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Abstract

Overactive bladder (OAB) is a pervasive clinical problem involving alterations in both neurogenic 

and myogenic activity. While there has been some progress in understanding neurogenic inputs to 

OAB, the mechanisms controlling myogenic bladder activity are unclear. We report the 

involvement of myocardin (MYOCD) and microRNA-1 (miR-1) in the regulation of connexin 43 

(GJA1), a major gap junction in bladder smooth muscle, and the collective role of these molecules 

during post-natal bladder development. Wild-type (WT) mouse bladders showed normal 

development from early post-natal to adult including increases in bladder capacity and 

maintenance of normal sensitivity to cholinergic agents concurrent with down-regulation of 

MYOCD and several smooth muscle cell (SMC) contractile genes. Myocardin heterozygous-

knockout mice exhibited reduced expression of Myocd mRNA and several SMC contractile genes 

concurrent with bladder SMC hypersensitivity that was mediated by gap junctions. In both 

cultured rat bladder SMC and in vivo bladders, MYOCD down-regulated GJA1 expression 

through miR-1 up-regulation. Interestingly, adult myocardin heterozygous-knockout mice showed 

normal increases in bladder and body weight but lower bladder capacity compared to WT mice. 

These results suggest that MYOCD down-regulates GJA1 expression via miR-1 up-regulation, 

thereby contributing to maintenance of normal sensitivity and development of bladder capacity.

The human bladder is composed of urothelial cells (UC) and bladder smooth muscle cells 

(BSMC) that coordinate the homeostatic control of storage and voiding of urine. 

Pathological changes in UC and/or BSMC mediate several clinically important bladder 

diseases, most notably urinary incontinence or overactive bladder (OAB), which is 

characterized by urinary urgency and frequent micturition. The pathophysiology of OAB 

relates mainly to neurogenic alterations in the innervation or myogenic activity of detrusor 

muscle (Brading, 1997; Li et al., 2007; Yoshimura, 2007). Recent studies have revealed the 

mechanisms underlying neurogenic changes associated with nerve growth factor, 
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neurotransmitters and c-fiber activity (de Groat, 1997; Yoshimura et al., 2006; Yoshimura, 

2007). In contrast, however, there is a paucity of molecular insight into the underlying 

mechanisms for myogenic changes that may directly impact OAB. Therefore, research for 

therapeutic targets of myogenic components of bladder overactivity in animal models is of 

clinical importance.

The mechanisms underlying myogenic changes have been evaluated mainly in the field of 

bladder outlet obstruction. Recent studies in that field demonstrated that up-regulation of 

connexin 43 (GJA1), a major gap junction protein in BSMC, induced bladder 

hypersensitivity through gap junction generation (Christ et al., 2003; Imamura et al., 2009). 

Gap junctions consist of channels between neighboring cells, mediating transfer of chemical 

molecules or electrical stimulation (Fry et al., 2004; Li et al., 2007). In some bladder or 

vascular smooth muscle diseases, GJA1 up-regulation and coupling of smooth muscle 

occurred, thereby inducing change in contractile property through up-regulation of cell–cell 

communication (Liao et al., 2007; Rocha et al., 2008; Imamura et al., 2009). Collectively, 

these findings suggest that alterations in the regulation of GJA1 expression could underlie 

BSMC dysfunction.

Recent clinical studies have demonstrated that OAB in adulthood is associated with lower 

urinary tract symptoms in childhood (Bower et al., 2005; Fitzgerald et al., 2006; Minassian 

et al., 2006). These results suggest that OAB may have a hereditary background. One of the 

possible hereditary aspects in OAB is low bladder capacity. Bladder capacity increases with 

age in childhood and reaches to the average level in adulthood (Koff, 1983; Neveus et al., 

2006). Therefore, impairment to this maturation process for bladder capacity could result in 

low urinary capacitance. Previous studies demonstrated that myogenic changes with 

increased gap junction generation in BSMC caused low bladder capacity as part of OAB 

(Imamura et al., 2009). Interestingly, the promoter region of the GJA1 gene was shown to 

have an activator protein-1 binding site (Negoro et al., 2011). Thus, there is evidence for 

transcriptional regulation of the GJA1 gene in context of OAB.

