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Abstract

Bladder dysfunction is associated with overexpression of the intermediate filament (IF) proteins 

desmin and vimentin in obstructed bladder smooth muscle (BSM). However, the mechanisms by 

which these proteins contribute to BSM dysfunction are not known. Previous studies have shown 

that desmin and vimentin directly participate in signal transduction. In this study, we hypothesized 

that BSM dysfunction associated with overexpression of desmin or vimentin is mediated via c-Jun 

N-terminal kinase (JNK). We employed a model of murine BSM tissue in which increased 

expression of desmin or vimentin was induced by adenoviral transduction to examine the 

sufficiency of increased IF protein expression to reduce BSM contraction. Murine BSM strips 

overexpressing desmin or vimentin generated less force in response to KCl and carbachol relative 

to the levels in control murine BSM strips, an effect associated with increased JNK2 

phosphorylation and reduced myosin light chain (MLC20) phosphorylation. Furthermore, desmin 
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and vimentin overexpression did not alter BSM contractility and MLC20 phosphorylation in strips 

isolated from JNK2 knockout mice. Pharmacological JNK2 inhibition produced results 

qualitatively similar to those caused by JNK2 knockout. These findings suggest that inhibition of 

JNK2 may improve diminished BSM contractility associated with obstructive bladder disease.

Keywords

Intermediate filaments; KCl; carbachol; cholinergic agonist; bladder

Introduction

Intermediate (10 nm) filaments (IFs) are involved in maintaining intracellular integrity, cell 

morphology integrating mechanical properties of the contractile apparatus, 

mechanochemical signaling, force transmission, and in regulating sub-cellular organelle 

structure and function (1, 2), (3–6). In smooth muscle, these IFs have been proposed to be 

coupled to the contractile units through dense bodies (7). IFs in smooth muscle form 

homopolymers or heteropolymers of desmin and vimentin filaments which constitute one of 

the major components of the cytoskeleton (6, 8, 9). Based on their structural and sequence 

homology, desmin and vimentin proteins are classified under type III IFs (6, 8). Desmin is a 

muscle- specific protein expressed in skeletal, cardiac and smooth muscle (1, 2). In normal 

(healthy) visceral smooth muscle such as bladder, desmin is the sole component of IF, 

whereas vimentin is not expressed (2). However, studies of animal models of partial bladder 

outlet obstruction (PBOO) demonstrate an increased expression of desmin, as well as the 

induction of vimentin expression, in bladder smooth muscle (BSM) (10, 11) Similar 

increases in desmin is seen in the bladder wall smooth muscles of patients with benign 

prostatic hyperplasia (BPH) (11). Muscle pathological changes including diminished 

contractility of smooth muscle in obstructed bladder suggests a role for desmin and vimentin 

overexpression in contributing to muscle dysfunction. However, the molecular mechanism 

by which desmin and vimentin contribute to BSM dysfunction is not known.

Early studies demonstrate that desmin and vimentin proteins directly participate in signal 

transduction (12). IFs act as scaffolds as well as regulators of signaling molecules including 

protein kinases (13, 14). Stretch-induced JNK signaling has been shown to be greatly 

reduced in desmin-deficient skeletal muscle in mice (13). Vimentin transports 

phosphorylated ERK1 and ERK2 from the site of axonal lesion to the nerve cell body and 

increased vimentin expression in injured neurons determines the stress induced ERK1/2 

signaling (14) (13). Moreover, vimentin interacts with the RAF-1/RhoA signaling pathway 

(15, 16) to mediate actin dynamics and focal adhesion formation (17), and vimentin 

depletion resulted in increased myosin light chain phosphorylation (MLC20) and increased 

contractility in human osteosarcoma and human dermal fibroblasts (18).

Previous studies have demonstrated that JNK along with its substrate c-Jun are activated in 

response to mechanical stretch in rodent and human BSM cells (19–21). In the current study, 

we transduced IF proteins into murine BSM strips via an adenovirus to examine the 

sufficiency of increased IF protein expression to reduce BSM contraction. Our data 
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demonstrate that the increased expression of desmin and vimentin in murine BSM strips 

decreased the peak forces in response to KCl and carbachol. This effect is associated with 

increased JNK2 phosphorylation and reduced MLC20 phosphorylation. Desmin and 

vimentin overexpression did not alter contractility or MLC20 phosphorylation in strips 

isolated from JNK2 knockout (KO) mice, strongly implicating JNK2 in mediating the effects 

of desmin and vimentin on BSM muscle contractility. Pharmacological JNK2 inhibition 

produced results qualitatively similar to those caused by JNK2 deficiency (KO). These 

findings provide compelling evidence for a negative role of IFs and JNK2 in BSM 

contraction.

Materials and Methods

Mice

Male C57BL/6J and JNK2 knockout (KO) mice in C57BL/6J background were purchased 

from Jackson Laboratory (Bar Harbor, ME, USA). All experiments were approved according 

to animal experimental ethics committee guidelines by the Institutional Animal Care and 

Use Committee at Thomas Jefferson University. For all contractility, molecular, histological 

and immunofluorescence studies, age matched wild type (WT) and JNK2 KO mice were 

used and the mice used in this study were aged between 10–11 weeks old. Mice were 

euthanized by CO2 asphyxiation and at the time of sacrifice, body weight and bladder 

weights were recorded.

Protein extraction and immunoblot analysis

Protein was extracted and analyzed by western blotting as described previously (10). Briefly, 

total proteins from each sample were separated by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membranes 

(Millipore, Bedford, MA). The proteins were subjected to immunoblot analysis using 

antibodies specific for desmin, SMA, SMHC, SM22 (Abcam, Cambridge, MA, USA), 

vimentin, GFP, JNK1, JNK2, phospho-JNK (Cell Signaling Technology, Danvers, MA, 

USA), phospho-myosin light chain (Thr18/Ser19) (Cell Signaling Technology, Danvers, 

MA, USA), myosin light chain (Abcam, Cambridge, MA, USA) and GAPDH (Millipore, 

Burlington MA, USA) antibodies. The immunoreactive proteins were visualized as 

described previously (10). Equal loading was confirmed by probing the membranes with 

anti-GAPDH antibody. Bands were quantified by densitometry using an Alpha Innotech 

FluroChem 8800 Image system (Protein Simple, San Jose, CA, USA). Expression of protein 

of interest except pMLC20 was normalized to the expression of GAPDH. Protein bands from 

immunoblots for pMLC20 were quantitated and normalized the data with MLC20.

Co-immunoprecipitation analysis

The interaction of JNK2 with desmin and vimentin proteins was studied in murine BSM 

strips by co-immunoprecipitation (Co-IP) as described previously (22), (23) (24). Protein 

samples were prepared by lysing the BSM strips in lysis buffer (50 mM HEPES (pH 7.6), 

150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM MgCl2, 1% sodium deoxycholate, 1% 

Triton X-100, protease inhibitor cocktail (1:100 dilution, Sigma, St. Louis, MO), 

phosphatase inhibitor cocktail (1:100 dilution, Sigma, St. Louis, MO), 0.1 mM sodium 
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orthovanadate). The lysate was centrifuged at 20,000 x g for 20 min at 4°C and the 

supernatant collected. The lysate was pre-cleared by adding Dynabeads Protein A and 

incubating the mixture for 30 min on a rocker at 4°C. The Dynabeads were separated from 

the lysate using a magnetic separation rack, and the pre-cleared lysate was used for 

immunoprecipitation (IP) experiments. Pre-clearing the lysate was performed to reduce the 

non-specific binding of the proteins to the beads. The pre-cleared lysate was incubated with 

antibody directed against JNK1 or JNK2 in a micro centrifuge tube and the mixture was 

incubated with rotation overnight at 4° C to form the immunocomplex. JNK1 or JNK2 

antibody used for immunoprecipitation was cross linked to the Dynabeads as per the 

manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA) to avoid co-elution of 

the JNK1 or JNK2 antibody with the immunoprecipitated proteins. The antibody-antigen 

complex was captured by incubating the mixture with Dynabeads Protein A for 2 hr at 4°C 

on a rotating wheel followed by magnetic separation. After three washes with the lysis 

buffer, the protein-antibody complexes were eluted from the beads with 0.1 M citrate buffer 

(pH 2–3) followed by precipitation of the proteins with ethanol. The protein samples were 

immunoblotted with anti-JNK2, JNK1, desmin and vimentin antibodies.

