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We aimed to compare the expression and function of molecular components of the RhoA/

Rho-kinase signaling pathway in the contractile responses of detrusor, trigonal and urethral

smooth muscle, using selective Rho-kinase inhibitors. Contractility studies and molecular

approaches were employed to demonstrate the expression patterns and functional activity

of the RhoA/Rho-kinase signaling pathway in the lower urinary tract. Frequency–response

curves (1–32 Hz) and concentration–response curves (CRC) to carbachol (CCh, 0.01–30 mM),

phenylephrine (PE, 0.01–300 mM) and endothelin-1 (ET-1, 0.01–100 nM) were significantly

attenuated ( p < 0.01) following incubation with the Rho-kinase inhibitors H-1152 (0.1–1 mM),

Y-27632 (1–10 mM) or HA-1077 (10 mM). Addition of Rho-kinase inhibitors also markedly

reduced ( p < 0.01) the contractions evoked by either KCl (80 mM) or a,b-methylene ATP (a,b-

mATP, 10 mM). Among the Rho-kinase inhibitors tested, H-1152 was approximately 9–16

times more potent than Y-27632 or HA-1077. In addition, basal tone of detrusor and trigonal

strips was reduced following addition of Y-27632 (10 mM), H-1152 (1 mM) and HA-1077

(10 mM). The expression of RhoA, RhoGDI, leukemia-associated RhoGEF (LARG) and

p115RhoGEF was similar among the detrusor, trigone and urethra, whereas Rho-kinase

a, Rho-kinase b and PDZ-RhoGEF protein levels were significantly lower in the urethra.

Components of the RhoA/Rho-kinase signaling are expressed in detrusor, trigonal and

urethral smooth muscle and dynamically regulate contraction and tone. Manipulation of

RhoGEF expression may provide further understanding of mechanisms involving Ca2+

sensitization in the lower urinary tract.
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1. Introduction

The passive phase of bladder filling accounts for the ability of

the bladder to increase in volume at low intravesical pressure

to prevent reverse pressure exposure to the upper urinary

tract, while the bladder neck and urethra remain in a tonic

state to prevent leakage, thus maintaining urinary continence.

Bladder emptying is accompanied by a reversal of function in

which smooth muscle contraction predominates in the

bladder body with a concomitant reduction in outlet resis-

tance of the bladder neck and urethra [1–3]. These regulatory

actions are mediated through the interaction of norepinephr-

ine (sympathetic component released by hypogastric nerve

stimulation), acetylcholine and ATP (parasympathetic com-

ponents released by pelvic nerve stimulation) with adrenergic,

muscarinic and purinergic receptors, respectively [2]. Stimu-

lation of M2 and M3 muscarinic receptors produce detrusor

smooth muscle contraction [4–7], whereas sympathetic

activation of post-junctional a1-adrenoceptors in the urethra

and bladder trigone plays a key role in the maintenance of

urethral closure pressure [4,8–10]. In addition, b2- and b3-

adrenoceptors mediate relaxation of rat and human detrusor,

causing bladder activity inhibition [11–13]. The overactive

bladder syndrome is a widespread condition with a significant

burden on health resources [14]. This disorder might be

associated with involuntary contractions of the detrusor that

occur during bladder filling and which are unrelated to the

volume of urine in the bladder. These contractions may lead to

urgency as well as involuntary loss of urine.

Accumulating evidence reveals the physiological impor-

tance of theCa2+-independentRhoA/Rho-kinasepathwayinthe

regulation of smooth muscle tone by alteration of thesensitivity

of contractile proteins for Ca2+ [15]. RhoA regulates smooth

muscle contraction by cycling between a GDP-bound inactive

form (coupled to a guanine dissociation inhibitor, RhoGDI) and a

GTP-bound active form [16–18]. Upstream activation of hetero-

trimericG proteins leadto the exchange ofGDPfor GTP,anevent

carried out by the guanine exchange factors (GEFs) p115RhoGEF

[19], PDZ-RhoGEF [20] and LARG (Leukemia-associated RhoGEF)

[21], which are able to transduce signals from G protein-coupled

receptors to RhoA [22–24]. Rho-kinase is activated by RhoA and

inhibits myosin phosphatase through the phosphorylation of

its myosin binding subunit, leading to an increase in Ca2+

sensitivity. The RhoA/Rho-kinase Ca2+ sensitization pathway is

involved in the regulation of bladder smooth muscle contrac-

tion and tone in humans [25,26] and animals [27–29]. Inhibition

of Rho-kinase attenuates bladder hyperactivity in rabbits with

partial outlet obstruction [30], diabetic rabbits [31] and

hypertensive rats [32].