The program of SMC differentiation is determined at the genome level by the presence of 

one or more 10 bp sequence elements known as CArG boxes located in the immediate 

proximal promoter or intronic region of most SMC-restricted genes (Miano, 2003; Owens et 

al., 2004). The CArG box binds a widely expressed transcription factor known as serum 

response factor (SRF; Norman et al., 1988). SRF possesses intrinsically weak transcriptional 

activity, but recruits a host of coactivators that mediate gene transcription (Miano et al., 

2007). Among SRF cofactors, Myocardin (MYOCD) stands as one of nature’s most 

powerful effectors of gene expression (Wang et al., 2001). We first proposed that MYOCD 

was a vital switch for the SMC differentiation program (Chen et al., 2002). Indeed, MYOCD 

is both necessary (Li et al., 2003; Huang et al., 2008) and sufficient (Long et al., 2008) for a 

functionally active SMC differentiation program. In recent years, the SRF-MYOCD 

transcriptional switch has been shown to regulate several microRNAs, including the 

miR143/145 bicistronic gene (Cordes et al., 2009). Thus, the program for SMC 

differentiation is governed through both transcriptional (SRF-MYOCD) and post-

transcriptional (microRNAs) processes.
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The overall goal of this study was to evaluate the role of transcriptional and post-

transcriptional events associated with post-natal BSMC function. We studied expression of 

MYOCD and several SMC contractile genes in 3- and 15-week-old bladders and correlated 

such molecular changes to bladder function. In general, 15-week-old bladders exhibited less 

MYOCD and contractile proteins that correlated with increases in bladder volume and 

reduced micturition. Interestingly, 3-week-old mice with only 1 Myocd allele phenocopied 

the down-regulated condition of SMC markers and miR-1 in adult wild-type (WT) mice. 

Finally, we showed that the maintenance of normal responsiveness in adult BSMC was in 

part related to an attenuation of MYOCD-induced miR-1 and the latter’s repression of GJA1 

protein.

Materials and Methods

Cells and animals

For cell culture, rat bladder smooth muscle cells (RBSMC) were isolated from 1-week-old 

male Sprague-Dawley rats using a procedure described previously (Kanematsu et al., 2005; 

Imamura et al., 2010). For animal studies, 3- or 15-week-old male C57BL6 WT and 

myocardin heterozygous-knockout (Myocd+/−) mice were used. Myocd+/− mice were kindly 

provided by Prof. Eric Olson of the Department of Molecular Biology, University of Texas 

Southwestern Medical Center. Animals were treated in accordance with NIH animal care 

guidelines and all animal experiments were approved by the University Committee on 

Animal Resources at the University of Rochester.

RNA extraction from cells and tissues

Total RNA was extracted from cultured RBSMC, mouse tissues, rat bladder urothelium, or 

rat bladder muscle layers with the Trizol reagent (Invitrogen, Carlsbad, CA) as described 

previously (Long et al., 2009).

PCR analysis

cDNA was synthesized with First-strand cDNA synthesis kit (GE Healthcare, 

Buckinghamshire, UK). Expression levels of myocardin (Myocd), alpha smooth muscle 

actin (Acta2), calponin (Cnn1), smooth muscle myosin heavy chain (Myh11), cytokeratin 20 

(Krt20), and connexin 43 (Gja1) were examined with conventional PCR or qPCR. For these 

experiments, expression levels were normalized against an internal (Gapd) control. Primers 

used in the experiments are listed in the Table 1. qPCR was performed in 20 μl reactions 

containing SYBR Green using a My-IQ real-time PCR machine (Bio-Rad Laboratories, 

Hercules, CA). Reaction mixtures were incubated with 50 cycles of following two steps: 

95°C for 10 sec and 64°C for 30 sec.

