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Abstract

Thin filament associated proteins such as calponin, caldesmon, tropomyosin and smoothelin are

thought to regulate acto-myosin interaction and thus, muscle contraction. However, the effect of

inflammation on the expression of thin filament-associated proteins is not known. The aim of the

present study is to determine the changes in the expression of calponin, caldesmon, tropomyosin,

and smoothelin in colonic smooth muscle from TNBS- and DSS-induced colitis in mice.

Expression of h-caldesmon, h2-calponin, α-tropomyosin and smoothelin-A was measured by qRT-

PCR, and western blot. Contraction in response to acetylcholine in dispersed muscle cells was

measured by scanning micrometry. mRNA and protein expression of α-actin, h2-calponin, h-

caldesmon, smoothelin and α-tropomyosin in colonic muscle strips from mice with TNBS- or

DSS-induced colitis was significantly increased compared to control animals. Contraction in

response to acetylcholine was significantly decreased in muscle cells isolated from inflamed

regions of TNBS- or DSS-treated mice compared to control mice. Our results show that increase

in the expression of thin-filament associated contractile proteins, which inhibit acto-myosin

interaction, could contribute to decrease in smooth muscle contraction in inflammation.

INTRODUCTION

The smooth muscle cells of the gastrointestinal tract are the final effectors of force

development and work. The main contractile apparatus in the smooth muscle consists of two

types of filaments: thin filaments and thick filaments [1–6]. Thin filaments consist of actin, a

~42 kDa protein which exists in vivo as filamentous actin (F-actin), and associated proteins

such as caldesmon, calponin, tropomyosin and smoothelin. Thick filaments are aggregates

of myosin molecules. The interaction of actin with myosin and subsequent hydrolysis of

ATP is the fundamental reaction whereby chemical energy is converted into mechanical

energy. An essential step in smooth muscle contraction is phosphorylation of the 20-kDa

regulatory light chains (MLC20) at Ser19, which increases significantly the actin-activated

myosin ATPase activity [1, 4]. Phosphorylation and dephosphorylation MLC20 are directly

correlated to smooth muscle contraction and relaxation, respectively, and MLC20

phosphorylation levels are regulated by MLC kinase (MLCK) and MLC phosphatase

(MLCP) activity. Thus, the amount of force depends on mechanisms that regulate MLC20
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phosphorylation via MLCK and MLCP and/or the mechanisms that regulate acto-myosin

interaction via thin-filament associated proteins [1–6].

Both in vivo and in vitro studies in patients and animal models of colitis support the idea

that colitis is accompanied by an altered contractility from the inflamed area [7–9]. The

mechanisms underlying the colonic dysmotility are complex and multiple and include:

changes in enterochromaffin cell number and 5-HT release, enteric neurotransmission [10–

14], afferent sensory input [15], interstitial cells of Cajal [16] and abnormalities of the

effector smooth muscle itself [17–24]. The changes in the functional response of the smooth

muscle are reported to be dependent on the cytokine pattern in response to inflammation

[25–28]. Cytokines derived from T lymphocytes, among other things, drive the

inflammatory response and the pattern of cytokines produced differs due to genetic

background [29–35]. T helper (Th)1 cytokines (interferon (INF)-γ and interleukin (IL)-2)

predominate in C57BL/6 mice, whereas Th2 cytokines (IL-4 and IL-5) predominate in Balb/

c mice. Thus, C57BL/6 mice are regarded as Th1 dominant mouse strain, whereas Balb/c

mice are regarded Th2-domnat mouse strain. Trinitrobenzene sulphonic acid (TNBS)- and

dextran sodium sulphate (DSS)-induced colitis in animals are most used and chemically

induced models. The immunological responses and clinical signs are different in these

models. TNBS-induced induced colitis more closely resembles Crohn’s disease with

exaggerated Th1-like responses, whereas DSS-induced colitis more closely resembles with

exaggerated Th2-like responses [36–38]. The susceptibility of animals to inflammatory

responses differs due to genetic background. Balb/c mice are susceptible to Leishmania

major infection than C57BL/6 mice [39]. C57BL/6 mice are used before for acute colonic

inflammation although they are less susceptible for TNBS-induce colitis than DSS-induced

colitis [33].