The report described herein was undertaken to provide

further understanding on the contribution of the Rho-kinase-

mediated Ca2+ sensitization in the contractile properties of

detrusor, trigonal and urethral smooth muscles by studying

the effects of Rho-kinase inhibitors on the contractions

mediated by G protein-coupled and G protein-independent

mechanisms. In addition, comparative expression studies

were performed to identify molecular components of this

pathway in the lower urinary tract, namely RhoA, Rho-kinase,

Rho-guanine dissociation inhibitor (RhoGDI) and Rho-guanine

nucleotide exchange factors (RhoGEFs).
2. Materials and methods

2.1. Tissue preparation

All experiments were conducted in accordance with institu-

tional guidelines and approved by the local committee on

animal experiments. Male Sprague–Dawley rats (weighing 250–

300 g) were obtained from Harlan Laboratories (Indianapolis,

USA). The animals were anaesthetized with pentobarbital

sodium (40 mg/kg, i.p.), killed by decapitation and exsangui-

nated. The urinary bladder and the urethra were quickly

removed and placed in chilled Krebs solution of the following

composition (mM): NaCl, 130; NaHCO3, 14.9; dextrose, 5.5; KCl,

4.7; KH2PO4, 1.18; MgSO4�7H2O, 1.17; CaCl2�2H2O, 1.6. After the

preparations were pinned in a Sylgard Petry dish filled with ice-

cold Krebs solution, visible connective tissue and fat were

carefully removed by sharp dissection under a stereomicro-

scope. Four longitudinal full thickness strips (10 mm � 1.5 mm)

were excised from the detrusor proximal to the orifices of the

two ureters. The urethra was separated from the bladder at the

levelofthebladderneckandtworingsofapproximately2–3 mm

in length were prepared. One circular strip (4 mm � 1 mm) of

smooth muscle was isolated from the bladder trigone.

2.2. Recording of mechanical activity

For functional studies, detrusor and trigonal strips were

horizontally attached between two mounting clamps in 4-ml

myograph chambers (Danish Myograph Technology, Aarhus,

Denmark) containing Krebs solution at 37 8C continuously

aerated with 5% CO2 in O2. Urethral rings were transferred to 5-

ml chambers and set up between two metal hooks. The

preparations were repeatedly stretched so that a stable force

of about 20 mN, 3 mN and 2 mN was obtained during the

equilibration period for detrusor, trigone and urethra, respec-

tively. When subjected to electrical field stimulation (EFS), the

tissues were mounted between platinum pin electrodes

attached to a stimulus splitter unit (Stimu-Splitter II), which

was connected to a Grass S88 stimulator (Astro-Med Industrial

Park, USA). Square wave pulses (1 ms duration) were delivered

at supramaximal voltage and the train duration was 10 s.

Changes in isometric force were recorded using a PowerLab 8/

SPTM data acquisition system (software Chart 5.0, ADInstru-

ments, Colorado Springs, USA).

All preparations were equilibrated for 1 h and were

subsequently challenged with 80 mM KCl (the same composi-

tion as Krebs solution with NaCl replaced by equimolar KCl) for

10 min to check for tissue viability. Frequency–response

curves (EFS, 1–32 Hz) as well as cumulative concentration–

response curves to carbachol (CCh, 0.01–30 mM), phenylephr-

ine (PE, 0.01–300 mM) and endothelin-1 (ET-1, 0.01–100 nM)

were obtained in the absence (treated with the appropriate

vehicle) and 30 min after the addition of the Rho-kinase

inhibitors H-1152 (0.1–1 mM), Y-27632 (1–10 mM) or HA-1077 (1–

10 mM). The phasic component of the contractions evoked in

the detrusor and trigone is represented by the peak of the

responses whereas the tonic component relates to the steady-

state contraction that follows.

In some protocols, an initial contractile response to a,b-

methylene ATP (a,b-mATP, 10 mM; exposed for 5 min) was
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obtained followed by a 60 min washout period, to avoid

desensitization of the responses. Tissues were incubated with

Rho-kinase inhibitors and re-challenged with a,b-mATP. To

evaluate the effect of Rho-kinase inhibitors on the contraction

evoked by KCl, atropine (1 mM), phentolamine (1 mM) and a,b-

mATP (10 mM) were added to the bathing solution to prevent

the effects of acetylcholine, norepinephrine and ATP released

from nerve endings, respectively.

2.3. Reverse transcriptase-polymerase chain reaction (RT-
PCR)

Detrusor, trigone and urethra were isolated, snap-frozen in

liquid nitrogen and stored at �80 8C for subsequent analysis.

Total RNA (4 mg per reaction) extracted from tissue segments

with TRIzol reagent (Invitrogen, Carlsbad, USA) was used for

the first strand cDNA synthesis with superscript II kit

(Invitrogen), according to manufacturer’s specification. cDNA

equal to 0.04 mg total RNA was used for each PCR reaction

under the following conditions: 94 8C for 2 min and 22 (for

GAPDH) or 30 (for RhoGEFs) cycles at 94 8C for 30 s, 60 8C for 30 s

and 72 8C for 30 s, followed by 72 8C for 7 min. The reaction

products were analyzed by electrophoresis on agarose gel and

the expected product was extracted and verified by direct DNA

sequencing. The gel images were recorded by video camera

(Sony Video Camera Module CCD, Tokyo, Japan), connected to

an IBM AT computer (New York, USA) with a 512 � 512 pixel

array imaging board with 256 gray levels. Sequences of

forward and reverse primers for PDZ-RhoGEF, LARG, p115Rho-

GEF and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

were previously described [33]. The PCR products were

quantified by densitometric scanning of gel images using

UN-SCAN-IT software (Silk Scientific Corp., USA). Results were

then expressed as the densitometric ratio of gene of interest/

GAPDH (house-keeping gene).