Immunofluorescence and confocal microscopy

Frozen 5-μm sections from murine BSM strips devoid of urothelium and submucosa were 

mounted on a glass slide. Immunofluorescence staining of specific proteins was performed 

as described previously (25). Smooth muscle myosin heavy chain (SMHC) and SM22 (also 

known as transgelin) are well known markers of differentiated smooth muscle. In the current 

study, SM22 was used to determine the smooth muscle-specific localization of proteins in 

murine BSM. The primary antibodies used were Cy3 labelled SMA, Cy3 labelled vimentin 

(Sigma, Saint Louis, MO, USA), anti-rabbit SMHC, anti-goat SM22 anti-rabbit desmin 

(Abcam, Cambridge, MA, USA), Alexa Fluor 488 labelled GFP (Invitrogen, Carlsbad, CA, 

USA). The secondary antibodies used were anti-rabbit Cy3-conjugated and anti-goat Alexa 

Fluor 647-conjugated antibodies (Invitrogen). All samples were mounted using VectaShield 

mounting medium (Vector Laboratories, Inc. Burlingame, CA). High-resolution laser 

scanning fluorescence microscopy was performed at room temperature using a confocal 

microscope (Nikon NIS-Element v5.02, Nikon Instruments Inc, Melville, NY, 

USA).Objective lens with numerical aperture 1.45 (100× and 60x oil immersion) was used 

for capturing the images and images were acquired as series of Z stacks and imported into 

ImageJ (National Institutes of Health, Bethesda, USA) using LOCI Bio-Formats. The Cy3, 

fluorescein isothiocyanate (FITC), and Alexa Fluor 647 fluorescence emissions appear red, 

green, and blue, respectively. Fluorescence intensities of the confocal images were 

quantitated using FIJI ImageJ software (National Institutes of Health, Bethesda, USA).

BSM tissue preparation and transduction with adenovirus

Bladders from wild type (WT) and JNK2 KO male mice were removed carefully and placed 

in ice cold Tyrode buffer (120 mM NaCl, 2.7 mM KCl, 0.4 mM NaH2PO4, 1.8 mM CaCl2, 

0.5 mM MgCl2, 23.8 mM NaHCO3 and 5.6 mM glucose). The bladder neck, trigone, base 

region, the urothelium and submucosa were removed and the bladders were divided in the 

midsagittal plane, and cut into longitudinal strips. The bladders were cut into longitudinal 

strips approximately 2 mm wide and 4–5 mm long and the muscle strips were prepared for 
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adenovirus transduction as described previously (26). Briefly, the strips were mounted onto 

polymerized silicone elastomer (Dow Corning, Midland, MI, USA) using 0.1 mm stainless 

pins. The pins were positioned such that the strips were slightly stretched longitudinally 

while raised 2–3 mm above the surface of the elastomer. Muscle strips were maintained in a 

serum free medium composed of DMEM/F-12 (1:1 ratio, Cellgro, Mediatech, Manassas, 

VA, USA) supplemented with 100U/ml penicillin, 100 μg/ml streptomycin, 250 ng/ml 

amphotericin B, 35 μg/ml-ascorbic acid, 5 μg/ml transferrin, 3.25 ng/ml selenium, 2.85 

μg/ml insulin, and 200 μg/ml glutamine and placed in a 37ºC, 5% CO2 incubator for up to 

two days. Murine BSM strips were subjected to 110 mM KCl stimulation for 5 min daily for 

up to two days. Muscle strips were washed with sterile PSS for 10 min, prior to and after 

stimulation with KCl. Muscle strips were incubated with fresh serum-free medium after the 

sterile PSS wash. PSS contained (in mM) 140 NaCl, 4.7 KCl, 1.2 MgSO4, 1.6 CaCl2, 1.2 

Na2HPO4, 2 MOPS (pH 7.4), 5 D-glucose, and 0.02 EDTA. The muscle strips were 

transduced with an adenovirus coding for GFP, desmin or vimentin protein for 48 h, using 

10 μl of virus (titer of 108pfu/ml) for each strip in 500 μl medium.

Measurement of isometric force

Contractility measurements of adenovirus-transduced BSM strips from WT and JNK2 KO 

mice were performed as described previously (27). BSM strips were removed from silicone 

elastomer and attached to a force transducer and suspended in organ baths containing Tyrode 

buffer. Muscle strips were stretched to a force of 1.5 g. The organ baths were continually 

gassed with 95% O2 and 5% CO2 and pH of the buffer was maintained at 7.4. The bladder 

strips were equilibrated for approximately 60 min and the buffer was refreshed every 10 min 

during the equilibration time. Following equilibration, the strips were stimulated with high 

potassium (120 mM KCl) Tyrode buffer (7.7 mM NaCl, 120 mM KCl, 0.4 mM NaH2PO4, 

1.8 mM CaCl2, 0.5 mM MgCl2, 23.8 mM NaHCO3, and 5.6 mM glucose) and change in 

tension was recorded. The strips were washed four times with fresh Tyrode buffer after KCl 

stimulation. Following equilibration, strips were stimulated with cholinergic receptor 

agonist, carbachol (cumulative addition from 10−9 to 3× 10−5 M). Isometric contractions 

were measured by the force transducers and recorded with the bridge amplifier connected to 

an analog-to-digital converter (AD Instruments, Inc. Colorado Springs, CO, USA) and the 

data was analyzed by Lab Chart 7 Software. The force measurements were normalized to the 

cross-sectional area (grams/mm2) of the muscle strips.

Measurement of MLC20 phosphorylation

MLC20 phosphorylation in BSM strips was measured as described previously (28). Briefly, 

BSM strips removed from silicone elastomer were suspended in organ baths containing 

Tyrode buffer and stretched to generate a force of 1.5 g. Following equilibration, the strips 

were stimulated with either high potassium (120 mM KCl) or carbachol (10 μM) and then 

frozen rapidly by clamp-freezing in liquid nitrogen, followed by immersion in a dry ice/

acetone slurry containing 10% trichloroacetic acid (TCA) and 10 mM DTT. The strips were 

slowly thawed at room temperature, washed in acetone, air dried, and then subjected to 

homogenization and precipitated the protein in 10% TCA with 10 mM DTT. The samples 

were centrifuged at 12,000 rpm for 10 min and the protein pellet was washed with 

diethylehter, air-dried and resuspended in sample buffer. Equal amounts of proteins were 
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resolved on SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore, 

Bedford, MA). The proteins were subjected to immunoblot analysis using phospho-myosin 

light chain (Thr18/Ser19) (Cell Signaling Technology, Danvers, MA, USA) and myosin light 

chain antibodies (Abcam, Cambridge, MA, USA).