Previous studies in animal models have shown that increase in Th1 and Th2 immune

response is associated with hypocontractility and hypercontractility of smooth muscle,

respectively (25–27). The changes in smooth muscle contraction was attributed to changes

in the expression of receptors, Ca2+ channels and signaling molecules that regulate MLC20

phosphorylation [18, 40–49]. In the present study we used both TNBS- and DSS-induced

colitis models in C57BL/c mice to test the hypothesis that expression of contractile proteins

in colonic smooth muscle are altered during inflammation. Our results demonstrate that the

expression of h2-calponin, h-caldesmon, smoothelin and α-tropomyosin is upregulated in

colonic circular smooth muscle from TNBS- or DSS-treated mice.

MATERIALS AND METHODS

Induction of Colitis and Preparation of Tissue

The technique for induction of colitis with 2,4,6 trinitrobenzene sulphonic acid (TNBS)

(Sigma, St. Louis, MO) was as described previously [21]. Briefly, 6- to 8-weeks old male

adult C57BL/6J (Charles River, Wilmington, MA) mice were fasted for 24 h, lightly

anesthesized with isoflurane, and 100 μl of TNBS solution (2.5% in 50% ethanol (v/v)) was

injected via a catheter advanced to 3 cm proximal to the anus via 1 ml syringe fitted with a

catheter. In order to distribute the TNBS within the colon, the mouse was kept in a vertical

position with the head downwards for 1 min after the injection. Age-matched control mice

were treated with vehicle. Mice were euthanized 3 days after the induction of inflammation.

For dextran sulphate sodium salt (DSS) induced colitis, 6- to 8-weeks old male adults were

administered 5% w/v DSS (MW = 36 000–50 000 Da, MP Biomedicals LLC, Solon, OH,)

ad libitum in the drinking water for 5 days [19], and control mice received regular tap water.

All mice were checked daily for loss of body weight, stool consistency and the presence of

gross bleeding. Colonic tissue from mice treated with TNBS or DSS exhibited typical

histological characteristics of colitis [19,21,44]. Macroscopic examination of the distal colon
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and rectum 3 days after TNBS administration or 5-days after DSS treatment revealed

multiple mucosal erosions and ulcerations which were in sharp contrast with the appearance

of the normal colon excised from control animals with intact smooth mucosa. Parameters

such as weight loss (0 points = no weight loss to 5 points =more than 15% weight loss),

stool consistency (0=normal to 5=watery diarrhoea) and bleeding (0=no bleeding, 2 points

slight bleeding, 5 points gross bleeding) were assessed to calculate disease activity index as

total of all three scores. DAI for TNBS was 6±2 for DSS was 8±3.

Two to three centimetre-long segments of the distal colon (starting from ~0.5 cm oral to the

pelvic flexure) were obtained, opened along the mesenteric border, immediately examined

for macroscopic lesions with the naked eye, and pinned flat in a petri dish with Sylgard base.

The mucosal/submucosal layers were removed by microdissection and the muscularis

propria was quick frozen in liquid nitrogen and homogenized with a chilled pestle for

protein and RNA extractions.

Preparation of Dispersed Smooth Muscle Cells

Colonic circular muscle dissected free of mucosa as described above was incubated for 20

min in a smooth muscle buffer [NaCl 120 mM, KCl 4 mM, KH2PO4 2.6 mM, CaCl2 2.0

mM, MgCl2 0.6 mM, HEPES 25 mM, glucose 14 mM, and essential amino mixture 2.1%

(pH 7.4)] at 31 °C containing 0.1% collagenase (300 U/ml) and 0.01% soybean trypsin

inhibitor (w/v) (Worthington, Freehold, NJ) [18,50]. The partly digested tissues were

washed twice with 50-ml of collagenase-free smooth muscle buffer and the muscle cells

were allowed to disperse spontaneously for 30 min in collagenase-free medium. Cells were

harvested by filtration through 500 μm Nitex and centrifuged twice at 350 g for 10 min to

eliminate broken cells and organelles. The cells were counted in a hemocytometer and it is

estimated that 95% of the cells excluded trypan blue. The experiments were done within 2–3

h of cell dispersion.