2.4. Western blot analysis

Rat detrusor, trigone and urethra were removed as described

above, snap-frozen in liquid nitrogen and kept at �80 8C until

use. The tissue segments were homogenized in a lysing buffer

containing 40 mM HEPES, 1% Triton X-100, 10% glycerol, 1 mM

Na3VO4 and 1 mM phenylmethylsulfonyl fluoride. The lysate

was centrifuged at 10,000� g and the supernatant was

collected. The protein concentration was determined using a

BSA protein assay kit (Pierce Chemical, Rockford, USA). An

aliquot of 40 mg protein from each sample was loaded per lane

and resolved by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) under reducing conditions. Pro-

teins were subsequently transferred onto nitrocellulose mem-

branes (BioRad, Hercules, USA). Membranes were blocked by

treatment with 5% milk in Tris-buffered saline containing 0.05%

Tween 20, probed with antibodies against RhoA (1:200), Rho-

kinase a (1:500), Rho-kinase b (1:200), RhoGDI (1:2000),

p115RhoGEF (1:200), PDZ-RhoGEF (1:500) or LARG (1:200) and

incubated with a horseradish peroxidase-conjugated second

antibody. Immunoreactivity was detected by enhanced che-

miluminescence autoradiography. The bands were quantified

by densitometric scanning of film images using UN-SCAN-IT

software (Silk Scientific Corp., USA). Results were then
expressed as the densitometric ratio of protein of interest/b-

actin (1:2000).

2.5. Drugs and chemicals

Atropine, carbachol, endothelin-1, a,b-methylene ATP, nifedi-

pine, phentolamine, phenylephrine and tetrodotoxin were

purchased from Sigma Chemical Co. (St. Louis, USA). The

compounds (S)-(+)-2-methyl-1-[(4-methyl-5-isoquinolinyl)sul-

fonyl]homopiperazine (H-1152), (R)-(+)-trans-N-(4-pyridyl)-4-

(1-aminoethyl)-cyclohexanecarboxamide (Y-27632) and (5-iso-

quinolinesulfonyl)homopiperazine (HA-1077) were acquired

from Calbiochem (San Diego, USA). The antibodies used to

probe for RhoA, Rho-kinase a and Rho-kinase b were obtained

from BD Biosciences (San Diego, CA, USA). The antibodies used

to probe for RhoGDI and RhoGEFs were obtained from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). All other reagents

used were of analytical grade. All drugs were dissolved in

deionized water.

2.6. Data analysis

Experimental values were calculated relative to the maximal

changes from the contraction produced by KCl (80 mM) in each

tissue, which was taken as 100%. The pEC50 values were

determined as�log of the molar concentration to produce 50%

of the maximal response. Data are shown as the percentage of

contraction of n experiments from different individuals, exp-

ressed as the mean� S.E.M. Analysis of variance (ANOVA) and

Student’s paired t-test were employed to evaluate the results. A

p value less than 0.05 was considered to indicate significance. A

program package was used for the statistical analysis of all data

(GraphPAD Software, version 3.00, San Diego, USA).
3. Results

3.1. Agonist concentration–response curves

In all preparations examined, detrusor, trigonal and urethral

smooth muscles exhibited spontaneous phasic contractions,

with peak amplitudes of 7.2 � 1.4 mN, 1.5 � 0.4 mN and

0.4 � 0.2 mN, respectively. These spontaneous contractions

were abolished by nifedipine (0.1 mM; n = 4, each), indicating a

critical role of Ca2+ entry through L-type Ca2+ channels in the

initiation of phasic contractions.

Increasing concentrations of the muscarinic receptor

agonist CCh (0.01–30 mM) evoked contractile responses in

detrusor preparations (n = 24). Application of CCh caused force

development to increase initially to a transient peak (phasic

response) and then decline to reach a plateau level (tonic

response). This general pattern was superimposed by sponta-

neous force oscillations of varying intensity. The maximal

phasic and tonic contractile responses of the isolated detrusor

muscle strips corresponded to 135 � 3% (at 10 mM) and 87 � 2%

(at 30 mM) of KCl (80 mM)-induced contractions, respectively.

The concentration–response curves to CCh obtained from the

phasic component of the contractions yielded pEC50 values of

5.97 � 0.08, which were not statistically different when

compared to the values obtained from the tonic component
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of the responses. CCh caused no significant contractions when

applied to trigonal (5 � 3% maximum response; n = 6) or

urethral (2 � 2% maximum response; n = 5) preparations.

