calculated agonist dose ratio (DR) of
4.98.

Effect of Y-27632 on KCl-evoked bladder contractions

Cumulative additions of KCl (1 ± 100 mM) induced sustained

concentration-dependent contractions of rat urinary bladder
strips at concentrations of 10 mM and above (Figure 6). The
maximal response to KCl in vehicle experiments was

8.7+0.5 g at 100 mM KCl (n=5), which was unchanged in
the presence of 10 mM Y-27632 (8.3+0.4; n=5). The EC50

value for KCl was 31.0+4.3 mM, which was unchanged in

the presence of 10 mM Y-27632 (32.4+9.4 mM; Figure 6;
n=5).

Effects of Y-27632 and HA-1077 on a,b-mATP-evoked
bladder contractions

Addition of 10 mM a,b-mATP-evoked contractile responses of

rat urinary bladder strips with a mean amplitude of
3.9+0.5 g (Figure 7A; n=14). Re-challenge of tissues with
a,b-mATP following incubation with vehicle evoked a similar

contraction with an amplitude of 3.7+0.7 g (n=5). Y-27632
(10 mM) signi®cantly attenuated the amplitude of a,b-mATP-
evoked bladder contractions by 30.0+7.2% (Figure 7A,B;

n=4). In an e�ort to con®rm that this unexpected e�ect was
due to ROCK inhibition, another ROCK inhibitor, HA-1077
(fasudil hydrochloride; Davies et al., 2000), was tested. HA-
1077 (10 mM) also signi®cantly attenuated a,b-mATP-evoked

bladder contractions by 22.1+5.7% (Figure 7A,B; n=5). The
degree of inhibition produced by HA-1077 was similar in
magnitude to that of Y-27632.

Effect of Y-27632, HA-1077 and GF 109203X on
PDBu-evoked bladder contractions

Cumulative additions of PDBu, a protein kinase C (PKC)
activator (3 nM ± 10 mM; for review see Nambi et al., 1996),
evoked sustained concentration-dependent contractions of rat

urinary bladder strips (Figure 8). The maximal response to

PDBu in vehicle experiments was 1.7+0.6 g at 300 nM, which
was 37.1+7.3% of the response to 100 mM KCl (Figure 8;
n=6). The PDBu EC50 value was 180+25 nM, which was

unchanged following pretreatment with 10 mM Y-27632
(151+80 nM; Figure 8; n=5) or 10 mM HA-1077
(175+70 nM; Figure 8; n=4). The selective PKC antagonist,
GF109203X (Toullec et al., 1991; 10 mM), signi®cantly

attenuated PDBu-evoked contractions at concentrations of
PDBu between 0.3 and 10 mM, with an inhibition of
33.4+7% at 10 mM (Figure 8; n=4). The PDBu EC50 value

in the presence of 10 mM GF-109203X was 1189+82 nM,
with a calculated agonist DR of 6.61.

Figure 6 E�ect of 10 mM Y-27632 on KCl-evoked contractions of
rat urinary bladder strips. Responses are expressed as a percentage of
the response evoked by 100 mM KCl (n=5 for each point). Vertical
bars indicate s.e.mean.

Figure 7 E�ects of Y-27632 and HA-1077 on a,b-mATP evoked
contractions of rat urinary bladder strips. (A) Typical traces of
responses to 10 mM a,b-mATP in the absence and presence of 10 mM
Y-27632 or 10 mM HA-1077. Shaded circles indicate addition of a,b-
mATP to the tissue strips. Summary data (n=4±6 for each) is
displayed in (B). Vertical bars indicate s.e.mean. *P50.05 compared
to vehicle.