Quantitative Real-Time RT-PCR Analysis (qRT-PCR)

Total RNA was isolated from mucosa-free colonic muscle strips with TRIzol® reagent

(Invitrogen, Grand Island, NY) and then treated with TURBO DNase (Ambion, Austin, TX).

RNA from each preparation was reversely transcribed using the SuperScript™ II

systemcontaining 50 mM Tris–HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM

dithiothreitol (DTT), 0.5 mM deoxynucleoside triphosphates (dNTP), 2.5 μM random

hexamers and 200 units of reverse transcriptase in a 20 μl reaction volume. Quantitative RT-

PCR was performed on cDNA samples using specific primers designed from known

sequences in mouse and TaqMan gene expression master mix (Applied Biosystem, Grand

Island, NY) or Quantitect™ SYBRgreen PCR Mastermix (Qiagen, Mississauga, ON). The

target gene copy number is quantified by measuring threshold cycle parameter (Ct), defined

as fractional cycle at which the fluorescence generated by cleavage of probe passes a fixed

threshold above the base line, and by using a standard curve to determine the starting copy

number. The primers are designed to satisfy the requirements for use of the

2−ΔΔCtquantification method and normalize to GAPDH expression [51]. Final results are

expressed as fold difference in expression in TNBS- or DSS-treated samples relative to

control samples. All PCR reactions were performed in an ABI StepOne Plus PCR (Applied

Biosystems, Foster City, CA). The sequences of specific primers are listed in the results

section. The ABI sequence-detection software and Microsoft Excel were used to calculate

the quantities of the mRNAs [18,51].

Western Blot Analysis

Frozen mucosa-free colonic tissues (100 mg) were pulverized while immersed in liquid

nitrogen using a mortar. The muscle powder was collected into a glass tube and
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homogenized in buffer containing 20% glycerol, 50 mM tris-HCl (pH 6.8), 0.5% (volume

per volume) Tween-20 (BioRad, Hercules, CA) and protease inhibitors (0.5 mM

phenylmethanesulfonyl fluoride, 2 μM pepstatin, 2 μM antipain and 0.1 mg/ml trypsin

inhibitor). The homogenate was centrifuged and the supernatant was collected. Equal

amounts (40 μg) of total protein from control, TNBS and DSS treated mice colonic muscle

strips were loaded on 10% SDS-PAGE gels and transferred to nitrocellulose membranes

(BioRad, Hercules, CA). Membranes were subsequently blocked in blocking buffer for 90

min at room temperature followed by incubation overnight at 4°C with primary antibodies

[h-caldesmon (1:1000), h1-calponin (1:1000), α-tropomyosin (1:1000), and smoothelin

(1:1000);] (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). After three 10-min washes

with TBS-Tween 20, membranes were incubated with horseradish peroxidase-labelled

secondary antibodies (1:5000) at room temperature for 90 min, followed by an additional

three washes with 0.1% TBST. Bands were subsequently visualized on film using

SuperSignal Femto maximum sensitivity substrate kit (Pierce, USA) and analysed by

densitometry [18,50]. Densitometric values for protein expression are expressed in arbitrary

units after normalization to β-actin.

Measurement of Contraction in Dispersed Smooth Muscle Cells

Contraction in freshly dispersed colonic circular smooth muscle cells was determined by

scanning micrometry as previously described [18, 50]. An aliquots (0.4 ml) of cells

containing approximately 104 cells/ml was treated with 100 μl of HEPES buffer containing

different concentrations of acetylcholine (ACh; 10 pm to 1 μM) for 30 s and the reaction

was terminated with 1% acrolein at a final concentration of 0.1%. The resting cell length

was determined in control experiments in which muscle cells were incubated with 100 μl of

buffer without the ACh. The mean lengths of 50 muscle cells treated with various agonists

was measured by scanning micrometry and compared with the mean lengths of untreated

cells. The contractile response was expressed as the percent decrease in mean cell length

from control cell length.