MicroRNA expression analysis

The specific primers for miR-1, miR-145, and endogenous control snoRNA202 were 

purchased from Ambion (Austin, TX). qPCR for miR expression was performed in 20 μl of 

master mix containing 2× TaqMan Universal PCR Master Mix, 20× TaqMan MicroRNA 

Assay mix and sample in a My-IQ (Bio-Rad Laboratories). Reaction mixtures were 

incubated with 40 cycles of following two steps: 95°C for 15 sec and 60°C for 60 sec.
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Western blotting

Extracted protein from tissues and cells was resolved by sodium dodecylsulfate 

polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. The 

membranes were incubated with antibodies against smooth muscle myosin heavy (MYH11, 

1:2000, Biomedical Technologies, Stoughton, MA), calponin (CNN1, 1:5000, Sigma, St 

Louis, MO), alpha smooth muscle actin (ACTA2, 1:5000, Sigma), connexin 43 (GJA1, 

1:2000, Sigma), cytokeratin18 (KRT18, 1:4000, Sigma), and myocardin (MYOCD, 1:1000, 

Santa Cruz Biotechnology, Santa Cruz, CA). α-tubulin (TUBA, 1:2000, Sigma) or 

Glyceraldehyde-3-phosphate dehydrogenase (GAPD, 1:200, Millipore, Bedford, MA) was 

used as an internal control. Each band was quantified by densitometry using Image J 1.33 

software.

Immunohistochemistry

Tissues were obtained from 10% neutral buffered formalin perfusion fixed mice. Tissues 

were then processed, embedded, and cut (6 μm) followed by immunohistochemistry with the 

indicated antibodies using established protocols we have described in a previous report 

(Nanda and Miano, 2012).

VSOP method for bladder overactivity

For voiding behavior analysis, including bladder capacity and urinary frequency, the voided 

stain on paper (VSOP) method for functional bladder overactivity was performed according 

to a procedure described previously (Sugino et al., 2008). Mice were treated with 50 μl/g 

body weight distilled water by oral gavage before each experiment and then placed on a wire 

net tray covered with a transparent plastic cage. Filter paper was set 20 cm under the tray to 

record stain of the voided urine. Voiding behavior was analyzed for 2 h and the time on 

voiding and stain area were recorded during the experiment. Immediately after the last 

voiding, mice were sacrificed. Bladders were carefully harvested with ligation of bladder 

neck and then opened to check post void residual urine. Stain was scanned and its area was 

measured with Image J 1.33 software. Voided volume was calculated from each stain area 

following the prepared calibration curve which was created with analysis of stain area when 

fixed volume of distilled water was dropped 20 cm above filter paper. Bladder capacity was 

defined as mean voided volume in each mouse. Urinary frequency was defined as total times 

of voiding during recorded 2 h.

Muscle strip test for bladder contraction

Force measurement was performed as described previously (Kanematsu et al., 2003; 

Imamura et al., 2009). Mouse bladder samples (n = 6) were trimmed in strips 2 mm wide 

with urothelium. The strips were fixed to a strip holder and placed in an organ bath filled 

with Krebs’ solution at 37°C. After equilibration for 1 h with a passive force of 0.5 g, strips 

from each group were subjected to carbachol stimulation. Another set of strips was prepared 

for stimulation in the presence of α-glycyrrhetinic acid (GA) to inhibit gap junction activity. 

These strips were washed three times with Krebs’ solution after carbachol stimulation, 

placed in Krebs’ solution containing 30 μM α-GA, and then subjected to carbachol 

stimulation. The initial dose–response curve (10−8–3 × 10−5 M) revealed that maximum 
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tension occurred at 3 × 10−6 or 10−5 M carbachol. The muscle contractile force at each strip 

was expressed as percentage of its maximum response. The pEC50 (−logEC50) values for 

each group were calculated using GraphPad Prism 5.0 for Windows (GraphPad Software, 

Inc., San Diego, CA).