Figure 8 E�ects of 10 mM Y-27632, 10 mM HA-1077 and 10 mM GF
109203X on PDBu-evoked contractions of rat urinary bladder strips.
Responses are expressed as a percentage of the response evoked by
100 mM KCl (n=4±6 for each point). Vertical bars indicate
s.e.mean. *P50.05 compared to vehicle.
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Figure 9 E�ects of 10 mM Y-27632, 1 mM TTX, 10 mM atropine, desensitization of P2X receptors with 10 mM a,b-mATP and 10 mM MEN
10,367 on electrically-evoked contractions of rat urinary bladder strips. Data are expressed as percentage changes from control responses in the
amplitude (A) and area under the curve (B) of EFS-evoked contractions at 2 (a), 4 (b), 8 (c) and 16 (d) Hz stimulation, following incubation
with vehicle or antagonists. Each bar represents the mean value of 4 ± 5 experiments and vertical bars show s.e.mean. *P50.05 compared to
vehicle.
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Effect of TTX, Y-27632, atropine, a,b-mATP
desensitization and MEN 10,376 on electrically-evoked
bladder contractions

Contractions of rat urinary bladder strips induced by EFS at
2, 4, 8 and 16 Hz were frequency-dependent and consisted of
an initial phasic contraction (measured by amplitude)

followed by a more sustained tonic contraction (measured
by AUC). The mean amplitude values of bladder contrac-
tions evoked by 2, 4, 8 and 16 Hz were 1.7+0.3 g,

2.5+0.4 g, 3.3+0.5 g and 4.0+0.6 g respectively. The mean
AUC values for these contractions were 16.6+5.7, 22.1+8.1,
27.3+10.8 and 29.9+12.8 at 2, 4, 8 and 16 Hz respectively

(n=25). TTX (1 mM) signi®cantly attenuated both the
amplitude and AUC of EFS-evoked bladder contractions at
all frequencies of stimulation (73.2+4.1% and 73.4+1.2%,

respectively, averaged across the four frequencies; Figure 9;
n=4).
To characterize the e�ects of Y-27632 on electrically-

evoked bladder contractions, experiments were carried out to

compare the e�ects of Y-27632 with muscarinic acetylcholine
receptor blockade with atropine, NK2 receptor blockade with
MEN 10,376 (Maggi et al., 1991a, b; 1992) or P2X receptor

desensitization with a,b-mATP.
Y-27632 (10 mM) signi®cantly attenuated the amplitude of

EFS-evoked bladder contractions at all frequencies of

stimulation (41.0+3.4% averaged across the four frequen-
cies; Figure 9A) and signi®cantly attenuated the tonic portion
of the response at 4, 8 and 16 Hz stimulation (Figure 9B;

n=4). Atropine (1 mM) also signi®cantly attenuated the tonic
portion of EFS-evoked bladder contractions at 4, 8 and
16 Hz stimulation (Figure 9B), but had no e�ect on the
amplitude of these responses (Figure 9A; n=5). The

attenuating e�ects of Y-27632 and atropine on the tonic
portion of the bladder contractile response to EFS at 4, 8 and
16 Hz stimulation were not signi®cantly di�erent. Y-27632

and atropine also attenuated the tonic portion of the
response at 2 Hz, although this was not statistically
signi®cant (Figure 9B).

Desensitization of P2X receptors with a,b-mATP (see
Methods) did not signi®cantly a�ect the AUC of EFS-
evoked bladder contractions at all frequencies of stimulation
(Figure 9B; n=4). However, phasic responses to EFS at 8

and 16 Hz stimulation were signi®cantly attenuated by
24.7+10.0% and 21.1+13.1%, respectively (Figure 9A; n=
4). The attenuating e�ects of Y-27632 and a,b-mATP on the

phasic portion of the bladder contractile response to electrical
stimulation at 8 and 16 Hz were not signi®cantly di�erent
(Figure 9A).

MEN 10,367 (10 mM) did not have a signi®cant e�ect on
either the phasic or tonic components of EFS-evoked
contractile responses of the rat urinary bladder (Figure

9A,B; n=4).

Discussion

The results of the present study indicate that ROCK plays an
important role in the regulation of rat urinary bladder

smooth muscle contraction and tone. ROCK I and ROCK II
are highly expressed and the selective ROCK inhibitor Y-
27632 attenuates contractions evoked by G-protein coupled

receptor agonists in rat urinary bladder smooth muscle.
Contractions induced by carbachol and NKA have pre-
viously been shown to be mediated by the G-protein coupled

muscarinic M3 (Longhurst et al., 1995; Tong et al., 1997) and
tachykinin NK2 receptors (Hall et al., 1992) respectively (for
reviews see Eglen et al., 1994; Khawaja & Rogers, 1996). The
current results demonstrate that responses of urinary bladder

