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significantly enhanced the expression of p-MYPT1 from 3 
to 15 h (p < 0.05, ANOVA test) and induced the expression 
of Rho A from 10 to 120 min (p < 0.05, ANOVA test).
Conclusions  Carbachol can induce the expression of 
ROCK pathway, leading to MYPT1 phosphorylation at 
Thr696 and thereby sustained RBSMCs contraction.

Keywords  Bladder smooth muscle cell · Carbachol · 
Phosphorylation · Rat · Rho-associated protein kinase 
(ROCK)

Introduction

The musculature of urinary bladder wall is primarily com-
posed of smooth muscle cells. An initial development 
of force enables bladder to implement quick contractile 
responses, but they also may maintain force for an extended 
period of time to empty the bladder [1]. Adequate bladder 
contraction ensures complete urine emptying, while abnor-
mal contractile performance of bladder smooth muscle 
can contribute to various diseases, such as urinary incon-
tinence, overactive bladder, or retention of urine [2, 3]. 
Thus, in order to improve the clinical treatment of diseases 
related to voiding dysfunction, greater understanding of 
the signal transduction pathways involved in regulation of 
bladder smooth muscle contraction is essentially important.

Smooth muscle contraction is evoked by a network of 
signals involving a variety of membrane receptors and ion 
channels. Force production and maintenance in smooth 
muscle are primarily regulated by phosphorylation of the 
myosin light chain (MLC) [4]. It is well accepted that phos-
phorylation of the MLC catalyzed by the Ca2+/calmodulin-
dependent MLC kinase (MLCK) and dephosphorylation 
catalyzed by MLC phosphatase (MLCP) play a primary 
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role in the regulation of smooth muscle contraction and 
relaxation [5, 6]. MLCP is a heterotrimer that consists of 
three subunits: a 110-kDa regulatory myosin phosphatase-
targeting subunit (MYPT1), a 38-kDa catalytic subunit of 
type 1 phosphatase (PP1c), and a 20-KDa subunit (M20) 
with unknown function [7]. Lines of evidence suggest that 
the regulatory MYPT1 subunit play the central role in the 
inhibition of cellular MLCP, which is essential for smooth 
muscle contraction [6, 8]. Moreover, the inhibition of 
MLCP activity by Rho-associated protein kinase (ROCK)-
mediated MYPT1 phosphorylation is thought to act a key 
role in Ca2+-sensitized contractions of different smooth 
muscles [9].

Upon muscarinic agonist stimulation, there are two 
major phosphorylation sites of MYPT1 which have been 
suggested to inhibit the activity of MLCP: Thr696 and 
Thr850 [10, 11]. Previous investigation indicated that car-
bachol stimulation could activate ROCK, which is thought 
to be the primary kinase to catalyze Thr696- and Thr850-
phosphorylation of MYPT1. However, it is still contro-
versial as to whether both Thr696- and Thr850-MYPT1 
are endogenous targets of ROCK depends on the smooth 
muscle tissue and the agonist used in the stimulation [12]. 
Moreover, there has been abundant evidence that phospho-
rylation of Thr850 catalyzed by ROCK occurs in a variety 
of smooth muscle tissues in response to diverse stimuli, 
the physiological importance of Thr696 phosphorylation 
by ROCK remains uncertain [13–15]. On the other hand, 
although an important role for modulation of MLC phos-
phorylation by MYPT1 is implicated by numerous bio-
chemical studies in different smooth muscles, insights into 
the quantitative, and integrative relationships among the 
signaling molecules acting, especially the prolonged effects 
of pharmacological agents, on bladder smooth muscle are 
still very limited.

To address these knowledge deficits, we carried out a 
study to investigate the effects of both concentration and 
time-course induced by the muscarinic agonist carbachol 
in rat bladder smooth muscle cells (RBSMCs). We directly 
observe the quantitative protein expression of ROCK and 
phosphorylation of MYPT1 at Thr696 by Western blot 
analysis.

Materials and methods

Cell culture and antibodies

This study was approved by the Institutional Animal Care 
and Use Committee of University of California San Fran-
cisco. Sprague–Dawley rats were purchased from Charles 
River Laboratories, Inc. (Wilmington, MA, USA). Fresh 
bladder tissues were obtained from female rats. RBSMCs 

were isolated as previously described [16]. Briefly, after 
washing extensively with phosphate-buffered saline, blad-
der detrusor tissues were minced into pieces (1.5–2.0 mm3) 
in 10-mm-diameter culture dish, and maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented 
with 10 % fetal bovine serum (FBS), 100 U/ml penicillin, 
and 100 μg/ml streptomycin (Sigma Inc., St. Louis, MO, 
USA) at 37 °C in a humidified incubator at an atmosphere 
of 5 % CO2. Primary cultures of RBSMCs were established 
in about 2 weeks. The cells were subcultured with the eth-
ylenediaminetetraacetic acid (EDTA)–trypsin treatment 
when near confluence.