Histology

Age-matched WT and JNK2 KO mice were used for histological studies. After euthanasia, 

WT and JNK2 KO murine bladders were fixed in 10% neutral buffered formalin at room 

temperature. The fixed bladder tissue from WT and JNK2 KO mice was paraffin-embedded 

and five μm thick sections were stained with Masson’s trichrome stain (MTS) using standard 

techniques. MTS stained bladder sections were imaged using a Light Microscope BX43 

(Olympus, Waltham, MA, USA). Paraffin embedded bladder sections from WT and JNK2 

KO mice were subjected to deparaffinization and rehydration using xylene and ethanol. 

Antigen unmasking was performed using antigen retrieval buffer (Abcam, Cambridge, MA, 

USA) as per the manufacturer’s instructions. For immunofluorescence staining, BSM strips 

overexpressing desmin, vimentin and GFP were embedded in optimal cutting temperature 

compound (OCT: Sakura, Tokyo, Japan) and frozen with liquid nitrogen for cryo-sectioning. 

A series of adjacent sections were cut on a cryostat. Each section with 5 μM thickness was 

mounted onto a charged slide.

JNK2 inhibitor studies

The JNK2 inhibitor IX (Cayman Chemicals, Ann Arbor, MI) is a thienylnaphthamide 

compound that targets the ATP binding site of JNK2 and JNK3; it is highly selective for 

JNK2 and JNK3 with very little activity against JNK1 and other MAP kinases (29). 

Preliminary studies examining the dose-dependent effect of JNK2 inhibitor IX (JNK2-IX) in 

BSM strips established 100 nM as the optimum concentration for the inhibition of pJNK 

levels (data not shown). Accordingly, murine BSM strips were treated with 100 nM JNK2-

IX for 48 h prior to analysis of contractile regulation.

Statistical Analysis

Statistical analyses were performed using Prism 7 (GraphPad Software, La Jolla, CA). For 

comparisons between two-group means, Student t-test was performed. For comparison 

between more than two groups ANOVA was performed with post hoc Bonferroni pair wise 

comparisons. A p value of < 0.05 or < 0.01 was considered significant for all analyses. Data 

are presented as the mean ± standard error of the mean (SEM) or SD. The value of n is equal 

to the number of mice from which strips were obtained

Results

Adenovirus-mediated overexpression of desmin and vimentin in murine BSM strips

Schematic representation of desmin-GFP and vimentin-GFP bicistronic adenoviral vector is 

shown in Fig. 1A and 2A respectively. Schematic representation of GFP adenoviral vector is 

shown in Fig 1B and 2B. Transduction of murine BSM strips with an adenoviral vector 

encoding desmin or vimentin for 48 h resulted in up-regulation of desmin (3 fold) and 

vimentin (3.5 fold) proteins respectively relative to the level in GFP-expressing murine BSM 
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strips (Fig. 1C and 2C). Interestingly, there was a significant increase in vimentin protein 

expression (2.5-fold) in desmin-overexpressing murine BSM strips relative to the level of 

GFP expressing murine BSM strips (Fig. 1D). Conversely, vimentin overexpression did not 

alter the expression of desmin in murine BSM strips (Fig. 2D). The relative intensities of the 

bands for desmin and vimentin in Fig. 1C and D and in Fig. 2C and D were quantified and 

normalized to GAPDH (Fig 1E-F and 2E-F). Sections from murine BSM strips 

overexpressing GFP, desmin, or vimentin were stained with antibodies specific for GFP, 

desmin or vimentin and examined by confocal microscopy. Representative confocal images 

are shown in Fig. 1G & 2G. Desmin and vimentin protein expression was significantly 

increased in desmin and vimentin overexpressing murine BSM strips respectively relative to 

the level in GFP- expressing murine BSM strips (Fig. 1G–H and 2G–H). The increased 

expression of desmin and vimentin specifically within the smooth muscle was further 

confirmed by co-staining the tissue section with smooth muscle marker protein SM22 (Fig. 

1G & 2G). We observed vimentin expression in non-muscle cells in murine BSM strips 

expressing GFP and these cells are present in between the smooth muscle bundles (Fig 2G). 

Vimentin positive cells were also observed along the edges of SM22 positive SMCs (Fig 

2G).

Co-localization of desmin and vimentin in murine BSM strips overexpressing desmin

Localization of desmin and vimentin IFs proteins in murine BSM strips overexpressing 

desmin was studied by double label immunofluorescence microscopy. Representative 

confocal images are shown in Fig. 3. Desmin overexpression induced vimentin expression in 

the smooth muscle cells. Vimentin expression appears to occur in the same smooth muscle 

cells where desmin is present.

Increased expression of desmin and vimentin reduces murine BSM contraction

To determine the contractile properties of BSM strips overexpressing GFP, desmin or 

vimentin we measured the force generation in these strips in response to KCl or carbachol. 

Desmin and vimentin overexpression decreased the peak forces developed in response to 

120 mM KCl (Fig 4A) and carbachol (Fig. 5A) relative to the tension developed in GFP-

expressing murine BSM strips (Fig. 4A and 5A). Desmin overexpression decreased the 

contractile force in response to KCl and carbachol stimulation by over 50% relative to the 

force of GFP-expressing murine BSM strips (Fig. 4A-B and 5A). Vimentin overexpression 

decreased the contractile force in response to KCl and carbachol stimulation by over 70% 

relative to the force of GFP-expressing murine BSM strips (Fig. 4A–B and 5A). 

Overexpression of GFP in murine BSM strips did not alter the force relative to the level of 

uninfected murine BSM strips (without GFP expression) in response to KCl and carbachol 

(Fig. 4B & 5B). Collectively, these results demonstrate that increased desmin and vimentin 

expression decreases depolarization-induced and agonist-mediated smooth muscle 

contraction in murine bladder.

Increased expression of desmin and vimentin reduces MLC20 phosphorylation in murine 
BSM

MLC20 phosphorylation is one of the determinants of smooth muscle contraction (30). MLC 

phosphorylation levels are determined by the balance between MLC kinase and MLC 
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phosphatase activities (31). MLC20 phosphorylation of BSM strips at resting tension and 

with KCl (120 mM) or carbachol (10 μM) stimulation was determined by immunoblot 

analysis, and representative immunoblots are shown in Fig 4C–F and Fig 5C–F. Stimulation 

with KCl or carbachol of BSM strips overexpressing GFP increased phospho MLC20 levels. 

However, increased expression of desmin or vimentin significantly reduced MLC20 

phosphorylation levels induced by KCl or carbachol (4C-F & Fig 5C–F). Overexpression of 

desmin or vimentin in murine BSM strips did not significantly alter the resting levels of 

phospho MLC20 relative to the level in GFP-expressing BSM strips (4C–D & Fig 5C–D).

Effect of desmin and vimentin overexpression on smooth muscle marker proteins 
expression in murine BSM

Total proteins and tissue sections obtained from GFP-, desmin- and vimentin- 

overexpressing murine BSM strips were subjected to immunoblot analysis for SMA and 

SM22 and for immunofluorescence analysis of SMHC, SM22 and SMA respectively. 