strips to both agonists are inhibited by approximately 50% in
the presence of 10 mM Y-27632. In addition to a�ecting
contractions induced by exogenous agonists, the ROCK

inhibitors Y-27632 and HA-1077 cause a signi®cant decrease
in bladder tension in the absence of stimulation, which could
indicate a role for ROCK in the maintenance of urinary

bladder tone.
ROCK is a serine/threonine protein kinase (Matsui et al.,

1996) with two isoforms, namely ROCK I (p160ROCK/ROKb;
Ishizaki et al., 1996) and ROCK II (ROKa; Leung et al.,
1995). ROCK I has 64% sequence identity with ROCK II
and the two isoforms share 90% identity in the kinase
domain (for review see Amano et al., 2000). In the present

study, expression of both ROCK I and ROCK II were
detected in rat urinary bladder using both Western blotting
and RT±PCR techniques. Furthermore, RT±PCR experi-

ments demonstrated that the level of both isoenzymes was
higher than those detected in all other rat tissues tested (aside
from ROCK I in aorta), including brain, liver, kidney and

skeletal muscle. This is the ®rst time expression of ROCK has
been demonstrated in the urinary bladder and provides
support of a role for these isoenzymes in the contractile

mechanisms of this tissue.
Y-27632 is a highly selective inhibitor of both isoforms of

ROCK with reported Ki values of 0.14 mM (Uehata et al.,
1997) and 0.22 mM (Ishizaki et al., 2000) for ROCK I and

0.30 mM for ROCK II (Ishizaki et al., 2000). Furthermore, Y-
27632 is reportedly 200 ± 300 (Uehata et al., 1997; Ishizaki et
al., 2000) and 1250 fold (Uehata et al., 1997) more selective

for ROCK isoforms than protein kinase C (PKC) and
MLCK respectively. Davies et al. (2000) have shown that Y-
27632 has a minimal e�ect on a large number of other serine/

threonine protein kinases. The concentration of Y-27632 that
was used in the present study (10 mM) should inhibit both
ROCK I and ROCK II on the basis of previously published
literature (Uehata et al., 1997; Ishizaki et al., 2000), whilst

having no e�ect on other kinases relevant to smooth muscle
contractility, including MLCK and PKC. However, a recent
study by Eto et al. (2001) reported that 10 mM Y-27632

inhibited contractions of isolated permeabilized rabbit
femoral artery induced by stimulation with the PCK activator
PDBu (for review see Nambi et al., 1996). Therefore in an

attempt to con®rm the selectivity of Y-27632 for ROCK
versus PKC in the present study, the e�ects of this compound
were examined on PDBu-evoked contractile responses of

isolated rat urinary bladder. Ten mM Y-27632 had no e�ect
on PDBu-evoked contractile responses, which were inhibited
by the selective PKC antagonist GF109203X (Toullec et al.,
1991). Therefore, the attenuation of carbachol- and NKA-

evoked bladder contractions following Y-27632 treatment is
most likely due to an inhibition of ROCK rather than an
e�ect on PKC in the urinary bladder. Y-27632 has also been

shown to attenuate G-protein mediated contractile responses
in other tissues including airway, gastrointestinal and
bronchial smooth muscles (Janssen et al., 2001; Sward et
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al., 2000; Yamagata et al., 2000). The reason for an apparent
lack of e�ect of Y-27632 on PKC in the rat urinary bladder
compared with an e�ect of this compound in the rabbit

femoral artery remains unclear. However, di�erences in the
types and levels of PKC isoenzymes or in the regulation of
Ca2+-sensitization mechanisms between these smooth muscle
types and/or species cannot be ruled out. Interestingly, GF

109203X evoked a decrease in rat urinary bladder smooth
muscle tension alone, in similarity to the decrease evoked by
Y-27632 and HA-1077, suggesting roles for ROCK and PKC

in the maintenance of bladder tone. Previous studies using
GF 109203X in mouse bladder do not discuss an e�ect of this
inhibitor on baseline tone (Liu & Lin-Shiau, 2000), however a

role for PKC in tracheal (de Diego et al., 1995) and vascular
(Henrion & Laher, 1993) smooth muscle tone has previously
been suggested.