The a1-adrenergic agonist PE (0.01–100 mM) acted as a partial

agonist in the trigone, eliciting maximal phasic and tonic

contractions of 61� 2% and 40� 1%, respectively (n = 10). The

pEC50 values derived from these curves were 5.30� 0.03 (phasic)

and 5.25� 0.03 (tonic). In urethral preparations, the contrac-

tions to PE (0.01–300 mM) were characterized by sustained

responses with a pEC50 value and maximum response of

5.18� 0.03 and 123� 3%, respectively. Cumulative addition of

ET-1 (0.01–100 nM) also caused sustained contractions of

urethral strips with a pEC50 value of 8.17� 0.03 and maximum

response of 98� 1%. On the other hand, PE failed to induced

significant contractions in the detrusor smooth muscle (6� 2%

at the highest agonist concentration; n = 6).

3.2. Effects of Rho-kinase inhibitors on basal tone and
agonist-evoked contractions

The contribution of Ca2+ influx through voltage-operated Ca2+

channels as well as of the Rho-kinase signaling pathway to the
Fig. 1 – Concentration–response curves to carbachol (CCh, 0.01–

(CTL) and treated with the Rho-kinase inhibitors Y-27632 (1–10 m

1077 (1–10 mM; n = 5; panel c). The effects of Rho-kinase inhibito

panels) components of the CCh-induced contractions. Experimen

from the contraction produced by KCl (80 mM) in each tissue, wh

represented in the panel. Data represent the mean W S.E.M. of n
baseline bladder tension was assessed using nifedipine and

the Rho-kinase inhibitors H-1152, Y-27632 and HA-1077,

respectively, during a incubation period of 30 min. Nifedipine

(0.1 mM; n = 6) was able to decrease the resting tone of detrusor

strips by 28 � 5%. Similarly, H-1152 (1 mM), Y-27632 (10 mM)

and HA-1077 (10 mM) reduced the baseline bladder tension by

51 � 9%, 38 � 9% and 29 � 6%, respectively (n = 6). In the

trigone, baseline tension was reduced by 47 � 7%, 43 � 8%

and 34 � 6% in the presence of the above mentioned

concentrations of H-1152, Y-27632 and HA-1077, respectively

(n = 4). These compounds virtually abolished spontaneous

phasic contractions. On the other hand, Rho-kinase inhibitors

failed to significantly decrease baseline tension in the urethra

(n = 4).

In order to investigate the role of the RhoA/Rho-kinase

signaling pathway in the contractions of detrusor, trigonal

and urethral preparations, increasing concentrations of the

Rho-kinase inhibitors H-1152 (0.1 mM, 0.3 mM and 1 mM), Y-

27632 (1 mM, 3 mM and 10 mM) and HA-1077 (1 mM, 3 mM and

10 mM) were used. Fig. 1 shows that each Rho-kinase inhibitor

caused significant rightward shifts in the concentration–

response curves to CCh in detrusor smooth muscle (n = 5–6).
30 mM) in rat detrusor smooth muscle in control conditions

M; n = 5; panel a), H-1152 (0.1–1 mM; n = 6; panel b) and HA-

rs were evaluated in the phasic (left panels) and tonic (right

tal values were calculated relative to the maximal changes

ich was taken as 100%. The corresponding pEC50 values are

experiments. *p < 0.05 and **p < 0.01 compared to CTL.
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In addition to affecting the potency of CCh, H-1152, Y-27632

and HA-1077 significantly reduced maximal contractions to

this agonist.

Similar experimental protocols were carried out to

evaluate the contribution of Rho-kinase in the contractile

mechanism elicited by PE in trigone and urethra. The

concentration-response curves evoked by PE were shifted

to the right by H-1152, Y-27632 or HA-1077 in both trigonal

(Fig. 2; n = 4) and urethral (Fig. 3; n = 4) smooth muscle

preparations, in which the former tissue was less sensitive to

Rho-kinase inhibition than the latter ( p < 0.01). Also, the

maximal responses elicited by PE were significantly reduced

in trigonal and urethral tissues following treatment with the

Rho-kinase inhibitors. Interestingly, the urethral contrac-

tions mediated by ET-1 revealed no alteration in pEC50 values

after incubation with increasing concentrations of H-1152

(n = 4). However, maximal responses to ET-1 were reduced by

14 � 3%, 31 � 3% and 52 � 1% in the presence of 0.1 mM, 0.3 mM

and 1 mM of H-1152.
Fig. 2 – Concentration–response curves to phenylephrine (PE, 0.