Overexpression of desmin and vimentin in murine BSM strips did not significantly alter the 

levels of SMA, SM22 and SMHC proteins relative to the level of GFP expressing murine 

BSM strips (Fig. 6A–E & Fig 7A–E). For unknown reason, the overexpression of either 

desmin or vimentin did not alter the smooth muscle markers, such as SM22, SMHC and α-

SMA protein expression in murine BSM.

Desmin and vimentin interact with JNK2 following IF protein overexpression in murine 
BSM

IF proteins are known to interact with protein kinases (12, 14). IF proteins act as a scaffold 

for the protein kinases and enhance their signaling (13, 14, 32–34). The JNK family was 

shown to be the most relevant among three subsets of MAPK family members being 

activated in response to mechanical stretch in rodents and human BSM cells (19–21). 

Therefore, we determined whether JNK isoforms interact with desmin or vimentin following 

IF protein overexpression. JNK isoforms were immunoprecipitated from cell lysates with 

JNK1 or JNK2 antibody following IF protein overexpression and the immunoprecipitated 

proteins were subjected to immunoblot analysis with anti-desmin or anti-vimentin antibody. 

As shown in Figure 8A–B, JNK2 antibody immunoprecipitated the desmin and vimentin 

following the IF protein overexpression in murine BSM strips. However, the JNK1 antibody 

failed to pull down desmin or vimentin from GFP, desmin or vimentin overexpressing 

murine BSM strips (Fig S1). Collectively these results demonstrate that desmin and 

vimentin interact with JNK2 when the IF proteins are overexpressed in murine BSM.

Increased expression of desmin and vimentin enhances JNK phosphorylation in murine 
BSM

We next investigated the effect of desmin and vimentin overexpression on JNK 

phosphorylation in murine BSM strips. The phosphorylation status of JNK was determined 

by immunoblotting with an antibody which specifically recognizes dual phosphorylated 

TPY motif in the activation loop. GFP-expressing murine BSM strips were used as a control 

for the basal JNK phosphorylation. Immunoblot analyses showed that the overexpression of 
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desmin and vimentin in murine BSM strips increased JNK phosphorylation relative to the 

level in GFP-expressing murine BSM strips (Fig. 8C–F).

JNK2-deficient mice exhibit increased BSM mass and enhanced contractile proteins 
expression

Immunoblot analysis demonstrated the absence of JNK2 protein in BSM tissue from JNK2 

KO mice (Fig. 9A). JNK2 KO mice did not show any significant difference in body weight; 

however, they exhibited increased bladder weights and bladder/body weight ratio compared 

with WT. mice (Fig. 9B–C). Masson’s trichrome staining analysis of bladders from WT and 

JNK2 KO mice revealed a significant increase in muscle thickness within the cross section 

of the bladder wall in JNK2 KO mice compared with WT mice (Fig 9D–E). The 

immunoblot and immunofluorescence analysis revealed an increased expression of SMA, 

SMHC and SM22 proteins in BSM from JNK2 KO mice compared with WT mice (Fig 

10A–D).

Desmin and vimentin overexpression does not alter BSM contraction in JNK2 KO mice

We measured the contractile properties of BSM strips from JNK2 KO mice overexpressing 

GFP, desmin or vimentin protein. Desmin and vimentin overexpression decreased the peak 

force developed by BSM strips from WT mice in response to KCl and carbachol relative to 

the force developed by GFP expressing murine BSM strips from WT mice (Fig. 4A–B and 

5A). However, the resting tension (basal) as well as KCl- and carbachol-induced contractile 

responses were not attenuated in the BSM strips from JNK2 KO mice following desmin and 

vimentin overexpression relative to the levels in GFP- overexpressing BSM strips from 

JNK2 KO mice (Fig. 11A–B and 12A–B). BSM strips from JNK2 KO mice showed 

increased peak force relative to the peak force developed by BSM strips from WT mice in 

response to KCl and carbachol (Fig 11C and 12C).

Desmin and vimentin overexpression does not alter MLC20 phosphorylation in BSM from 
JNK2 KO mice

MLC20 phosphorylation of BSM strips from WT and JNK2 KO mice overexpressing GFP, 

desmin or vimentin proteins at the resting tension and with KCl (120 mM) or carbachol (10 

μM) stimulation was determined by immunoblot analysis and the representative immunoblot 

is shown in Fig 11D–E and 12D-E. The resting levels as well as the KCl- and carbachol-

induced MLC20 phosphorylation were not attenuated in the BSM strips overexpressing 

desmin or vimentin from JNK2 KO mice relative to the levels in GFP- overexpressing BSM 

strips from JNK2 KO mice (Fig 11F–G and 12F–G). BSM strips from JNK2 KO mice 

showed increased MLC20 phosphorylation relative to the level in BSM strips from WT mice 

in response to KCl and carbachol stimulation (Fig 11E & H and 12E & H). BSM strips from 

JNK2 KO mice did not show any change in the resting (basal) MLC20 phosphorylation 

relative to its level in BSM strips from WT mice (Fig 11E and 12E ).
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Pharmacological inhibition of JNK2 activity rescues the decreased contractile responses 
as well as the decrease in MLC20 phosphorylation observed with desmin or vimentin 
overexpression in murine BSM

To investigate the effects of pharmacological JNK2 inhibition on IFs proteins overexpression 

induced JNK2 phosphorylation, we treated the murine BSM strips overexpressing GFP, 

desmin or vimentin with JNK2 inhibitor-IX for 48 h. Immunoblot analyses showed that 

treatment of murine BSM strips overexpressing desmin and vimentin with JNK2 inhibitor-

IX (100 nM) for 48 h substantially reduced the level of phospho JNK2 (Fig 13A–F) without 

altering the JNK2 protein expression levels.

To complement the JNK2 KO mice study, we measured the contractile properties and 

MLC20 phosphorylation of murine BSM strips overexpressing GFP, desmin or vimentin in 

the presence or absence of JNK2 inhibitor-IX in response to KCl or carbachol stimulation. 

Treatment with 100 nM JNK2 inhibitor-IX rescued the decreased contractile responses as 

well as the decrease in MLC20 phosphorylation observed with desmin or vimentin 

overexpression in response to KCl and carbachol stimulation (Fig 14 A–E and 15A–D). 

However, MLC20 phosphorylation at the resting tension was not attenuated in the BSM 

strips overexpressing desmin or vimentin in the presence or absence of JNK2 inhibitor-IX 

relative to the levels in GFP-overexpressing BSM strips (Fig 14C-D and 15C). Collectively 

our results employing pharmacological JNK2 inhibition and genetic deletion of JNK2 

suggest that desmin and vimentin elicited their effects on muscle contractility via JNK2.

Discussion

In this study, we provide the first demonstration of a role for the IF proteins desmin and 

vimentin in the regulation of BSM contraction. Murine BSM strips overexpressing desmin 

or vimentin protein displayed decreased contractility ex vivo and reduced MLC20 

phosphorylation in response to either membrane depolarization (KCl) or the cholinergic 

agonist carbachol compared with murine BSM strips expressing GFP. Furthermore, we 

demonstrate that the overexpression of desmin and vimentin in BSM strips from JNK2 KO 

mice did not attenuate the KCl- and carbachol-induced contraction as well as MLC20 

phosphorylation relative to the levels in GFP-overexpressing BSM strips from JNK2 KO 

mice. Pharmacological JNK2 inhibition produced results qualitatively similar to those 

caused by JNK2 KO. Mechanistically, the effect of desmin or vimentin overexpression in 

reducing BSM contractility was associated with a reduction in induced pMLC20 levels, an 

effect absent in JNK2 KO mice.