In further support of a role for a Ca2+-sensitization
mechanism in urinary bladder smooth muscle contraction
through a ROCK mediated pathway, responses of rat urinary
bladder strips evoked by KCl were not a�ected by Y-27632.

Contractions of the urinary bladder evoked by KCl have
previously been shown to be dependent on extracellular Ca2+

and are inhibited by Ca2+ channel antagonists, indicating an

involvement of Ca2+ in¯ux via voltage sensitive Ca2+

channels (Lowe & Noronha-Blob, 1991; Visser & Van
Mastrigt, 2000). Thus, the mechanism by which [Ca2+]i is

increased following exposure to KCl in the urinary bladder is
independent of G-protein coupled pathways. Thus the lack of
e�ect of Y-27632 on KCl induced responses provides further

evidence that a ROCK-mediated Ca2+-sensitization mechan-
ism is speci®cally involved in G-protein coupled contractile
responses of this tissue.
a,b-mATP induces contraction of urinary bladder smooth

muscle via P2X1 receptors (Vial & Evans, 2000), which
mediate both the depolarization of the membrane causing the
in¯ux of Ca2+ ions through voltage-dependent Ca2+ channels

and the in¯ux of Ca2+ ions directly through the receptor
(Schneider et al., 1991). Therefore, in addition to experiments
using KCl stimulation, the e�ect of Y-27632 on a,b-mATP-

evoked responses was investigated to con®rm that Y-27632
inhibits responses through a ROCK-mediated pathway that is
speci®cally coupled to G-protein mediated receptors. Un-
expectedly, Y-27632 signi®cantly attenuated a,b-mATP-

evoked contractions by approximately 30%. In an e�ort to
con®rm that this e�ect was due to ROCK inhibition, the
experiment was repeated using HA-1077 (10 mM) and similar

results were obtained. (PDBu-evoked bladder contractile
responses were una�ected by this concentration of HA-1077
demonstrating selectivity of this inhibitor for ROCK versus

PKC). It is unclear why these compounds a�ect the response
to a,b-mATP. However a possible explanation is that Y-
27632 and HA-1077 cause inhibition by acting directly at the

P2X1 receptor either by interfering with the extracellular ATP
binding site or perhaps interfering with the intracellular
phosphorylation site on the P2X1 receptor (Ennion & Evans,
2002). Indeed, Y-27632 has been shown to inhibit ROCK by

competing with ATP for binding at the ROCK catalytic site
(Ishizaki et al., 2000). Regardless of the explanation, Y-27632
does exhibit some degree of selectivity in the attenuation of

G-protein mediated responses (carbachol and NKA) versus
a,b-mATP-evoked responses (c.f. approximately 50% versus
30%).

The response to EFS of the rodent urinary bladder has
been shown to be mediated by a co-release of ATP and
acetylcholine, resulting in a biphasic contraction with ATP

contributing mainly to the phasic and acetylcholine to the
tonic portion of the neurogenic response (Maggi et al., 1985;
Brading & Williams, 1990). In addition, it has been proposed
that each of these neurotransmitters is responsible for a

di�erent component of the micturition response, ATP being
largely responsible for the initiation of voiding, while
cholinergic transmission responsible for the maintenance of

voiding (Theobald, 1995). In order to investigate the role of
ROCK in the electrically-evoked response of urinary bladder
smooth muscle, studies were conducted to compare the e�ects

of Y-27632 with muscarinic acetylcholine receptor blockade
with atropine, NK2 receptor blockade with MEN 10,376
(Maggi et al., 1991a, b; 1992) or P2X receptor desensitization

with a,b-mATP. Similar to published results, the bladder
contractile response to EFS in the present study was biphasic,
comprising an initial phasic contraction followed by a
secondary sustained tonic contractile response (Brading &