Treatment of RBSMC with Ad-MYOCD and a miR-1 inhibitor

RBSMC were transduced with Ad-MYOCD (MOI 100) or Ad-LacZ, control vector. Twenty-

four hours after transduction, total RNA was extracted from transduced cells and expression 

of miR-1 and GJA1 analyzed. For loss-of-function study of miR-1, RBSMC were 

transfected with an antisense miR-1 inhibitor (anti-miR1 30 nM, Ambion) or a negative 

control inhibitor (30 nM, Ambion) using siPORT NeoFX (Ambion) according to the 

manufacture’s protocol. Twenty-four hours after transfection, cells were transduced with 

Ad-MYOCD or Ad-LacZ and then cultured for 24 h in DMEM and 10% FBS. Lysates were 

extracted from cultured cells and expression of MYOCD, CNN1, GJA1, and TUBA were 

analyzed by Western blotting.

Statistical analysis

Data were analyzed with unpaired Student’s t-test or Tukey’s multiple comparison test using 

Graph Pad Prism 5.0 for Windows. P < 0.05 was accepted as significant.

Results

Bladder function during post-natal development

To evaluate changes in function during bladder development, 15-week-old adult mice were 

compared to 3-week-old neonatal mice. First, two different types of voiding function 

analysis were performed. VSOP results revealed that functional bladder capacity increased, 

but urinary frequency decreased significantly in 15-week-old mice when compared to those 

in 3-week-old mice (Fig. 1A–B). A muscle strip test revealed no difference in bladder 

sensitivity over a wide range of carbachol doses (Fig. 1C). We next analyzed the expression 

of several SRF-MYOCD dependent genes in bladder, including the myocardin coactivator 

itself. qPCR results revealed that mRNA expression of Myocd, Acta2, and Myh11 were 

lower in 15-week-old mice compared to 3-week-old mice (Fig. 1D). Further, there was a 

general trend toward similar changes in these markers at the protein level (Fig. 1E, 

Supplement 1). Immunohistochemistry also revealed qualitatively lower expression of 

ACTA2 in 15-week-old mouse bladders when compared to 3-week-old mouse bladders (Fig. 

1F). These results establish an inverse correlative change in urinary bladder volume with 

molecular markers of BSMC activity with increasing age.

Developmental changes in BSMC marker expression in Myocd+/− mice

Conventional RT-PCR results revealed lower Myocd mRNA expression in 3-week-old 

Myocd+/− mouse bladders when compared to WT mouse bladders (Fig. 2A). qPCR results 

revealed reduced levels of Myocd mRNA expression in Myocd+/− mouse bladders at both 3- 

and 15-week-old when compared to WT mouse bladders (Fig. 2B–C). Western blotting 

revealed that expression of SM markers (CNN1 particularly) at both 3- and 15-week-old was 

lower in Myocd+/− mouse bladders versus WT mouse bladders (Fig. 2D, Supplement 2). 
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Immunohistochemistry revealed lower expression of ACTA2 in 3-week-old Myocd+/− 

mouse bladders when compared to WT mouse bladders (Fig. 2E). These results establish 

reduced levels of Myocd and some of its target genes in Myocd+/− mouse bladders thus 

providing a molecular model to assess MYOCD-dependent functional assays in the bladder.

Reduced myocardin induces hypersensitivity via gap junction generation

Previous studies demonstrated leftward shifts of the dose–response curve and increased 

pEC50 values in carbachol-induced contractions as evidence for myogenic hypersensitivity 

(Speakman et al., 1987; Brading, 1997). In 3-week-old mice, Myocd+/− mouse bladders 

revealed a leftward shift and significantly increased pEC50 values when compared to WT 

mouse bladders (Fig. 3A). Inhibition of gap junction activity with α-GA altered these effects 

of hypersensitivity in Myocd+/− mouse bladders, but did not induce changes in the dose–

response curve and pEC50 values in WT mouse bladders (Fig. 3B–C). Similarly, in 15-

week-old Myocd+/− mice, a leftward shift and significantly increased pEC50 values was 

observed over WT mouse bladders (Fig. 3D). These effects were altered upon addition of a 

gap junction inhibitor, α-GA, which did not induce changes in sensitivity of WT mouse 

bladders (Fig. 3E–F).