Smooth muscle contraction is regulated by a network of signaling pathways centered on 

myosin as well as membrane properties associated with calcium handling. Depolarization of 

the cell membrane activates voltage gated Ca2+ -channels resulting in Ca2+ influx and 

activation of myosin cross bridge cycling on actin filaments and myosin phosphorylation 

(MLC20) catalyzed by Ca2+ calmodulin dependent MLCK. MLC20 phosphorylation and 

muscle force is maintained by several signaling pathways including Ca2+ independent 

kinases, and inhibition of myosin phosphatase (35, 36). However, recent findings highlighted 

the importance of the actin cytoskeleton and IF proteins in active force development in 

smooth muscle contraction (37–40). An earlier study by Wang et al., demonstrated that a 
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deficiency of the IF protein vimentin attenuates the contractile responses of airway smooth 

muscle to agonist stimulation (40). Vimentin depletion by antisense oligonucleotide in 

airway smooth muscle strips isolated from canine trachea suppressed contractile responses 

to acetylcholine (8, 40). These studies suggest that vimentin plays an important role in 

mediating the active force development in airway smooth muscle. Contrary to the effect of 

vimentin knockdown reported in airway smooth muscle by Wang et al., in the current study, 

murine BSM strips overexpressing vimentin protein generated less force when stimulated 

with cholinergic agonist or in response to membrane depolarization compared with GFP- 

expressing murine BSM strips. This difference may be because vimentin is not expressed in 

normal murine BSM.

Desmin IF protein has a role in the intracellular transmission of active force in smooth 

muscle possibly by alignment of contractile units and cell to cell or cell-matrix coupling (2, 

41). Previous studies have demonstrated that desmin is essential for both active and passive 

force transmission in smooth muscle (2, 41). Interestingly Scott et al. demonstrated that 

BSM from obstructed mice produced lower active force than sham operated control mice 

and the BSM from obstructed desmin KO mice did not show any difference in active force 

generation compared with sham operated control WT mice (2). Findings from these studies 

suggest that the increase in desmin expression during hypertrophy in WT mice contributes to 

the loss of active force (2). In the current study, murine BSM strips overexpressing desmin 

protein displayed diminished contractility when stimulated with cholinergic agonist or in 

response to membrane depolarization. Furthermore, diminished contractility of murine BSM 

strips following desmin overexpression was associated with an increased expression of 

vimentin. It is possible that the increased vimentin expression in these strips contributes to 

the diminished contractility in response to KCl and carbachol.

It is well-established that smooth muscle cross bridge cycling is regulated by 

phosphorylation of the MLC20 (42). MLC20 phosphorylation plays an important role in the 

initial development of smooth muscle contraction (43) (44). Murine BSM strips 

overexpressing desmin or vimentin displayed a significant reduction in MLC20 

phosphorylation and decreased force generation in response to K+-depolarization and 

carbachol stimulation suggesting an essential role of desmin and vimentin in depolarization- 

and cholinergic agonist-mediated contraction of BSM possibly via MLC20 phosphorylation. 

MLC20 phosphorylation was not attenuated in the BSM strips overexpressing desmin or 

vimentin from JNK2 KO mice relative to the levels in GFP-overexpressing BSM strips from 

JNK2 KO mice. This is further confirmed by the pharmacological inhibition of JNK2 

activity, as reducing the phospho JNK2 level by JNK2 inhibitor IX in murine BSM strips 

overexpressing desmin or vimentin rescued the decreased contractile responses and the 

decrease in MLC20 phosphorylation observed with desmin and vimentin overexpression.

Previous studies have shown that JNK2 signaling can control smooth muscle contractility as 

well as various pathological states in different tissues. An early study by Laukeviciene et al. 

demonstrated that ablation of either JNK2 gene or JNK3 gene did not alter the contractility 

of small blood vessels in carotid arteries in response to KCl or histamine stimulation. 

However, silencing of both JNK2 and JNK3 genes in mice (double knockout) resulted in 

increased contractility of small blood vessels in carotid arteries compared to wild type or 
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single knockout in response to KCl or phenylephrine or noradrenaline stimulation (45). The 

JNK inhibitor CC-930 attenuated lung remodeling and collagen deposition and other 

pulmonary fibrotic systemic markers in house dust mite-induced fibrotic airway mouse 

model (46). JNK1 and JNK2 KO mice were protected against hypercholesterolemia induced 

endothelial dysfunction and atheroma formation (47–49). The contribution of JNK2 

signaling to muscle remodeling is increasingly appreciated (50). In the current study, we 

examined the role of JNK2 signaling in BSM contraction. We demonstrate for the first time 

that BSM strips from JNK2 KO mice produced more force in response to KCl or carbachol 

relative to the level in WT murine BSM strips. Contrary to findings in small blood vessels in 

carotid artery (45), we show that in murine bladder smooth muscle, genetic deletion of the 

JNK2 gene increases contractility. One potential explanation for the differing results of 

Laukeviciene et al. may be due to the redundancy of JNK isoform function in carotid 

arteries. We did not detect JNK3 expression in murine BSM strips. In the current study, 

although mechanistic insights that explain the increased contractility of BSM of JNK2 KO 

mice in response to KCl and carbachol remains unclear, a role for MLC20 phosphorylation 

seems likely.

Earlier studies have shown that IFs directly participate in protein kinase signaling (13, 14). 

For example, isolated skeletal muscle tissue from desmin KO mice did not induce JNK 

phosphorylation when the tissue was subjected to stretch, whereas stretch of the skeletal 

muscle tissue from WT mice strongly phosphorylated both 54 kDa and 46 kDa isoforms of 

JNK (13). These findings from desmin KO mice demonstrate that JNK-mediated stress 

signaling in skeletal muscle is mediated through desmin (13) 50). In our study, we 

demonstrate for the first time that desmin interacts with JNK2 and increases JNK 

phosphorylation following the IF protein desmin overexpression in murine BSM.

Diminished BSM contractility stems from various conditions afflicting the lower urinary 

tract including the lower urinary tract symptoms associated with bladder outlet obstruction 

(51). Our findings suggest JNK2 as a major effector of IF protein overexpression-induced 

BSM contractile dysfunction. Further, our data implicate an IFs/JNK2 dependent mechanism 

that contributes to the pathologic bladder contractility that occurs following bladder outlet 

obstruction, a condition in which desmin and vimentin protein expression is known to be up-

regulated (10, 11). Together, these findings suggest that desmin-JNK2 and vimentin-JNK2 

axes are likely to contribute to diminished BSM contractility associated with obstructive 

bladder disease and that JNK2 inhibition may have therapeutic application.

Localization of endogenous vimentin and desmin in smooth muscle cells of large arteries 

and tunica media from different species including humans (52) (53) (54) demonstrated that 

desmin and vimentin exhibited intense cytoplasmic staining and thicker structures (52). In 

the current study, desmin and vimentin IFs exhibited intense cytoplasmic staining and 

thicker filamentous structures in murine BSM strips overexpressing desmin or vimentin 

which is similar to the endogenous vimentin and desmin staining pattern in smooth muscle 

cells of large arteries and in tunica media reported by Schmid et al. (52) and others (53) (54).