Carbamoylcholine chloride (carbachol, Sigma Aldrich 
Inc., St. Louis, MO, USA), a cholinomimetic drug that 
directly activates acetylcholine receptors, was dissolved in 
sterile water as stock solution and stored in 4 °C. An appro-
priate volume of stock solution was diluted directly into the 
fresh culture medium and then added to each well or dish 
as a treatment.

For treatment, cells were plated at 1 × 105 cells per well 
in 6-well plates with 3 ml medium, or 10 × 105 cells per 
100-mm-diameter culture dish with 10  ml medium. After 
24  h incubation, the cells were treated with 10  % FBS–
DMEM with or without carbachol.

Mouse antibodies for MYPT1 were used as primary 
antibodies, and Rho A-binding kinase was used for ROCK-
II/ROKα. Rho proteins (1:500, BD Biosciences Pharmin-
gen, Inc., San Diego, CA, USA), rabbit polyclonal antibody 
for anti-phospho-MYPT1 (Thr696) (1:1000, Upstate Inc., 
Lake Placid, NY, USA), and mouse monoclonal antibody 
for anti-β-actin (1:2000, Sigma Aldrich Inc., St. Louis, 
MO, USA) were commercially obtained. The secondary 
antibodies used were goat anti-rabbit Texas red-linked IgG 
(1:500, Vector Laboratories, Burlingame, CA, USA), in 
addition to peroxidase-conjugated secondary antibodies for 
goat anti-mouse, mouse anti-goat, and goat anti-rabbit IgG, 
which were obtained from the same company (1:500, Jack-
son immunoResearch laboratories, West Grove, PA, USA).

Protein isolation and Western blot analysis

The cellular protein samples from each time point were 
prepared by homogenization of cells in a lysis buffer con-
taining 1 % IGEPAL CA-630, 0.5 % sodium deoxycholate, 
0.1  % sodium docecyl sulfate, aprotinin (10 μg/ml), leu-
peptin (10 μg/ml), and PBS. Cell lysates containing 20 μg 
of protein were electrophoresed in sodium docecyl sulfate 
polyacrylamide gel electrophoresis and then transferred to 
a polyvinylidene fluoride membrane (Millipore Corp., Bed-
ford, MA, USA). The membrane was stained with Ponceau 
S to verify the integrity of the transferred proteins and to 
monitor the unbiased transfer of all protein samples. Detec-
tion of target proteins on the membranes was performed 
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with an electrochemiluminescence kit (Amersham Life Sci-
ences Inc., Arlington Heights, IL, USA) with the use of pri-
mary antibodies for Rho A, ROCK, phospho-MYPT1, and 
β-actin. After the hybridization of secondary antibodies, the 
resulting images were analyzed with ChemiImager 4000 
(Alpha Innotech Corporation, San Leandro, CA, USA) to 
determine the integrated density value of each protein band.

Statistical analysis

Data were shown as mean ± SE of the mean (S.E.M.) of n 
experiments. Statistical analyses were carried out using one-
way analysis of variance (ANOVA) for comparing multiple 
groups followed by Student–Newman–Keuls test for two 
groups. p < 0.05 was considered statistically significant.

Results

Dose‑course effects of carbachol on MYPT1 
phosphorylation at Thr696

The phosphorylation of MYPT1 (p-MYPT1) at Thr696 
was assessed by Western blot with different concentrations 
of carbachol for 2  h. In the dose-course studies, the total 
protein level of MYPT1 remained constant after carbachol 
treatment. However, carbachol significantly enhanced the 
phosphorylation level of p-MYPT1 at Thr696 from 15 to 
100 μM (15 μM vs. control; 50 μM vs. control; 100 μM 
vs. control; all p  <  0.05, ANOVA test). Expression of 
p-MYPT1 reached the peak level at 15 μM (Fig. 1).

Time‑course effects of carbachol on MYPT1 
phosphorylation at Thr696

The expression of p-MYPT1 at Thr696 in RBSMCs was 
assessed by Western blot with carbachol treatment at 15 μM 
from 1 to 15 h. In the time-course studies, the total protein 
level of MYPT1 also remained constant. Carbachol sig-
nificantly enhanced the phosphorylation level of p-MYPT1 
from 3 to 15 h based on Western blot results (3 h vs. control; 
6 h vs. control; 15 h vs. control; all p < 0.05, ANOVA test) 
and peaked at 6-h time point after the treatment (Fig. 2).