conditions (CTL) and treated with the Rho-kinase inhibitors Y-27

b) and HA-1077 (1–10 mM; n = 4; panel c). The effects of Rho-kina

tonic (right panels) components of the PE-induced contractions

maximal changes from the contraction produced by KCl (80 mM

corresponding pEC50 values are represented in the panel. Data r

**p < 0.01 compared to CTL.
3.3. Effects of Rho-kinase inhibitors on contractions
mediated by a,b-mATP and EFS

Addition of a,b-mATP (10 mM) induced phasic contractions in

rat detrusor, trigonal and urethral preparations, averaging

36 � 1% (n = 36), 27 � 1% (n = 18) and 22 � 1% (n = 18), respec-

tively. Re-challenge of the tissues with a,b-mATP following

incubation with vehicle for 60 min to prevent tissue desensi-

tization, evoked a similar contractile response (32 � 4%,

30 � 3% and 24 � 3% for detrusor, trigone and urethra,

respectively). In the presence of nifedipine (0.1 mM; n = 4),

a,b-mATP-induced contractions were fully blocked. After

recording the first set of responses to 10 mM a,b-mATP, the

tissues were incubated with either H-1152 (1 mM), Y-27632

(10 mM) or HA-1077 (10 mM) for at least 30 min before a second

addition of a,b-mATP (n = 6, each). Among all three inhibitors,

H-1152 was the most effective (p < 0.05) in antagonizing the

contractile effect elicited by the purinergic agonist (45 � 7%,

42� 5% and 52� 2% inhibition in detrusor, trigone and urethra,
01–100 mM) in rat trigonal smooth muscle in control

632 (1–10 mM; n = 4; panel a), H-1152 (0.1–1 mM; n = 4; panel

se inhibitors were evaluated in the phasic (left panels) and

. Experimental values were calculated relative to the

) in each tissue, which was taken as 100%. The

epresent the mean W S.E.M. of n experiments. *p < 0.05 and



Fig. 3 – Concentration–response curves to phenylephrine

(PE, 0.01–300 mM) in rat urethral smooth muscle in control

conditions (CTL) and treated with the Rho-kinase

inhibitors Y-27632 (1–10 mM; n = 4; panel a), H-1152 (0.1–

1 mM; n = 4; panel b) and HA-1077 (1–10 mM; n = 4; panel c).

Experimental values were calculated relative to the

maximal changes from the contraction produced by KCl

(80 mM) in each tissue, which was taken as 100%. The

corresponding pEC50 values are represented in the panel.

Data represent the mean W S.E.M. of n experiments.

*p < 0.05 and **p < 0.01 compared to CTL.

Fig. 4 – Isometric force recordings of contractions evoked by

a,b-methylene ATP (a,b-mATP, 10 mM) in the absence

(vehicle) and presence of the Rho-kinase inhibitor H-1152

(1 mM) in detrusor, trigonal and urethral smooth muscle. A

60 min washout period was allowed after the first

application of a,b-mATP in order to prevent

desensitization. Upward arrows indicate a,b-mATP

addition to the bathing medium. These are representative

tracings of four to six experiments.

Table 1 – Percentage of inhibition of contractile re-
sponses induced by electrical field stimulation (EFS, 1–
32 Hz) in rat detrusor strips following addition of the
Rho-kinase inhibitor H-1152 (0.1–1 mM; n = 6)

EFS (Hz) % Inhibition

H-1152 0.1 mM H-1152 0.3 mM H-1152 1 mM

1 20 � 3 40 � 9 73 � 5

2 15 � 4 39 � 10 60 � 4

4 15 � 2 35 � 3 54 � 7

8 10 � 2 21 � 2 38 � 3

16 8 � 2 17 � 2 30 � 2

32 8 � 2 13 � 2 23 � 2
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respectively) compared to Y-27632 (27 � 5%, 33� 2% and

37� 5% inhibition in detrusor, trigone and urethra, respec-

tively) and HA-1077 (23 � 7%, 31� 3% and 34� 4% inhibition in

detrusor, trigone and urethra, respectively). Fig. 4 shows a

representative tracing of the inhibitory effect of H-1152 on a,b-

mATP-induced contractions.

The rat detrusor smooth muscle strips developed increas-

ing tension responses with the increase in the frequency of

stimulation from 1 to 32 Hz, 10-s trains. These contractions

were characterized by a rapid development and consisted of

transient responses. The mean maximum peak contraction of

137 � 4% was developed at 32 Hz, while 13 � 1%, 31 � 2%,

62 � 3%, 99 � 4% and 124 � 4% was developed at 1 Hz, 2 Hz,

4 Hz, 8 Hz and 16 Hz, respectively (n = 14). Muscle contractions
induced by EFS were virtually blocked by the Na+ channel

blocker tetrodotoxin (1 mM; n = 4), indicating that these

responses are neuronal in origin, and also significantly

inhibited by atropine (1 mM; n = 5) or purinergic receptor

desensitization with a,b-mATP (10 mM; n = 5), indicating that

these responses are cholinergic/purinergic in nature (not

shown). The Rho-kinase inhibitors H-1152 (0.1–1 mM; n = 6), Y-

27632 (1–10 mM; n = 5) and HA-1077 (1–10 mM; n = 5) signifi-

cantly reduced electrically induced contractions in a concen-

tration-dependent manner. Fig. 5 shows an experimental

tracing of the inhibitory effects of H-1152 on EFS-induced

contractions. The percentage of inhibition of these contractile

responses is summarized in Table 1. The inhibition caused by

Y-27632 and HA-1077 was similar to that obtained with H-

1152.