An early study by Despa et al., (55) demonstrated that amylin oligomers attach to the 

sarcolemma causes myocyte Ca2+ dysregulation, pathological remodeling and diastolic 
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dysfunction in a rat model of hyperamylinemia transgenic for human amylin (55). Further, 

Gianni et al., demonstrated that oligomeric protein aggregates promote an increase in 

systolic [Ca2+] that altered Ca2+ homeostasis and induced cardiac contractile dysfunction 

implicating protein aggregates as a significant driver of signaling (56). Since IF proteins are 

prone to aggregation, in the current study, we speculate that some of the intense desmin and 

vimentin staining observed in the immunofluorescence in murine BSM strips overexpressing 

desmin or vimentin might be due to aggregation. However, the possible protein aggregates 

formed in these tissues did not impair desmin and vimentin staining pattern and the 

filamentous structures. The staining pattern and the filamentous structure observed in these 

tissues are very much similar to the endogenous vimentin and desmin staining pattern and 

the filamentous structures in smooth muscle cells of large arteries and in tunica media 

reported by Schmid et al. and others (52) (53) (54), therefore, in the current study it is 

unlikely that the possible protein aggregates formed in these BSM strips significantly affects 

the signaling.

Smooth muscle myosin heavy chain (SMHC) is a major component of thick filaments of the 

contractile apparatus and it is exclusively expressed in smooth muscle (57). SMHC shows 

the highest degree of cell specificity of any known markers of differentiated smooth muscle 

(58). Alpha smooth muscle actin (α-SMA) is a monomeric subunit of thin filaments that 

form part of the contractile machinery. Although SMA is transiently expressed during 

development in other mesoderm derived tissues (59) and in myofibroblasts during wound 

repair (60), it is normally expressed only in smooth muscle and smooth muscle cells-like 

cells in the adult (53). SM22, also known as transgelin, is a 22 kDa, smooth muscle cell 

lineage-restricted protein that is abundantly and exclusively expressed in visceral and 

vascular smooth muscle cells during postnatal development (61). SM22 associates with actin 

thin filament bundles in contractile smooth muscle (62). The exact function of SM22 in 

smooth muscle, however, is not known. Various studies have shown that vimentin is mainly 

expressed in undifferentiated and proliferative cells of mesenchymal origin and upon 

differentiation, it is replaced by desmin in cardiac and visceral smooth muscle (63) (64) (65). 

In agreement with its role in proliferation, overexpression of the vimentin gene in transgenic 

mice inhibits normal lens cell differentiation (66). In the current study, desmin 

overexpression induced vimentin expression in smooth muscle. Based on all the above 

findings, it is expected that desmin or vimentin overexpression should reduce the smooth 

muscle markers expression. However, for unknown reason the overexpression of either 

desmin or vimentin did not alter the smooth muscle markers, such as SM22, SMHC and α-

SMA protein expression in murine BSM.

In summary, this is the first report that demonstrates that desmin and vimentin 

overexpression reduces murine BSM contraction, increases JNK phosphorylation and 

reduces MLC20 phosphorylation. Mechanistically, the effect of desmin or vimentin 

overexpression in reducing BSM contractility was associated with a reduction in induced 

pMLC20 levels, an effect absent in JNK2 KO mice. This study has some limitations. Most 

importantly, we failed to inactivate the vimentin protein or deplete the vimentin expression 

in murine BSM strips overexpressing desmin. This approach would have helped to explain 

whether the overexpression of either desmin or vimentin is interchangeable or they elicit 

different response in murine BSM. There are no effective oral drugs available to improve 
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detrusor contractility in underactive bladder. The use of cholinergic receptor agonists or 

anticholinesterases to augment bladder contractility or α adrenoceptor antagonists to reduce 

bladder outlet resistance did not significantly improve contraction in patients with impaired 

detrusor contractility (67) highlighting the need to identify novel therapeutic targets for 

pharmacological treatment of underactive bladder. To date, JNK inhibition has been 

explored as a possible anticancer and arthritis therapeutic target in clinical trials. Our results 

provide important guidelines for exploring therapeutic strategies of JNK inhibition to 

address bladder contractile dysfunction, an attractive and still unexplored option.
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Abbreviations

IFs intermediate filaments

IF intermediate filament

BSM bladder smooth muscle

WT wild type

KO knockout

PBOO partial bladder outlet obstruction

BPH benign prostatic hyperplasia

MTS Masson’s trichrome stain

SEM Standard error mean

ERK2 Extracellular Signal-Regulated Kinase

JNK2 c-Jun N-terminal kinase (JNK)

JNK2-IX JNK2 inhibitor IX

SMHC Smooth muscle myosin heavy chain

SMA smooth muscle actin

SM22 smooth muscle protein 22

MLC Myosin light chain
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pMLC Phospho myosin light chain
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Figure 1. Adenovirus mediated overexpression of desmin in murine BSM strips.
A: Schematic depiction of desmin-GFP bicistronic adenoviral vector construct. B: 

Schematic depiction of GFP adenoviral vector construct C-D: Murine BSM strips devoid of 

urothelium and submucosa were transduced with an adenovirus encoding GFP and desmin 

for 48 h and the expression levels of desmin, vimentin and GFP proteins were determined by 

immunoblot analysis. GAPDH was used as a loading control. E-F: Quantification of 

immunoblot data. G: Sections prepared from murine BSM strips overexpressing desmin and 

GFP proteins were stained with anti-desmin, anti-SM22 and Alexa Fluor 488 labelled GFP 

antibody, followed by Cy3 and Cy5 conjugated secondary antibodies. Representative 

confocal images are shown. Scale bars = 10 μm. H: Quantification of confocal images data. 

Data are expressed as means ± SD (E, F & H), n = 5 mice in each group (E, F & H). **, P < 

0.01 versus GFP expressing murine BSM strips.
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Figure 2. Adenovirus mediated overexpression of vimentin in murine BSM strips.
A: Schematic depiction of vimentin-GFP bicistronic adenoviral vector construct. B: 

Schematic depiction of GFP adenoviral vector construct. C-D: Murine BSM strips devoid of 

urothelium and submucosa were transduced with an adenovirus encoding GFP and vimentin 

for 48 h and the expression levels of vimentin, desmin and GFP proteins were determined by 

immunoblot analysis. GAPDH was used as a loading control. E-F: Quantification of 

immunoblot data. G: Sections prepared from murine BSM strips overexpressing vimentin 

and GFP proteins were stained with anti-vimentin, anti-SM22 and Alexa Fluor 488 labelled 

GFP antibody, followed by Cy3 and Cy5 conjugated secondary antibodies. Representative 

confocal images are shown. Scale bars = 10 μm. H: Quantification of confocal images data. 

Data are expressed as means ± SD (E, F & H), n = 5 mice in each group (E, F & H). **, P < 

0.01 versus GFP expressing murine BSM strips.
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Figure 3. Co-localization of desmin and vimentin in murine BSM strips overexpressing desmin.
Sections prepared from murine BSM strips overexpressing desmin were stained with anti-

vimentin, anti-desmin and Alexa Fluor 488 labelled GFP antibody, followed by Cy3 and 

Cy5 conjugated secondary antibodies. Representative confocal images are shown. Scale bars 

= 10 μm.
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Figure 4. Desmin and vimentin overexpression reduces murine BSM contraction and MLC20 
phosphorylation in response to membrane depolarization.
Murine BSM strips devoid of urothelium and submucosa were transduced with an 

adenovirus encoding GFP, desmin and vimentin for 48 h and the contractile responses and 

MLC20 phosphorylation of muscle strips were determined in response to membrane 

depolarization. A: Representative traces of contraction produced by murine BSM strips 

overexpressing GFP, desmin, and vimentin in response to KCl stimulation (120 mM). 