Myocd+/− bladders show elevated GJA1 protein and reduced miR-1 levels

To evaluate expression site of MYOCD, GJA1, and miR-1, these expression in smooth 

muscle layers or urothelium from rat bladders was compared. qPCR results revealed that 

miR-1 was abundantly expressed in smooth muscle layers but not in urothelium, 

concurrently with mRNA expression of Myocd. Meanwhile, Gja1 was similarly expressed in 

urothelium and smooth muscle layer (Fig. 4A). However, Western blotting revealed that 

GJA1 protein was abundantly expressed in smooth muscle layers (Fig. 4B). Western blotting 

revealed that GJA1 protein expression was higher in Myocd+/− mouse bladders at 3 and 15 

weeks of age (Fig. 4C). However, qPCR results demonstrated little change in Gja1 mRNA 

level in Myocd+/− mouse bladders versus WT mouse bladders at 3 and 15 weeks of age (Fig. 

4D). As expected from previous work showing MYOCD-dependent miR-1 expression (Jiang 

et al., 2010), qPCR analysis of bladders from Myocd+/− mice revealed lower miR-1 at 3 

weeks of age compared to WT mouse bladders. There was a similar trend at 15 weeks as 

well (Fig. 4E). Interestingly, there were only minor differences in the expression of miR-145 

(Fig. 4F), a well-defined SMC miR that controls vascular SMC plasticity (Cordes et al., 

2009).

GJA1 protein levels are regulated through a myocardin/miR-1 axis

qPCR results revealed high miR-1 expression in bladder and aorta as compared to liver 

although expression of miR-1 in bladder was about tenfold less than that seen in heart and 

skeletal muscle where miR-1 levels are abundantly expressed (Townley-Tilson et al., 2010) 

(Fig. 5A). For gain-of-function study of MYOCD, in vitro transduction of MYOCD into 

RBSMC was performed. qPCR results revealed that MYOCD overexpression in RBSMC 

induced expression of miR-1 with little change in Gja1 mRNA (Fig. 5B–C). A loss-of-

function study of miR-1 was then performed in ectopic MYOCD-expressing RBSMC. 

Western blotting revealed that MYOCD down-regulated GJA1 protein level in RBSMC and 
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a miR-1 inhibitor partially blocked this effect (Fig. 5D). These results suggest that MYOCD 

represses GJA1 expression at a post-transcriptional level via miR-1 up-regulation.

Down-regulation of myocardin impairs functional bladder capacity during bladder 
development

To investigate the effect of MYOCD for bladder overactivity during post-natal development, 

VSOP analysis of WT or Myocd+/− mouse bladders was performed at both 3 and 15 weeks 

of age. Analysis of whole body and bladder weights revealed no difference between WT and 

Myocd+/− mice at both 3 and 15 weeks of age (Fig. 6A–B). VSOP results showed little 

change in functional bladder capacity of Myocd+/− mice as compared to WT mice at 3 

weeks of age; however, there was a significant decrease in voided bladder volume of Myocd
+/− mice versus WT mice at 15 weeks of age (Fig. 6C). Interestingly, urinary frequency in 

Myocd+/− mice was significantly increased at 15 weeks of age when compared to WT mice 

(Fig. 6D). Post void residual urine was negligible in each mouse strain at both time points 

(data not shown).