3.4. Effects of Rho-kinase inhibitors on contractions
induced by KCl

In the presence of the muscarinic antagonist atropine (1 mM)

and a,b-mATP (10 mM) to prevent the effects of acetylcholine

and ATP released from nerves, the mean peak (phasic)



Fig. 5 – Representative tracings showing the inhibitory effects of the Rho-kinase inhibitor H-1152 (0.1–1 mM) on electrically

induced contractions (1–32 Hz, 50 V; 10-s trains) of rat detrusor smooth muscle. The strips were treated with each

concentration of H-1152 for 30 min prior to electrical field stimulation (see text for details). Vertical bars indicate the

percentage of contraction induced by KCl (80 mM). These are experimental tracings of six experiments.
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contraction during the exposure to 80 mM KCl was

58.3 � 8.1 mN (n = 72), 4.3 � 0.8 mN (n = 40) and 4.8 � 1.0 mN

(n = 44) in detrusor, trigone and urethra, respectively, whereas

the plateau (tonic) component of this response achieved

36 � 3% (detrusor), 81 � 2% (trigone) and 51 � 3% (urethra) of

the peak. In Ca2+-free medium containing 1 mM EGTA, KCl-

induced contractions were completely abolished (n = 4). In

detrusor and urethral preparations, the addition of H-1152

(1 mM; n = 4–6), Y-27632 (10 mM; n = 5–6) and HA-1077 (10 mM;

n = 5–6) caused marked inhibitions ( p < 0.01) in both compo-

nents of the KCl-induced contractions, which were signifi-

cantly greater on the tonic contractile response (Fig. 6).

Nevertheless, the degree of inhibition of trigonal smooth

muscle contractions evoked by KCl were only marginally

affected by each Rho-kinase inhibitor, without significant

differences between tonic and phasic components of the

response (Fig. 6; n = 4–6).

3.5. Expression of RhoA, RhoGDI, ROKa, ROKb and
RhoGEFs

Fig. 7a demonstrates the protein expression of RhoA and

RhoGDI in detrusor, trigonal and urethral smooth muscle. The

antibodies against RhoA and RhoGDI recognized single

proteins with an approximate molecular mass of 21 kDa

and 27 kDa, respectively, with no significant difference in their

expression level among the tissues. Similarly, antibodies

against Rho-kinase a and Rho-kinase b revealed the expres-

sion of these kinases with approximate molecular weights of
180 kDa and 160 kDa, respectively, as expected (Fig. 7b). Their

expression was significantly lower (p < 0.01) in the urethra

when compared to the levels observed in the trigone and

detrusor. A RT-PCR assay was used to identify the mRNA

expression of the RGS-containing RhoGEFs in the lower

urinary tract. Fig. 8 shows the electrophoretic visualization

of the mRNA and protein expression for PDZ-RhoGEF,

p115RhoGEF and LARG in detrusor, trigone and urethra. We

observed a decreased expression of PDZ-RhoGEF both at the

mRNA and protein levels in the urethra. Moreover, PDZ-

RhoGEF expression was significantly higher in the trigone, as

demonstrated by b-actin-normalized quantification, although

such difference was not apparent in the mRNA level.
4. Discussion

The present study was primarily designed to compare the

expression levels as well as the functional importance of the

RhoA/Rho-kinase Ca2+ sensitization pathway in different

tissues of the lower urinary tract, namely the bladder body,

trigone and urethra. The main findings indicate that the

molecular components of this Ca2+ sensitization pathway are

expressed in the rat lower urinary tract, playing an important

role in the maintenance of the contractile activity in detrusor,

trigonal and urethral smooth muscle. Furthermore, we have

provided the pharmacological basis that points to H-1152 as a

more potent Rho-kinase inhibitor compared to the widespread

used Y-27632 and HA-1077.



Fig. 6 – Effects of the Rho-kinase inhibitors H-1152, Y-27632 and HA-1077 on KCl (80 mM)-induced contractions of rat

detrusor (a), trigonal (b) and urethral (c) preparations. After KCl-evoked contractions were achieved, tissues were relaxed

and incubated for 30 min with each Rho-kinase inhibitor prior to a second KCl-induced depolarization. Typical traces (left)

show the contractile effect of KCl before (black traces) and after (gray traces) pretreatment with H-1152 in rat detrusor,

trigone and urethra. Panels (right) show the inhibitory effects of H-1152 (1 mM), Y-27632 (10 mM) and HA-1077 (10 mM) on the

phasic (closed bars) and tonic (open bars) components of the contractile response elicited by KCl in detrusor, trigonal and

urethral smooth muscle. The force of the phasic and tonic components was measured as the peak of contraction and

20 min after KCl addition, respectively. Results are calculated as percentage of inhibition of tonic and phasic components of

the contractile response and expressed as the mean W S.E.M. *p < 0.05 and **p < 0.01 compared to pretreatment levels;
#p < 0.05 and ##p < 0.01 compared to the degree of inhibition of phasic contractions.