Carbachol activated Rho A/ROCK pathway 
in RBSMCs

In the time-course studies of Rho A and ROCK expres-
sion with carbachol treatment at 15  μM from 10 to 
120  min. Carbachol significantly induced the expres-
sion of Rho A from 10 to 120  min (10  min vs. control; 

Fig. 1   Dose-course effects of carbachol on the phosphorylation 
of MYPT1 (p-MYPT1) at Thr696 in RBSMCs with concentra-
tions of 0.1–100 μM for 2  h. a Represents the blots, and b repre-
sents the quantification results. Carbachol significantly enhanced the 
phosphorylation level of p-MYPT1 at Thr696 from 15 to 100 μM 
based on Western blot analysis (15 μM vs. control; 50 μM vs. con-
trol; 100 μM vs. control; all p < 0.05, ANOVA test). Expression of 
p-MYPT1 reached the peak level at 15 μM

Fig. 2   Time-course effects of carbachol on the phosphorylation of 
MYPT1 at Thr696 in RBSMCs at 15 μM from 1 to 15 h. a Repre-
sents the blots, and b represents the quantification results. Treatment 
of cells with carbachol at 15 μM enhanced phosphorylation level of 
p-MYPT1 from 3 to 15 h (3 h vs. control; 6 h vs. control; 15 h vs. 
control; all p < 0.05, ANOVA test). Expression of p-MYPT1 reached 
the peak level at 6 h
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30 min vs. control; 60 min vs. control; 120 min vs. control; 
all p  <  0.05, ANOVA test), and the expression of Rho A 
reached the peak level at 10-min time point. Compared to 
controls, there were stepwise increases in ROCK I and II 
expressions from 10 to 60 min in the time-course studies, 
but the increases in expression did not reach the statistical 
significance (p > 0.05, ANOVA test; Fig. 3).

Discussion

The muscarinic agonist-stimulated smooth muscle con-
traction has two major regulatory mechanisms, including 
the activation of MLCK that phosphorylates MLC and the 
inhibition of MLCP activity that results in a net increase in 
MLC phosphorylation levels and therefore force. Histori-
cally, most studies have been aimed at the regulation of the 
MLCK as it was assumed that the MLCP was simply a con-
stitutively active enzyme. However, it is now known that 
the MLCP is a regulated enzyme and plays an important 
role in the control of smooth muscle contraction [11]. Two 
signaling pathways are suggested to account for the mus-
carinic agonist-dependent inhibition of MLCP activity in 
smooth muscle contraction. The first is inhibition of the cat-
alytic subunit PP1c by a small phosphorylatable inhibitory 
protein of 17 kDa (CPI-17) catalyzed by protein kinase C 
(PKC), while the second is ROCK-catalyzed phosphoryla-
tion of the regulatory subunit MYPT1 [9, 17]. In this study, 
we investigated the effects of both concentration and time-
course expression of phosphorylation pattern of MYPT1 as 
well as Rho A/ROCK induced by muscarinic agonist carba-
chol stimulation in primary RBSMCs. Our results demon-
strated that carbachol can induce the activation of ROCK 

pathway, leading to MYPT1 phosphorylation at Thr696 
and thereby sustained RBSMCs contraction.

In contrast to tonic vascular smooth muscle cells, pha-
sic smooth cells such as urinary bladder have less CPI-17 
protein [18]. Previous study reported that global deletion of 
MYPT1 causes embryonic lethality [19], suggesting a criti-
cal role of MYPT1-regulated MLCP during early develop-
mental processes. As the main regulatory subunit of MLCP, 
MYPT1 appears to regulate MLCP activity biochemically 
through multiple mechanisms, such as serving as a bind-
ing subunit, phosphorylation at various sites affecting phos-
phatase activity and scaffolding with different proteins [6, 
20]. On the other hand, MYPT1 is a primary PP1c-binding 
protein in smooth muscle where it regulates the activity of 
MLCP holoenzyme by localizing the catalytic subunit to 
myosin filaments [21]. MYPT1 also can change the con-
formation of PP1c to increase its sensitivity for binding 
CPI-17 phosphorylated by PKC, thereby further inhibiting 
MLCP activity [22].