Statistical Analysis

The results were expressed as means ± SE of n experiments and analyzed for statistical

significance using Student’s t-test for paired and unpaired values. Each experiment was done

on cells obtained from different animals. Five mice of each group were studied; qRT-PCR

and western blot were performed in duplicate. A probability of p < 0.05 was considered

significant.

RESULTS

In the present study, we analyzed the changes in the expression of caldesmon, calponin,

tropomyosin and smoothelin-A by qRT-PCR and western blot in smooth muscle of colon

isolated from control mice and mice in which colitis was induced with TNBS- and DSS.

IL-1β or TNF-α expression was measured by qRT-PCR using specific primers. Expression

of IL-1β was significantly increased (IL1B:10-fold and 75-fold with TNBS and DSS,

respectively, p<0.001, n=5; TNF-α: 3-fold and 4-fold with TNBS and DSS, respectively,

p<0.01, n=5) in inflamed colonic tissue compared to control tissue (Fig. 1). These results

strongly suggested that TNBS- or DSS-treatment results in the generation of

proinflammatory cytokines.

Changes in the Expression of Thin-Filament Associated Proteins in TNBS-Colitis Mice

Caldesmon—Two caldesmon isoforms (h-caldesmon and l-caldesmon) have been

described. The h-caldesmon isoform is smooth muscle specific, whereas l-caldesmon is a

non-muscle isoform [1, 4]. Expression of h-caldesmon mRNA was 7-fold higher (p<0.001)

Alkahtani et al. Page 4

Inflammation. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



in colonic muscle cells from TNBS mice compared to control mice (Fig. 2A), whereas

expression of h-caldesmon protein was 2.5-fold higher (p<0.05) in muscle from TNBS mice

compared to control mice (Fig. 2B).

Calponin—Three calponin isoforms (h1-acidic, h2-neutral and basic calponin) have been

described. The h2-acidic is smooth muscle specific, whereas h2-neutral and basic calponin

are non-muscle isoforms [52]. Expression of h2-calponin was measured in colonic muscle of

control and TNBS-treated mice. Expression of h2-calponin mRNA was ~4-fold higher

(p<0.001) in colonic muscle cells from TNBS mice compared to control mice (Fig. 2A),

whereas expression of h2-calponin protein was 3-fold higher (p<0.05) in muscle from TNBS

mice compared to control mice (Fig. 2B).

Tropomyosin—Two tropomyosin isoforms (α- and β-tropomyosin) have been described

[1, 4]. Expression of α-tropomyosin was measured in colonic muscle of control and TNBS-

colitis mice. Expression of α-tropomyosin mRNA was ~2-fold higher in colonic muscle

cells from TNBS mice compared to control mice (Fig. 2A), whereas expression of α-

tropomyosin protein was 2.5-fold higher (p<0.05) in muscle from TNBS mice compared to

control mice (Fig. 2B).

Smoothelin—Two smoothelin isoforms (Smoothelin-A and -B) have been described.

Expression of smoothelin is specific to visceral smooth muscle, whereas smoothelin-B is

specific to vascular smooth muscle [53]. Smoothelin was measured in colonic muscle of

control and TNBS-treated mice using PCR primers and antibody that does not distinguish

the isoforms. Expression of long isoform was not detected in colonic smooth muscle.

Expression of smoothelin mRNA was ~2-fold higher in colonic muscle cells from TNBS

mice compared to control mice (Fig. 2A), whereas expression of smoothelin protein was 2-

fold higher (p<0.05) in muscle from TNBS mice compared to control mice (Fig. 2B).

Changes in the Expression of Thin-Filament Associated Proteins in DSS-Colitis Mice

Analysis of mRNA expression in another model of colitis also revealed higher expression of

h-caldesmon (~4-fold; p<0.001), h2-calponin (~2-fold; p<0.05), α-tropomyosin (2-fold;

p<0.05), and smoothelin (~2-fold; p<0.05) in colonic muscle from inflamed regions of DSS

treated mice compared to control mice (Fig. 3A). Similar increase in proteins expression was

observed with h-caldesmon (4-fold; p<0.001), h2calponin (~2-fold; p<0.05), α-tropomyosin

(~3-fold; p<0.05), and smoothelin (~2-fold; p<0.05) in colonic muscle from inflamed

regions of DSS treated mice compared to control mice (Fig. 3B). These results suggest that

inflammation induced by either TNBS or DSS treatment had similar effect on the expression

of thin-filament associated proteins.