Fig. 7 – Representative Western blot analysis of RhoA (a), RhoGDI (a) and Rho-kinase isoforms (ROKa and ROKb; b) in

detrusor, trigonal and urethral smooth muscle (n = 6). Tissue homogenates were subjected to SDS-PAGE and

immunoblotted with specific antibodies. Summarized data of densitometrical analyses are represented at the right. Each

set of determinations was performed in triplicate.

b i o c h e m i c a l p h a r m a c o l o g y 7 4 ( 2 0 0 7 ) 6 4 7 – 6 5 8654



Fig. 8 – Representative mRNA analysis of p115RhoGEF, PDZ-RhoGEF and LARG in rat detrusor, trigone and urethra (a). Total

RNA was isolated from crude tissue homogenates and expression of RGS-containing RhoGEFs mRNA was analyzed by

semi-quantitative RT-PCR. The electrophoretic visualization of the amplicons represents five sets of separate experiments.

Western blot analysis of LARG, p115RhoGEF and PDZ-RhoGEF (n = 6; b). Tissue homogenates were subjected to SDS-PAGE

and immunoblotted with specific antibodies. The blots were detected with an Advance Chemiluminescence Detection Kit.

Summarized data of densitometrical analyses are represented at the right. Each set of determinations were performed in

triplicate.
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In human, rat, rabbit and guinea pig bladder, the Rho-

kinase pathway represents an important regulator of smooth

muscle activity and tone [25,27–32]. The prototype Rho-kinase

inhibitor Y-27632 has been shown to attenuate contractions of

bladder smooth muscle evoked by CCh, through the decrease

of Ca2+ sensitivity of the contractile apparatus [27–29]. In this

work, we confirmed and extended these findings by investi-

gating the effects of three different Rho-kinase inhibitors,

namely H-1152, Y-27632 and HA-1077, on the phasic and tonic

components of the contractions in response to G protein

coupled-receptor agonists, membrane depolarization and

nerve stimulation. Each Rho-kinase inhibitor tested caused

significant inhibition of both phasic and tonic components of

contractions in response to agonists in detrusor, urethra and

trigone, indicating that activation of G protein-coupled

receptors leads to stimulation of Rho-kinase to cause the

force development evoked by distinct agonists in the lower

urinary tract. These findings corroborate the above-men-

tioned studies which demonstrate a role for the RhoA/Rho-

kinase pathway in Ca2+ sensitization, using both intact and

permeabilized strips of detrusor smooth muscle. In addition,

we found that H-1152 is approximately 9–16 times more potent

than Y-27632 and HA-1077, which is in agreement with its

higher potency and selectivity to inhibit Rho-kinase in in vitro

assays [34] as well as in intact smooth muscle [35].

Detrusor smooth muscle strips taken from the bladder of all

speciesdevelop spontaneousphasiccontractions,althoughthis

activity does not contribute to a rise in the intravesical pressure

and has been shown to occur locally, without spreading

throughout the tissue under physiological conditions [36].

These spontaneous contractions have been recently shown to
be suppressed by cyclic nucleotides and Rho-kinase inhibition

[28]. Interestingly, Y-27632 suppressed spontaneous contrac-

tions without inhibiting either action potentials or associated

Ca2+ transients, indicating that Rho-kinase in detrusor smooth

muscle may be activated in unstimulated conditions. Likewise,

all three Rho-kinase inhibitors assayed virtually abolished the

spontaneous contractions and decreased the bladder tension in

the present investigation, in agreement with previous studies

[27,36]. Taken together, these findings point to theoccurrence of

an intrinsic Rho-kinase-dependent Ca2+ sensitization mechan-

ism in detrusor smooth muscle.

Many factors, such as peripheral nerve control and the

contribution of other components of the urinary tract, may

influence micturition. Both cholinergic (acetylcholine) and

purinergic (ATP) components influence different phases of the

micturition response, with ATP being largely responsible for

the initiation of voiding and cholinergic transmission respon-

sible for the maintenance of voiding [38]. The Rho-kinase

inhibitors were found to reduce significantly the contractile

effect resulting from nerve depolarization in a concentration-

dependent manner, demonstrating the involvement of the

Ca2+ sensitization mechanism in the nerve-derived endogen-

ous regulation of detrusor smooth muscle tone. We also tested

the effects of H-1152, Y-27632 and HA-1077 in the contractions

of detrusor, trigone and urethra evoked by a,b-mATP.

Stimulation of P2X1 receptors by a,b-mATP mediates the

depolarization of the membrane causing Ca2+ influx through

both voltage-gated Ca2+ channels as well as directly through

the receptor [39]. Interestingly, the a,b-mATP-induced con-

tractions were blocked by approximately 50% by either Rho-

kinase inhibitor regardless of the preparation.
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In a recent report supporting a role for a Ca2+ sensitization