Although functional and biochemical studies suggest 
that ROCK-mediated MYPT1 phosphorylation plays a 
central role in smooth muscle contraction. The physi-
ological significance of MYPT1 Thr696 phosphorylation 
catalyzed by ROCK as well as its functional roles is still 
controversial. It has been reported that muscarinic agonist 
can stimulate an increase in Thr696-MYPT1 phosphoryl-
ation in rat ileal smooth muscle tissues and cultured vas-
cular aorta smooth muscle cells [23]. In terms of bladder 
smooth muscle, Mizuno et al. [24] reported that carbachol 
stimulation increased MYPT1 Thr696 phosphorylation in 
mice, being consistent with our current observations. More 
recently, a report from Khasnis et  al. [8] demonstrated 
that selective phosphorylation of MYPT1 at Thr696 with 

Fig. 3   Time-course effects of carbachol on the expressions of Rho 
A and ROCK in RBSMCs at 15 μM from 10 to 120 min. a Repre-
sents the blots, and b represents the quantification results. Compared 
to controls, carbachol significantly induced the expression of Rho A 
from 10 to 120 min (10 min vs. control; 30 min vs. control; 60 min 

vs. control; 120 min vs. control; all p < 0.05, ANOVA test), and the 
expression of Rho A reached the peak level at 10-min time point. 
There were stepwise increases in ROCK I and II expressions from 10 
to 60 min in the time-course studies, but the increases in expression 
did not reach the statistical significance (p > 0.05, ANOVA test)
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ROCK inhibited the MLCP activity 30  %, whereas the 
Thr853 phosphorylation did not alter the phosphatase activ-
ity. Their results suggested that phosphorylation of Thr696 
was more stable compared with that of Thr853, and it may 
facilitate Thr853 phosphorylation. However, investigations 
from Chen et al. [25] indicated that MYPT1 T852 and CPI-
17 are phosphorylated by muscarinic receptor stimulation, 
which could be reduced by ROCK and PKC inhibitors, 
respectively, and that most MYPT1 Thr694 was phospho-
rylated constitutively, similar to other reports for bladder 
smooth muscle [15, 26]. So even in studies using the same 
smooth muscle preparation, the results can vary depending 
on the laboratory reporting the findings. Some of these con-
troversial results may be due to differences in species, ago-
nist employed, and the techniques used to measure MYPT1 
phosphorylation.

Previous reports have shown that MYPT1 Thr696 phos-
phorylation is not always increased by contractile ago-
nists [27, 28]. Basal Thr696 phosphorylation levels may 
be nearly maximal, and any further increase in Thr696 
phosphorylation may require strong sustained stimulation. 
Compared to endogenous cholinergic neurotransmission, 
bath-applied Ach agonist may deliver a stronger signal that 
activates ROCK and has been reported to phosphorylate 
MYPT1 at Thr696 [29]. This finding was consistent with 
our current results that carbochol-stimulated can increase 
in Thr696 phosphorylation of MYPT1 by the ROCK path-
way. However, it should be noted that several other kinases 
have been suggested to phosphorylate MYPT1 at Thr696. 
For example, p21-activated protein kinase and Raf-1 have 
been suggested to catalyze MYPT1 Thr696 phosphoryla-
tion and inhibit MLCP activity in vitro [30, 31]. Integrin-
linked kinase and ZIP-like kinase were also reported to be 
potential kinases that phosphorylate MLCP in  vivo [32, 
33]. However, further investigations are required to clarify 
whether any of these kinases regulate the basal phosphoryl-
ation level of Thr696-MYPT1 in bladder smooth muscle.

In summary, our results have elucidated that the mecha-
nisms involved in carbachol-induced bladder smooth mus-
cle contraction are highly dependent on ROCK-catalyzed 
phosphorylation of MYPT1 at Thr696 in RBSMCs. These 
findings give significant insight into the importance of 
ROCK in regulation of bladder smooth muscle contrac-
tion induced by pharmacomechanical coupling mecha-
nisms and support the exploitation of ROCK agonists and 
inhibitors for the treatment of diseases related to voiding 
dysfunction. However, there are still some potential limita-
tions needed to be addressed in this study. Firstly, although 
in vitro cell culture is a valuable technique for manipulat-
ing individual cells in a controlled experimental environ-
ment to study cell signaling related to various exogenous 
stimuli, smooth muscle cells grown in culture could have 
decrease expression of smooth muscle-specific proteins, 

and the well-documented ability of smooth muscle cells 
could be modulated to noncontractile or migratory/secre-
tory cells after a few subcultures. These changes that occur 
following culture of BSMCs may complicate the interpreta-
tion of our results obtained in vitro. Secondly, ROCK is the 
major kinase to be responsible for phosphorylation of the 
MYPT1 subunit of MLCP. However, PKC-catalyzed phos-
phorylation could potentially be involved through cross talk 
with ROCK. To further clarify these pathways underlying 
the activation of smooth muscle contraction, more studies 
involved both kinases, and their downstream effectors, as 
well as inhibitors, may be required. Finally, given that our 
results are focused on bladder smooth muscle, additional 
investigations are needed to extend observations to other 
kinds of phasic smooth muscles in addition to tonic smooth 
muscles.
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