Effect of Inflammation on Isolated Smooth Muscle Cell Contraction

Previous studies have shown that acetylcholine-induced contraction of smooth muscle from

rabbit rectosigmoid colon was associated with an increase in the phosphorylation of

caldesmon at Ser789 [54]. Treatment of colonic muscle cells from mouse colon caused an

increase in phosphorylation of caldesmon as determined by immunoblot using phosphor-

specific antibody (abcam- ab58498) (Fig. 4). However, the contribution of caldesmon

phosphorylation to acetylcholine-induced muscle contraction was not examined in this

study.

To determine whether changes in the expression of thin-filament proteins was associated

with changes in agonist-induced contraction, freshly dispersed colonic muscle cells from

control mice and inflamed regions of TNBS- or DSS-treated mice were treated with

different concentrations of acetylcholine and decrease in muscle cell length was measured
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by scanning micrometry. Basal colonic muscle cell lengths were similar in control (95±4

μm), TNBS-treated (91±5 μm) or DSS-treated (89±4 μm) mice. ACh caused contraction that

was concentration-dependent in colonic muscle cells from control, TNBS- and DSS-treated

mice (Fig. 4). However contraction in response to ACh was significantly lower in TNBS- or

DSS-treated mice compared to control mice. The maximal response to 0.1 μM ACh was also

significantly lower in TNBS-treated (20±32% decrease in cell length) or DSS-treated

(21±3% decrease in cell length) compared to control mice (32±3% decrease in cell length).

DISCUSSION

Altered motility induced by colonic inflammation is associated with changes in the function

of enteric nervous system (ENS), interstitial cells of Cajal (ICC) and smooth muscle cells

[10–14, 17, 19, 20, 22–24]. The smooth muscle cells of the gastrointestinal tract are the final

effectors of force development, and thus, it is important to understand the changes in

expression of contractile proteins, which constitute the main contractile apparatus of smooth

muscle. In the present study, we examined the effects of colonic inflammation induced by

two well-characterized animal models of colitis, TNBS and DSS, on the expression of

contractile proteins in colonic smooth muscle by two different approaches to measure the

changes in the expression, such as qRT-PCR, and western blot. Biochemically, the colonic

inflammation induced by TNBS or DSS was characterized by complex patterns of cytokine

expression [29]. Acute DSS colitis is characterized by monokine (IL-6, TNF-α) and Th17

(IL-17) profile and by Th2 (IL-4 and IL-10) profile as the disease becomes chronic. Acute

TNBS colitis was characterized by Th1 (IL-12, INF-γ) profile and with enhanced Th1/Th17

profile as the disease becomes chronic.

Our main findings are: 1) expression of thin-filament associated proteins such as α-

tropomyosin, smoothelin, h2-calponin and h-caldesmon are increased, 2) contraction

induced by acetylcholine in isolated smooth muscle cells is decreased by colitis, and 3) the

changes in the expression of contractile proteins is observed at both protein and mRNA

levels and the extent of changes in the expression of contractile proteins is similar in both

TNBS- and DSS-induced colitic models. The present investigation of the response of the

contractile proteins to inflammation may provide further insights into the mechanism by

which inflammation modifies contractile proteins and suggests that inflammation may

contribute to the regulation of the expression of genes responsible for synthesis of smooth

muscle contraction proteins. Chronic inflammation of the colon also induces both

hyperplasia and hypertrophy of the muscle leading to alterations in the cellular architecture.

Increase in insulin-like growth factor 1 (IGF-1) and cell proliferation, decrease in apoptosis

resulting in hyperplasia, hypertrophy and fibrosis was reported in Th1/Th17-dominated

inflammation [21, 51].