Discussion

In this study, we have demonstrated that Myocardin (MYOCD) regulates bladder capacity 

and sensitivity through connexin 43 (GJA1) and miR-1 expression during post-natal 

development. These results are supported by the following evidence: (1) bladder capacity in 

15-week-old mice increased with normal sensitivity to carbachol and reduced MYOCD 

expression when compared to that in 3-week-old mice (Fig. 1); (2) MYOCD and BSMC 

markers were down-regulated in Myocd+/− mice (Fig. 2); (3) Myocd+/− mice showed bladder 

hypersensitivity dependent on functional gap junctions (Fig. 3); (4) MYOCD down-

regulated GJA1 protein expression through miR-1 down-regulation (Figs. 4–5); (5) Myocd
+/− mice exhibit an OAB-like phenotype as shown by significantly decreased bladder 

capacity and increased urinary frequency at 15 weeks of age (Fig. 6).

A major finding of this study is a novel physiological role for MYOCD in maintaining 

bladder homeostasis through its regulated expression of GJA1 and subsequent bladder 

capacity and urinary frequency during post-natal development. Previous studies 

demonstrated MYOCD as a crucial molecular component for the expression of contractile 

gene expression in SMCs and cardiac muscle cells (Wang et al., 2001; Chen et al., 2002; Li 

et al., 2003). However, it has been unclear whether these regulatory roles of MYOCD affect 

physiological properties in SMCs in a vivo setting. There are a couple of reports showing 

that MYOCD elicits functional activity in vascular SMC through contractile measurements 

(Jiang et al., 2010). However, essentially nothing has been reported about the role of 

MYOCD in bladder physiology. Here, we have provided a foundational study for the 

analysis of MYOCD in bladder during a time when dramatic changes occur in bladder 

function.

This study revealed the difference of post-natal bladder development in the normal condition 

or the condition of genetically down-regulated MYOCD. In the normal condition, MYOCD 

and SMC markers were down-regulated during bladder development. It is well known that 

SMC proliferation occurs upon down-regulation of SMC markers (Owens et al., 2004). 
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Thereby, SRF-MYOCD pathways may contribute to normal post-natal bladder development 

due to down-regulation of SMC-related molecules. Meanwhile, in the condition of 

genetically down-regulated MYOCD, SMC markers and miR-1 were down-regulated, with 

an attending increase in GJA1 expression and bladder hypersensitivity. Our hypothesis for 

these findings is there exists a threshold level of MYOCD inducing miR-1 down-regulation 

and the following GJA1 up-regulation. In natural development, MYOCD expression level 

was maintained over threshold level; thus, MYOCD would not induce significant changes in 

miR-1 and GJA1 expression. In the condition of hypersensitivity induced by GJA1, bladder 

capacity did not increase. These results indicated that hypersensitivity overcame the effect of 

down-regulation in SMC markers for bladder capacity.

Of particular interest in this study is the molecular mechanism of MYOCD-miR-1-GJA1 

axis in functional bladder activity. Our results reveal two new findings about this molecular 

mechanism. One is the role of miR-1 in smooth muscle. The effect of microRNAs for 

smooth muscle has been increasingly appreciated since the reporting that miR-143 and 

miR-145 promote MYOCD expression and the regulation of smooth muscle plasticity 

(Cordes et al., 2009). miR-1 is highly expressed in skeletal and cardiac muscle and regulates 

activity of these two muscle types through the expression of GJA1, which is a direct target of 

miR-1 (Yang et al., 2007; Townley-Tilson et al., 2010). Here, we show that miR-1 also has a 

functional role in bladder SMC. Interestingly, there are conflicting data over the role of 

miR-1 in vascular SMC with one report showing an effect on MYOCD-dependent growth 

(Chen et al., 2011) and another report claiming little to no role for miR-1 in vascular SMC 

(Torella et al., 2011). The expression data reported here would suggest that within SMC 

populations, miR-1 is likely to be dominant in bladder SMC as well as vascular SMC.