Williams, 1990). EFS-evoked bladder contractions were
inhibited by TTX at all frequencies of stimulation, indicating
their neural origin. The secondary tonic component of the

biphasic response to EFS was attenuated by atropine at
frequencies of stimulation of 4 Hz and above, while P2X
receptor desensitization had no e�ect. Y-27632 was found to

have a similar e�ect to atropine, consistent with the view that
the contractile e�ects of cholinergic stimulation in the
bladder, represented by a tonic response to electrical

stimulation in vitro, involve a ROCK-mediated pathway.
The amplitude of the contractile response to EFS was
signi®cantly attenuated by P2X receptor desensitization at
high frequencies of stimulation (8 and 16 Hz), but atropine

had no e�ect at all frequencies tested. Y-27632 also
signi®cantly attenuated the amplitude of EFS-evoked re-
sponses at these frequencies of stimulation (8 and 16 Hz) and

to a similar degree as a,b-mATP. As discussed above, Y-
27632 also attenuated the response to exogenous a,b-mATP
by approximately 30%, suggesting that e�ects on purinergic

transmission may mediate the e�ects of Y-27632 on the
phasic response to high frequencies of electrical stimulation.
However, Y-27632 also signi®cantly attenuated the phasic
response to electrical stimulation at lower frequencies of

stimulation (2 and 4 Hz), whereas neither atropine nor P2X
receptor desensitization had an e�ect. However, it is possible
that a combined e�ect on both these transmitter pathways by

Y-27632 may o�er an explanation for the present results.
Indeed, Patra & Westfall (1994) found that responses of the
guinea-pig bladder to EFS were inhibited 20% by desensiti-

zation with a,b-mATP and 35% by atropine, but when used
together the neurogenic response was inhibited by 85%.
Furthermore, a role for other transmitters and modulatory

pathways in the bladder contractile response to EFS cannot
be ruled out. In this respect, a role for tachykinins in the
contractile response to EFS has previously been reported
(Meini & Maggi, 1994) and Y-27632 attenuates bladder

contractions evoked by exogenous NKA, suggesting the
e�ects of Y-27632 on neurogenic bladder contractions may
also be mediated by an e�ect on tachykinergic transmission.

However, in the present study, the selective NK2 receptor
antagonist, MEN 10,367, had no e�ect on either the phasic
or tonic contractile response to electrical stimulation.
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Previous studies have suggested that tachykinins released
from the peripheral endings of primary a�erent neurons
mediate the atropine-resistant, capsaicin-sensitive tonic con-

tractile response to electrical stimulation (Meini & Maggi,
1994). Thus, as the e�ects of MEN 10,367 were examined on
the response to electrical stimulation per se, the e�ects of
NK2 receptor blockade may be masked by the presence of

other neurotransmitters. In this respect, the ability of Y-
27632 to attenuate EFS-evoked bladder contractions may be
complex and involve various contributions and interactions

of the di�erent neurotransmitters (acetylcholine, ATP and
tachykinins) and components (phasic and tonic) of the
contractile response to electrical stimulation. These possibi-

lities require more detailed investigation. Interestingly, MEN
10,367 alone evoked a contractile response of the isolated rat
bladder, which was not observed in previous in vitro studies

with this inhibitor at the same concentration (Maggi et al.,
1991b) or from in vivo studies (Maggi et al., 1991a). Similar
agonist e�ects of other selective NK2 receptor antagonists,
for example MEN 10,207 have previously been observed

(Maggi et al., 1991b), although the mechanism of action of
the agonist e�ect of MEN 10,367 in the present study
remains unclear.

The results of the present study are particularly interesting
with regard to the pharmacological treatment of lower
urinary tract dysfunction. Overactive bladder is treated

primarily with anti-muscarinics, however their use is often
limited by adverse side-e�ects, including dry mouth and
constipation (for reviews see Chapple, 2000; Wyndaele, 2001).
Thus, ROCK inhibitors could potentially provide a bene®t

over the anti-muscarinics by working downstream of the
muscarinic receptor.
In conclusion, the results of the present study demonstrate

that ROCK I and ROCK II are expressed in the rat urinary
bladder and that ROCK plays a role in the regulation of rat
urinary bladder smooth muscle contraction and tone. There-

fore, ROCK inhibitors may prove to be therapeutically useful
in the treatment of lower urinary tract disorders associated
with changes in the physiology of bladder smooth muscle

contractility.

The authors greatly appreciate the assistance of Mark Burgert with
statistical analysis.
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