Although TNBS and DSS are shown to induce inflammation via distinct inflammatory

mediators, our studies demonstrated that in both models the changes in contractile protein

expression and agonist-mediated colonic muscle contraction are similar. Previous studies

have shown that Th1 and Th2 immune response elicit opposing effects on muscle

contraction. Treatment of muscle trips or cells with TNF-α/IL-1β in vitro or increase in Th1-

like cytokine in vivo cause decrease in muscle contraction, whereas treatment with IL-4/

IL-13 or increase in Th2-cytokines in vivo cause increase in contraction. IL-13 increased

muscarinic receptor affinity, whereas IFN-γ (Th1 cytokine) decreased the muscarinic

affinity [40]. Decrease in contraction was attributed to down-regulation of L-type Ca2+

channels [19, 20, 23,24], CPI-17 [45], or regulator of G protein signaling 4 (RGS4) [18].

Increase in contraction was attributed to: 1) increase in the expression receptors such as

muscarinic m3 receptors [40], protease-activated receptors 1 (PAR1) [41] and 5-HT2a [42]

receptors via activation of signal transduces and activator of transcription 6 (STAT), and 2)
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increase in MAP kinase pathways [46]. Increase in IL-33, which increase Th2 immune

responses and decrease Th1 immune responses, also causes increase in contraction in

response to acetylcholine probably via STAT6 pathway [55]. The effect of inflammation on

muscle contraction also appears to be tissue- and species-specific dependent. TNBS-induced

inflammation in guinea pig caused hypercontraction in response to carbachol and histamine

in longitudinal smooth muscle, whereas it caused hypocontraction in circular muscle [56].

Contraction of smooth muscle is determined by mechanisms that regulate the availability of

actin to interact with myosin via the action of inhibitory actin binding proteins such as

caldesmon and calponin [1, 4, 52]. These thin-filament associated proteins are capable of

stabilizing actin filaments. Caldesmon is a highly conserved, actin and myosin binding

protein which inhibits acto-myosin interaction; the inhibitory effect is reversed by binding of

Ca2+/CaM or by phosphorylation via extracellular signal-regulated kinase1/2 (ERK1/2) [1,

4]. Calponin, an actin binding protein also inhibits acto-myosin ATPase activity and the

inhibitory effect is reversed by phosphorylation via ERK1/2 or protein kinase C (PKC).

Thus caldesmon and calponin are important regulators of smooth muscle contraction [1, 4,

52, 54]. Although studies suggest that tropomyosin is necessary for full inhibition of acto-

myosin activity by caldesmon, the exact mechanism of action is unclear [1, 4]. The data

presented in the current study reveal an association between increases in the expression of

thin-filament associated proteins, especially, caldesmon, calponin and tropomyosin in

response to inflammation and decreased muscle contraction. The cytoskeleton modifications

due to increased expression of thin-filament associated proteins may also have an effect on

smooth muscle contraction. Thus, our study in combination with previous studies proposes

that in colitis, several mechanisms result in attenuated muscle contraction. Firstly, a lower

expression and/or activity of L-type Ca2+ channels result in decrease in intracellular Ca2+

and inhibition of Ca2+/CaM-dependent MLCK activity [17, 19, 20, 24]. Secondly, a lower

expression of CPI-17, an endogenous inhibitor of MLCP, results in stimulation of MLCP

activity [18, 45, 57]. Thirdly, an increase in the expression of caldesmon and calponin

results in attenuation of acto-myosin interaction. Further investigations might reveal whether

the proposed mechanisms are dependent on each other or occur independently, and whether

a singular mechanism is sufficient to produce altered muscle contraction.

Smoothelin is an actin binding protein and its expression is abundant in contractile smooth

muscle cells and limited in non-contractile proliferative smooth muscle cells. Recent studies

using transgenic mice suggest expression of smoothelin-A is important for slow wave

activity and agonist-mediated contraction of gastrointestinal smooth muscle [53]. The

increase in the expression of smoothelin in colitis suggests that it may be a compensatory

mechanism to offset the inhibitory effects exerted by increased expression of caldesmon and

calponin on smooth muscle contraction.