The other novel finding here is a new role for MYOCD as a repressor of GJA1 in smooth 

muscle. MYOCD has been known as a key regulator for SMC and cardiac contractile genes 

but its regulation of non-contractile genes is less clear. One recent in vitro study 

demonstrated that MYOCD induced the expression of an SMC-restricted ion channel gene 

with a coincident increase in electrical current (Long et al., 2009). Data in this study 

demonstrate that MYOCD indirectly down-regulates GJA1 through its repressive action on 

miR-1. GJA1 is a gap junction protein that mediates cell–cell communication and its up-

regulation was shown to induce hypersensitivity in smooth muscle tissues (Imamura et al., 

2009; Billaud et al., 2011). Smooth muscle tissues have the important function of phasic 

contraction; therefore, SMC have intrinsic regulatory mechanisms controlling relaxation and 

contraction (McHale et al., 2006). Given the role of GJA1 in mediating SMC coupling of 

transported molecules that likely impinge upon SMC contractile activity, we surmise that 

MYOCD may down-regulate the expression of GJA1 to fine-tune the contractile property of 

smooth muscle tissues such as in bladder.

Interestingly, our results showed that down-regulation of MYOCD induced hypersensitivity 

but did not affect bladder capacity in 3-week-old mice. Why was this apparent discrepancy 

observed? Our speculation is that other mechanisms independent of hypersensitivity caused 

minimum bladder capacity in 3-week-old WT mice. A salient characteristic of the neonatal 

(3-week) bladder is low capacity induced with premature contraction (Sillen, 2001). In fact, 

bladder smooth muscle in a hypersensitive status showed premature contraction which 
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occurred under lower pressure than in normal status (Brading, 1997; Imamura et al., 2009). 

However, our data showed that 3-week-old WT mice did not show hypersensitivity (Fig. 

1C), suggesting that hypersensitivity did not contribute to low capacity with premature 

contraction in neonatal bladder. Based on other studies demonstrating that neural 

mechanisms such as ion channel activity or acethylcholine release contributed to 

spontaneous contraction in neonatal bladders (Kanai et al., 2007; Ng et al., 2007), those 

neural mechanisms might regulate low bladder capacity.

It is notable that a MYOCD-miR-1 pathway, which can regulate GJA1 protein expression, 

could be involved in pathogenesis of bladder dysfunction while an SRF-MYOCD pathway, 

which can modulate expression of SMC-related molecules such as MYH11, CNN1, and 

ACTA2, could contribute to normal post-natal development of bladder function. One study 

recently reported that loss-of-function of uroplakin in urothelium caused sustained 

contraction (Aboushwareb et al., 2009). However, there has been no report showing a 

regulatory effect of the specific gene in smooth muscle for bladder function. Our data reveal 

that loss-of-function in smooth muscle with deletion of one Myocd allele caused bladder 

overactivity. The findings reported here support a MYOCD-miR-1 pathway as potentially 

new therapeutic targets for OAB. Currently, the main drugs for OAB are anticholinergics, 

which have side effects of reduction in bladder contractility. Regulation of a MYOCD-miR-1 

pathway could improve symptoms related to OAB without changes in bladder contractility 

since this pathway regulates GJA1 expression, which has been reported to exert little 

influence on the contractile force in bladders (Imamura et al., 2009).

In conclusion, genetic down-regulation of MYOCD induced GJA1 expression and related 

hypersensitivity through miR-1 down-regulation, thereby inducing bladder overactivity 

during post-natal development. These data suggest that a MYOCD-miR-1 pathway could be 

pivotal for post-natal bladder development.
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Fig. 1. 
A, B: Voiding behavior analysis using the VSOP (Voided Stain On the Paper) method 

showed increase in bladder capacity (A) and decrease in urinary frequency (B) in 15-week-

old mice compared to 3-week-old mice. C: Bladder contractility examination with bladder 

muscle strips showed same normal sensitivity to cholinergic agents in both 3-week-old mice 

and 15-week-old mice. D: qPCR data showed myocardin (MYOCD) and SM markers were 

down-regulated in 15-week-old mice compared to 3-week-old mice. E: Western blotting also 

revealed that SM markers were down-regulated in 15-week-old mice compared to 3-week-

old mice. F: Immunohsitochemistry showed that ACTA2 was down-regulated in bladders of 