Arrows indicate the addition of high K+ Tyrode buffer to the organ bath. B: Quantitation of 

contractile response in response to KCl stimulation. The data is presented as grams per cross 

sectional area (g/mm2) for uninfected murine BSM strips and GFP, desmin and vimentin 

overexpressing murine BSM strips. C-D: Immunoblot analysis of KCl-stimulated MLC20 

phosphorylation in uninfected murine BSM strips and in murine BSM strips overexpressing 

GFP, desmin and vimentin. BSM strips were contracted for 20 seconds with KCl (120 mM) 

and rapidly frozen at 0 sec (resting) and 20 sec of contraction and then the muscle strips 

were processed for MLC20 phosphorylation. E-F: Quantification of immunoblots (C & D). 

Data are expressed as means ± standard error mean (SEM), n = 7 mice in each group. **, P 

≤ 0.05 versus GFP expressing murine BSM strips in (B). P ≤ 0.01 versus GFP expressing 

murine BSM strips in (E-F).
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Figure 5. Desmin and vimentin overexpression reduces murine BSM contraction and MLC20 
phosphorylation in response to cholinergic agonist.
Murine BSM strips devoid of urothelium and submucosa were transduced with an 

adenovirus encoding GFP, desmin and vimentin for 48 h and the contractile responses and 

MLC20 phosphorylation of muscle strips were determined in response to cholinergic agonist. 

A: Concentration dependent contractile response (cumulative carbachol concentration 10−9 

to 3× 10−5 M) by murine BSM strips overexpressing GFP, desmin, and vimentin. Data is 

presented as grams per cross sectional area (g/mm2). B: Concentration dependent contractile 

response (cumulative carbachol concentration 10−9 to 3× 10−5 M) by murine BSM strips 

overexpressing GFP and uninfected murine BSM strips (without GFP expression). The data 

is presented as grams per cross sectional area (g/mm2). C-D: Immunoblot analysis of 

carbachol-stimulated MLC20 phosphorylation in uninfected murine BSM strips and in 

murine BSM strips overexpressing GFP, desmin or vimentin. BSM strips were contracted for 

30 seconds with carbachol (10 μM) and rapidly frozen at 0 sec (resting) and 30 sec of 

contraction and then the muscle strips were processed for MLC20 phosphorylation. E-F: 

Quantification of immunoblots (C & D). Data are expressed as means ± standard error mean 

(SEM), n = 7 mice in each group. **, P ≤ 0.05 versus GFP expressing murine BSM strips in 

(A). **, P ≤ 0.01 versus murine BSM strips expressing GFP in (E-F).
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Figure 6. Effect of desmin overexpression on smooth muscle marker proteins expression in 
murine BSM.
A: Murine BSM strips devoid of urothelium and submucosa were transduced with an 

adenovirus encoding GFP, and desmin for 48 h and the expression levels of SMA, and SM22 

were determined by immunoblot analysis. GAPDH was used as a loading control. B: 

Quantification of immunoblot data. C-D: Sections prepared from murine BSM strips 

overexpressing desmin and GFP proteins were stained with anti-SMA, or anti-SM22. or 

anti-SMHC or Alexa Fluor 488 labelled GFP antibody, followed by Cy3 and Cy5 conjugated 

secondary antibodies. Representative confocal images are shown in C and D: Scale bars = 50 

μm. E: Quantification of confocal images data. Data are expressed as means ± SD, n = 5 

mice in each group. NS indicates non significant.
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Figure 7. Effect of vimentin overexpression on smooth muscle marker proteins expression in 
murine BSM.
A: Murine BSM strips devoid of urothelium and submucosa were transduced with an 

adenovirus encoding GFP, and vimentin for 48 h and the expression levels of SMA, and 

SM22 were determined by immunoblot analysis. GAPDH was used as a loading control. B: 

Quantification of immunoblot data. C-D: Sections prepared from murine BSM strips 

overexpressing vimentin and GFP proteins were stained with anti-SMA, or anti- SM22, or 

anti-SMHC or Alexa Fluor 488 labelled GFP antibody, followed by Cy3 and Cy5 conjugated 

secondary antibodies. Representative confocal images are shown in C and D: Scale bars = 50 

μm. E: Quantification of confocal images data. Data are expressed as means ± SD, n = 5 

mice in each group. NS indicates non significant.
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Figure 8. Desmin and vimentin interact with JNK2 and enhance the phospho JNK level following 
the IF protein overexpression in murine BSM.
A-B: Murine BSM strips devoid of urothelium and submucosa were transduced with an 

adenovirus encoding GFP, desmin and vimentin for 48 h and the total proteins from GFP, 

desmin and vimentin overexpressing murine BSM strips were immunoprecipitated with 

JNK2 antibody. The resulting immunoprecipitate was separated on a SDS-PAGE and 

subsequently probed with either anti-desmin and anti-JNK2 antibodies (A) or anti-vimentin 

and anti JNK2 antibodies (B). The input served as a loading control in both (A) and (B). C-

F: Increased levels of phospho JNK following desmin and vimentin overexpression. Total 

proteins extracted from GFP, desmin and vimentin overexpressing murine BSM strips were 

subjected to immunoblot analysis using phosphorylated JNK and total JNK2 antibodies. 

GAPDH was used as a loading control. D & F: Quantification of immunoblots (C & E). 

Data are expressed as means ± SD, n = 5 mice in each group. **, P < 0.01 versus GFP 

expressing murine BSM strips.
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Figure 9. Increased bladder muscle mass in JNK2 KO mice.
A: Total proteins of BSM strips from WT and JNK2 KO mice were subjected to immunoblot 

analysis and the expression level of JNK2 was determined. Representative immunoblot 

showing the expression level of JNK2 in JNK2 KO mice compared with WT mice. GAPDH 

was used as a loading control. B-C: Body weights, and bladder weight to body weight ratio 

of WT and JNK2 KO mice are shown. D: Masson trichrome staining of bladder cross 

sections of WT and JNK2 KO mice is shown. The red staining in each image is smooth 

muscle bundles. The blue staining in each image is collagen fibers. Scale bars = 500 μm E: 

Quantification of trichrome image. Data are expressed as means ± SD (B, C and E), n = 10 
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mice in each group (B and C); n = 4 mice in each group (A & E). **, P < 0.01 versus WT 

mice.
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Figure 10. JNK2 deficiency enhances contractile proteins expression.
A: Immunofluorescence analysis of smooth muscle marker proteins expression in WT and 

JNK2 KO mice. Bladder sections prepared from WT and JNK2 KO mice were stained with 

anti-SMA or anti-SM22 or SMHC antibody followed by Cy3- and Alexa Fluor 488 

conjugated secondary antibodies. Representative confocal images are shown. Scale bars = 50 

μm. B: Quantification of confocal images. Data are expressed as means ± SEM. n = 5 mice 

in each group. **, P < 0.01 versus WT mice. C: Total proteins of BSM strips from WT and 

JNK2 KO mice were subjected to immunoblot analysis and the expression levels of smooth 
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muscle marker proteins were determined. Representative immunoblot is shown. GAPDH 

was used as a loading control. D: Quantification of immunoblot.
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Figure 11. Increased expression of desmin and vimentin does not alter BSM contraction and 
MLC20 phosphorylation in response to KCl in JNK2 KO mice.
A-E: Murine BSM strips devoid of urothelium and submucosa from JNK2 KO mice were 

transduced with an adenovirus encoding GFP or desmin or vimentin for 48 h and the 

contractile properties and MLC20 phosphorylation of these strips were determined. A: 