mechanism in urinary bladder, contractile responses evoked

by KCl were not affected by Y-27632 [27]. In the context of

bladder smooth muscle contraction, it is well established that

membrane depolarization opens voltage-gated Ca2+ channels

allowing Ca2+ entry to the cytosol [40]. Nevertheless, H-1152,

Y-27632 and HA-1077 were effective at inhibiting contractions

of detrusor and urethra evoked by KCl in the presence of

receptor blockade to exclude nerve-derived neurotransmitter

effects, suggesting that Rho-kinase may be involved in both

Ca2+-dependent and independent regulation of contraction. In

agreement with our results, recent reports demonstrated that

KCl-induced contraction involves activation of Rho-kinase in

rat-tail artery [41] and canine tracheal smooth muscle [42]. Y-

27632 has also been shown to inhibit non-receptor-mediated

contractions in mouse anococcygeus muscle [43] and to block

Ca2+ entry in rat arteries [44]. Interestingly, KCl-induced

contractions of trigone were not significantly affected by

either Rho-kinase inhibitor, providing evidence that the Rho-

kinase-mediated Ca2+ sensitization mechanism is not parti-

cularly involved in KCl depolarization-coupled contractile

responses of this tissue. It is worth mentioning that raised

extracellular KCl as well as P2X1 receptor stimulation

depolarize the cell membrane, thus leading to the opening

of L-type Ca2+ channels. Although Rho-kinase inhibitors affect

enzyme activity by competing with ATP for binding at the

kinase catalytic site, we speculate that the P2X1 receptor

stimulation includes a component of activated Rho-kinase

activity.

We identified the expression of RhoA, its endogenous

inhibitor Rho-guanine dissociation inhibitor (RhoGDI), as well

as the individual Rho-kinase isoforms at the protein level, thus

providing support for a RhoA/Rho-kinase pathway in detrusor,

trigonal and urethral tissues. This is in agreement with

previous work wherein identification of these proteins has

also been demonstrated [25,27,30,31,37,45]. In addition, recent

reports demonstrate that ROKb is partly responsible for the

high degree of force maintenance in the detrusor smooth

muscle in overactive bladders [30–32]. Our experiments

revealed that both ROKa and ROKb are expressed at lower

levels in the urethra compared to the detrusor and trigone.

Although Rho-kinase has been recently shown to be obligatory

for generating urethral tone [46], the Rho-kinase inhibitors

used in this study failed to reduce baseline tension in rat

urethral smooth muscle, as opposed to their effects on

detrusor and trigone. It is noteworthy that responses in the

same tissue from different species involve different mechan-

isms as it is the case of CCh-induced contractions of rat and

detrusor smooth muscle [29]. It is possible that our findings are

a reflex of a lower Rho-kinase protein expression in the

urethra, or else, a constitutive drive of signaling pathways

downstream of receptor activation is absent in this tissue.

Indeed, low levels of RhoA/ROK may unleash myosin

phosphatase, causing rapid dephosphorylation of phosphory-

lated myosin light chain, preventing the development of any

basal tone, and causing rapid fade of stimulated contractions

[47]. This observation suggests that the use of Rho-kinase

inhibitors in the therapeutic management of overactive

bladder could have a more prominent effect on the bladder

wall rather than the urethra.
Post-translational modification (geranylgeranylation)

enables the necessary membrane binding and subsequent

activation of RhoA. Activation also requires a guanine

nucleotide exchange factor (GEF), which promotes the

exchange of GTP for GDP. Leukemia-associated RhoGEF (LARG)

and its homologs PDZ-RhoGEF and p115RhoGEF make up a

subgroup of RhoGEFs, known as regulators of G protein

signaling (RGS) domain-containing RhoGEFs. To our knowl-

edge, the present report represents the first demonstration of

the expression of these RhoGEFs in the lower urinary tract at

both gene and protein levels, although another GEF, namely

p63RhoGEF, is expressed and binds to RhoA in J82 human

bladder carcinoma cells [48]. Because the activation of RhoA

comes from an increased activity of RhoGEF or decreased

RhoGDI, the lower expression level of PDZ-RhoGEF may

explain the lack of effect of Rho-kinase inhibitors to reduce

baseline tension in the urethra, given the centrality of

RhoGEFs for RhoA activation, notwithstanding that RhoA

levels were not different among detrusor, trigonal and

urethral strips. The demonstration of a defect at the level of

one of the determinant factors for the activation of RhoA (the

reduced PDZ-RhoGEF content), makes unlikely a contempor-

ary abnormality for RhoGDI, thus explaining why its level does

not differ among the tissues of the urinary system studied.

Similarly, downregulation of p115RhoGEF in patients with

Bartter’s and Gitelman’s syndrome was suggested to con-

tribute to reduced vascular tone regulation [49].

In conclusion, given the involvement of the RhoA/Rho-

kinase pathway in the maintenance of contractility in bladder

and urethra, the data provided by this study could provide

further insight on the role of this Ca2+ sensitization signaling

into the pathophysiology of the lower urinary tract. However,

it is important to compare the relative importance of human

detrusor and any potential animal models if Ca2+ sensitization

is to become a target for drug development. A detailed

understanding of the mechanisms underlying the regulation

of RGS-containing RhoGEFs as well as the pharmacological

inhibition of Rho-kinase, should provide insights into the

identification of new therapies directed toward alleviating

symptoms of lower urinary tract disorders, such as overactive

bladder and urge urinary incontinence.
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