The results also suggest that up-regulation of thin-filament associated proteins is due to

changes in the transcriptional regulation of these proteins, probably via the direct effect of

proinflammatory cytokines on the transcription factors. Previous studies demonstrated that

exposure of cultured muscle cells to IL-1β or TNF-α caused change in the transcriptional

regulation of several proteins involved in smooth muscle contraction [18, 22, 23, 24]. The

decrease in contraction on exposure of smooth muscle to IL-1β or TNF-α was reversed by

an inhibitor of nuclear factor-kappa B (NF-κB), suggesting that the cytokine effects are

mediated mainly by NF-κB. Future studies on the animal models combined with studies on

the smooth muscle cultures exposed to proinflammatory cytokines should provide valuable

information on the direct effects of cytokines on the smooth muscle contractile proteins. Our

studies in isolated muscle cells also demonstrate that contraction induced by acetylcholine is

decreased in both model of colitis. Clearly, changes in muscle contraction observed in vitro

should be extrapolated into the in vivo situation with caution. Consideration must be given
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to the important roles mediated by enteric nerves, the ICC, and other endocrine, paracrine

and autocrine factors.

CONCLUSION

The results of the present study demonstrated that colitis augmented the expression of h-

caldesmon, h2-calponin, α-tropomyosin and smoothelin and that the decrease in the

contraction of smooth muscle isolated from the colitic mouse colon is attributable to the

increase in thin-filament associated proteins. Whether the changes in the expression of

smooth muscle markers and the decrease of contraction are the cause or the consequence of

disturbed GI tract motility remains to be determined. The changes in smooth muscle

contractile proteins, assessed here in inflammation, associate to the functional alterations of

the smooth muscle cell, and this was not studied before. Clearly, a comprehensive appraisal

of the enteric muscle contractile proteins and signal transduction pathways, in addition to the

evaluation of enteric neurons and ICC, may contribute to further characterization of

mechanisms underlying gastrointestinal motility disorders.
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Fig. 1. Expression of IL-1β and TNF-α in the colonic muscle after TNBS or DSS treatment
Total RNA was isolated from smooth muscle strips of control and TNBS or DSS treated

mice using RNAqueous prep kits (Ambion, Austin, TX) and was reverse transcribed using 2

μg of total RNA using qScript cDNA prep kits (Quanta, Gaithersburg, MD). The cDNA was

amplified with specific primers for IL-1β or TNF α. The sequences of specific primers are

listed in Table 1 and 2. Quantitative real-time polymerase chain reaction (qRT-PCR) was

used to measure RNA levels of IL-1β or TNF α. For each cDNA sample, real-time PCR was

conducted in a 20-μl reaction volume containing Quantitect™ SYBRgreen PCR Mastermix

(Qiagen, Mississauga, ON). Real-time PCR reactions were performed in triplicate. Results

are expressed as fold differences in IL-1β or TNF α gene expression in TNBS- or DSS-

treated colon relative to that in vehicle-treated colon. Values represent the means ±SEM of 5

separate experiments. **p<0.001 versus control.
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Fig. 2. Expression of h-caldesmon, h2-calponin α-tropomyosin and smoothelin in the colon of
control and TNBS-treated mice
(A) mRNA expression. Total RNA isolated from smooth muscle strips of control and

inflamed colonic regions of TNBS-treated mice using RNAqueous prep kit and was reverse

transcribed using 2 μg of total RNA using qScript cDNA prep kits. The cDNA was

amplified with specific primers for h-caldesmon, h2-calponin, α-tropomyosin and

smoothelin. The sequences of specific primers are listed in Table 1. For each cDNA sample,

real-time PCR was conducted in a 20 μl reaction volume containing Taqman Gene

expression PCR Mastermix. Real-time PCR reactions were performed in triplicate. Results

are expressed as fold differences in h-caldesmon, h2-calponin, α-tropomyosin and

smoothelin gene expression in TNBS-treated colon relative to that in control colon. Values

represent the means ±SEM of 5 separate experiments. **p<0.001 versus control. (B) Protein
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expression. Colonic muscle tissue lysates containing equal amounts of total proteins were

separated with SDS-PAGE and expression of h-caldesmon, h2-calponin, α-tropomyosin and