Representative traces of contraction produced by BSM strips from JNK2 KO mice 

overexpressing GFP, desmin, or vimentin in response to KCl stimulation (120 mM). Arrows 

indicate the addition of high K+ Tyrode buffer to the organ bath. B: Quantitation of 

contractile response in response to KCl stimulation (120 mM) by JNK2 KO murine BSM 

strips overexpressing GFP, desmin or vimentin. The data is presented as grams per cross 

sectional area (g/mm2). C: Contractile response in response to KCl stimulation (120 mM) by 

WT and JNK2 KO murine BSM strips expressing GFP. The data is presented as grams per 

cross sectional area (g/mm2). D-E: Immunoblot analysis of KCl- stimulated MLC20 

phosphorylation in murine BSM strips from WT and JNK2 KO mice overexpressing GFP, 

desmin or vimentin. BSM strips were contracted for 20 seconds with KCl (120 mM) and 

rapidly frozen at 0 sec (resting) and 20 sec of contraction and then processed the muscle 

strips for MLC20 phosphorylation. F-H: Quantification of immunoblots (D & E). Data are 

expressed as means ± standard error mean (SEM), n = 7 mice in each group. **, P ≤ 0.05 

versus WT murine BSM strips expressing GFP in (C). **, P ≤ 0.01 versus WT murine BSM 

strips expressing GFP in (H).
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Figure 12. Increased expression of desmin and vimentin does not alter BSM contraction and 
MLC20 phosphorylation in response to carbachol in JNK2 KO mice.
A-E: Murine BSM strips devoid of urothelium and submucosa from JNK2 KO mice were 

transduced with an adenovirus encoding GFP or desmin or vimentin- for 48 h and the 

contractile properties and MLC20 phosphorylation of these strips were determined in 

response to carbachol. A-B: Concentration dependent contractile response (cumulative 

carbachol concentration, 10−9 to 3× 10−5 M) by JNK2 KO murine BSM strips 

overexpressing GFP, desmin, or vimentin. The data is presented as grams per cross sectional 

area (g/mm2). C: Concentration dependent contractile response (cumulative carbachol 

concentration, 10−9 to 3× 10−5 M) by WT and JNK2 KO murine BSM strips expressing 

GFP. The data is presented as grams per cross sectional area (g/mm2). D-E: Immunoblot 

analysis of carbachol-stimulated MLC20 phosphorylation in murine BSM strips from JNK2 
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KO and WT mice overexpressing GFP, desmin or vimentin. BSM strips were contracted for 

30 seconds with carbachol (10 μM) and rapidly frozen at 0 sec (resting) and 30 sec of 

contraction and then processed the muscle strips for MLC20 phosphorylation. F-H: 

Quantification of immunoblots (D & E). Data are expressed as means ± standard error mean 

(SEM), n = 7 mice in each group. **, P ≤ 0.05 versus WT murine BSM strips expressing 

GFP in (C). **, P ≤ 0.01 versus WT murine BSM strips expressing GFP in (H).
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Figure 13. JNK2 inhibitor reduces phospho JNK2 level following desmin and vimentin protein 
overexpression.
A-B: Murine BSM strips devoid of urothelium and submucosa were transduced with an 

adenovirus encoding GFP, desmin or vimentin for 48 h in the presence or absence of a JNK2 

specific inhibitor, JNK2-IX (100 nM). Total proteins extracted from murine BSM strips 

overexpressing GFP, desmin or vimentin were subjected to immunoblot analysis using 

phosphorylated JNK and JNK2 antibodies. GAPDH was used as a loading control. C-F: 

Quantification of immunoblots (A & B). Data are expressed as means ± SD, n = 7 mice in 

each group. **, P < 0.01 versus murine BSM strips overexpressing desmin in (C). **, P < 

0.01 versus murine BSM strips overexpressing vimentin in (D).
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Figure 14. Pharmacological inhibition of JNK2 activity rescues the KCl-induced decreased 
contractile responses as well as the decrease in MLC20 phosphorylation observed with desmin or 
vimentin overexpression.
A-E: Murine BSM strips devoid of urothelium and submucosa were transduced with an 

adenovirus encoding GFP, desmin and vimentin for 48 h. In some cases, strips were treated 

with JNK2 specific inhibitor, JNK2-IX (100 nM) for 48 h. A: Representative traces of 

contraction produced by BSM strips overexpressing GFP, desmin, and vimentin in the 

presence or absence of JNK2-IX in response to KCl stimulation (120 mM). Arrows indicate 

the addition of high K+ Tyrode buffer to the organ bath. B: Quantitation of contractile 

response produced by BSM strips overexpressing GFP, desmin, and vimentin in the presence 

or absence of JNK2-IX in response to KCl stimulation. The data is presented as grams per 

cross sectional area (g/mm2). C-D: Immunoblot analysis of MLC20 phosphorylation in 

murine BSM strips overexpressing GFP, desmin or vimentin in the presence or absence of 

JNK2-IX (100 nM) in response to KCl stimulation. BSM strips were contracted for 20 

seconds with KCl (120 mM) in the presence or absence of JNK2-IX (100 nM) and rapidly 

frozen at 0 sec (resting) and 20 sec of contraction and then processed the muscle strips for 

MLC20 phosphorylation. E: Quantification of immunoblots (C & D). Data are expressed as 

means ± standard error mean (SEM), n = 8 mice in each group. **, P ≤ 0.05 versus murine 

BSM strips overexpressing desmin in (B). ǂǂ, P ≤ 0.05 versus murine BSM strips 

overexpressing vimentin in (B). **, P ≤ 0.01 versus murine BSM strips overexpressing 

desmin in (E). ǂǂ, P ≤ 0.01 versus murine BSM strips overexpressing vimentin in (E).
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Figure 15. Pharmacological inhibition of JNK2 activity rescues the carbachol induced decreased 
contractile responses as well as the decrease in MLC20 phosphorylation observed with desmin or 
vimentin overexpression.
A-D: Murine BSM strips devoid of urothelium and submucosa were transduced with an 

adenovirus encoding GFP, desmin and vimentin for 48 h. In some cases, strips were treated 

with JNK2 specific inhibitor, JNK2-IX (100 nM) for 48 h. A-B: Concentration dependent 

contractile response (cumulative carbachol concentration, 10−9 to 3X 10−5 M) by murine 

BSM strips overexpressing GFP, desmin, and vimentin in the presence or absence of JNK2-

IX. The data is presented as grams per cross sectional area (g/mm2). C: Carbachol-

stimulated MLC20 phosphorylation levels in murine BSM strips overexpressing GFP, desmin 

or vimentin in the presence or absence of JNK2-IX. BSM strips were contracted in the 

presence or absence of JNK2-IX (100 nM) for 30 seconds with carbachol (10 μM) and 

rapidly frozen at 0 sec (resting) and 30 sec of contraction and then processed the muscle 

strips for MLC20 phosphorylation. D: Quantification of immunoblot (C). Data are expressed 

as means ± standard error mean (SEM), n = 8 mice in each group. **, P ≤ 0.05 versus 

murine BSM strips overexpressing desmin in (A). **, P ≤ 0.05 versus murine BSM strips 

overexpressing vimentin in (B). **, P ≤ 0.01 versus murine BSM strips overexpressing 

desmin in (D). ǂǂ, P ≤ 0.01 versus murine BSM strips overexpressing vimentin in (D).
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