15-week-old mice compared to those of 3-week-old mice. *Statistically significant 

difference (P < 0.05).
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Fig. 2. 
A:RT-PCRdata showed that MYOCD was down-regulatedin bladders of3-week-old Myocd
+/− mice compared to those of wild-type(WT) mice. B, C: qPCR data also showed that 

MYOCD was down-regulated in bladders of 3(B) and 15-week-old (C) Myocd+/− mice 

compared to those of WT mice. D: Western blotting revealed that SM markers were down-

regulated in bladders of 3 and 15-week-old Myocd+/− mice compared to those of WT mice. 

E: Immunohsitochemistry showed that ACTA2 was down-regulated in bladders of 3-week-

old Myocd+/− mice compared to those of WT mice. *Statistically significant difference (P < 

0.05).
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Fig. 3. 
A–C: In 3-week-old mice, Myocd+/− mice showed left-shift and significantly elevated 

pEC50 values as an evidence of bladder hypersensitivity to cholinergic agents (A). α-

glycyrrhetinic acid (GA), a gap junction inhibitor did not affect bladder sensitivity of WT 

mice (B) but reversed these changes in Myocd+/− mice (C). D–F: In 15-week-old mice, 

Myocd+/− mice also showed left-shift and significantly elevated pEC50 values as an 

evidence of hypersensitivity to cholinergic agents (D). α-GA did not affect bladder 

sensitivity of WT mice (E) but reversed these changes in Myocd+/− mice (F). *Statistically 

significant difference (P < 0.05).
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Fig. 4. 
A: qPCR data showed that Myocd and miR-1 was predominantly expressed in the smooth 

muscle layers which was positive for smooth muscle markers (Cnn1, Acta2) but not in 

urothelium which was positive for an urothelial marker (Krt20). Gja1 was expressed in both. 

B: Western blotting showed that GJA1 protein was predominantly expressed in the smooth 

muscle layers positive for a smooth muscle marker (ACTA2) but not in urothelium positive 

for urothelial marker (KRT18). C: Western blotting revealed up-regulated protein level of 

GJA1 in bladders of 3 and 15-week-old Myocd+/− mice compared to those of WT mice. D: 

In contrast, qPCR data showed no difference in RNA level of Gja1 in bladders of WT and 

Myocd+/− mice. E: qPCR data showed miR-1 in bladders of Myocd+/− mice was down-

regulated compared to those of WT mice. F: qPCR data also showed miR-145 in bladders of 
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Myocd+/− mice was down-regulated compared to those of WT mice. *Statistically 

significant difference (P < 0.05).
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Fig. 5. 
A: In vivo qPCR data showed that miR-1 expression level was high in murine bladder, aorta, 

heart and skeletal muscle compared to liver. B: In vitro qPCR data showed that MYOCD 

induced miR-1 up-regulation in rat bladder smooth muscle cells (RBSMC). C: MYOCD did 

not affect Gja1 RNA level in RBSMC. D: Western blotting showed that MYOCD down-

regulated GJA1 protein level in RBSMC and a miR-1 inhibitor blocked this effect of GJA1 

protein up-regulation induced by MYOCD. *Statistically significant difference (P < 0.05).
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Fig. 6. 
A, B: Both WT and Myocd+/− mice showed normal increase in body (A) and bladder weight 

(B) in 15-week-old mice compared to 3-week-old mice. C: Voiding behavior analysis 

showed normal bladder volume increase in 15-week-old WT mice. But in contrast, the 

bladder volume of 15-week-old Myocd+/− mice remained low as well as that of 3-week-old 

Myocd+/− mice. D: Voiding behavior analysis also showed normal reduction in urinary 

frequency. But in contrast, urinary frequency of 15-week-old Myocd+/− mice remained high 

as well as that of 3-week-old Myocd+/− mice. *Statistically significant difference (P < 0.05).
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