smoothelin was analyzed using selective antibody. Densitometric values for protein

expression are expressed in arbitrary units after normalization to β-actin. Results are

expressed as fold differences in h-caldesmon, h2-calponin, α-tropomyosin and smoothelin

protein expression in TNBS-treated colon relative to that in control colon. Values represent

the means ±SEM of 5 separate experiments. *p<0.05 versus control.
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Fig. 3. Expression of h-caldesmon, h2-calponin α-tropomyosin and smoothelin in the colon of
control and DSS-treated mice
(A) mRNA expression. Total RNA isolated from smooth muscle strips of control and

inflamed colonic regions of DSS-treated mice using RNAqueous prep kit and was reverse

transcribed using 2 μg of total RNA using qScript cDNA prep kits. The cDNA was

amplified with specific primers for h-caldesmon, h2-calponin, α-tropomyosin and

smoothelin. The sequences of specific primers are listed in Table 1. For each cDNA sample,

real-time PCR was conducted in a 20 μl reaction volume containing Taqman Gene

expression PCR Mastermix. Real-time PCR reactions were performed in triplicate. Results

are expressed as fold differences in h-caldesmon, h2-calponin, α-tropomyosin and

smoothelin gene expression in DSS-treated colon relative to that in control colon. Values

represent the means ±SEM of 5 separate experiments. **p<0.001 versus control. (B) Protein

Alkahtani et al. Page 15

Inflammation. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



expression. Colonic muscle tissue lysates containing equal amounts of total proteins were

separated with SDS-PAGE and expression of h-caldesmon, h2-calponin, α-tropomyosin and

smoothelin was analyzed using selective antibody. Densitometric values for protein

expression are expressed in arbitrary units after normalization to β-actin. Results are

expressed as fold differences in h-caldesmon, h2-calponin, α-tropomyosin and smoothelin

protein expression in DSS-treated colon relative to that in control colon. Values represent

the means ±SEM of 5 separate experiments. *p<0.05 versus control.
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Fig. 4. Effect of TNBS and DSS treatment on ACh-induced smooth muscle cell contraction
Contraction of dispersed muscle cells from colon was measured by scanning micrometry in

response to different concentrations of ACh. Cells were treated with ACh for 30s and

contraction was expressed as percent decrease in cell length from basal cell length: basal

length of muscle cells from control mice 95±4 μm; basal control length of muscle cells from

TNBS-colitis mice 91±5 μm and from DSS-treated mice 89±6 μm. ACh caused contraction

that was concentration-dependent in control mice that was significantly attenuated in cells

from TNBS-or DSS-treated mice. The maximal response to 0.1 μM of ACh was 32±2%

decrease in cell length in control mice, 20±3% decrease in cell length in TNBS-treated mice

and 21±4% decrease in DSS-treated mice. Values represent the means ±SEM of 5 separate

experiments. Inset: Phosphorylation of caldesmon. Cells were treated with Ach ((1 μM) for

30 s and phosphorylation of caldesmon was examined by immunoblot using phosphor-

specific (Ser789) antibody.
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Table 1

RT-PCR TaqMan primers for the amplification of thin-filaments associated proteins

Primer set Assay ID Company name Product size

Cnn1 Mm00487032- m1 Applied Biosystems 59 bp

Cald1 Mm00513995- m1 Applied Biosystems 102 bp

Tpm2 Mm00437172- g1 Applied Biosystems 97 bp

Smtn Mm00449973- m1 Applied Biosystems 66 bp

GAPDH NM-008084.2 Applied Biosystems 107 bp
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Table 2

RT-PCR SYBRgreen primers for the amplification of thin-filaments associated proteins

Primer set Forward 5′→3′ Reverse 3′→5′ Product size

IL-1β TACCTGTGGCCTTGGGCCTCAA GCTTGGGATCCACACTCTCCAGCT 99 bp

TNF-α ATGGCCCAGACCCTCACACTCAG TTGGTGGTTTGCTACGACGTGGG 81 bp

GAPDH AGAAACCTGCCAAGTATGATG GGAGTTGCTGTTGAAGTCG 122 bp
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