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Mechanisms linked to actin filaments have long been thought to cooperate in smooth muscle contraction,
although key molecules were unclear. We show evidence that cardiac troponin T (cTnT) substantially
contributes to Ca21-mediated contraction in a physiological range of cytosolic Ca21 concentration ([Ca21]i).
cTnT was detected in various smooth muscles of the aorta, trachea, gut and urinary bladder, including in
humans. Also, cTnT was distributed along with tropomyosin in smooth muscle cells, suggesting that these
proteins are ready to cause smooth muscle contraction. In chemically permeabilised smooth muscle of
cTnT1/2 mice in which cTnT reduced to ,50%, the Ca21-force relationship was shifted toward greater [Ca21]i,
indicating a sizeable contribution of cTnT to smooth muscle contraction at [Ca21]i , 1 mM. Furthermore,
addition of supplemental TnI and TnC reconstructed a troponin system to enhance contraction. The results
indicated that a Tn/Tn-like system on actin-filaments cooperates together with the thick-filament pathway.

I
ncreases in cytosolic Ca21 concentration ([Ca21]i) cause contraction in any muscle. It is, however, believed that
regulatory mechanisms underlying the Ca21-mediated actin-myosin interaction differ fundamentally between
muscle types. Namely, in striated skeletal and cardiac muscles, Ca21 bound to troponin (Tn) on actin filaments

removes the inhibitory effect of Tn on the actin-myosin interaction1,2. In contrast, smooth muscles employ the
Ca21/calmodulin complex to activate myosin light chain kinase (MLCK), in turn resulting in an actin-myosin
interaction through phosphorylation of the myosin light chain (MLC)3–5.

Although a major contribution of myosin thick-filaments to smooth muscle contraction is widely accepted,
there is considerable evidence that thin filament-linked mechanisms are operating in parallel (e.g. contribution of
caldesmon and calponin)6–10. In addition, a number of chemicals, e.g. activators for protein-kinase C and PI3-
kinase11–14, are known to cause contraction independent of MLC phosphorylation. Despite this, to date, the
functional contribution of a troponin-regulatory system is ambiguous.

In the present study, we show evidence that cardiac troponin T (cTnT) exists in smooth muscle, including
humans, and substantially contributes to Ca21-mediated contraction in a physiological range of [Ca21]i especially
below 1 mM. The results indicate that a Tn-like system on actin-filaments cooperates together with the myosin
regulatory pathway in smooth muscle, as the phosphorylation of myosin light chain modulates contractions in
striated muscles15. The present findings on TnT suggest new insight into medical treatments to overcome
numerous diseases related to the malfunction of smooth muscle distributed over the body: The Tn-like system
in smooth muscle is a possible target in pharmacological and genetic therapies. In addition, mutations on TnT
and associated proteins are likely to also alter smooth muscle contractility through the Tn-like system, as observed
in familial myopathies of cardiac and skeletal muscles2,16.

Results
Expression of troponins in smooth muscle. In striated muscle, a complex of three troponins, namely TnT/TnC/
TnI, acts as a molecular switch of the actin-myosin interaction2. Thus, we first explored the expression of cardiac
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troponins (cTn) in detrusor smooth muscle isolated from the urinary
bladder of humans. RT-PCR detected all three components of cTn
(Fig. 1a). Although amplicons were faint in some of cTnI and cTnT
examinations, the sequences of the amplicons were exactly the same
as known sequences of cDNAs of cTnT, cTnI and cTnC in human
detrusor, respectively (Fig. S1). Whilst immunoblotting clearly
detected only cTnT (Fig. 1b). Positive controls were obtained from
mouse heart (MH).

To examine the tissue-dependent expression of cTn among
smooth muscles, real-time PCR was carried out using commercial
standard mRNA samples obtained from the human trachea, stom-
ach, small intestine, colon, aorta and urinary bladder. The amount of
cTnT varied among smooth muscles. Urinary bladder (detrusor)
contained 9.5 times more than trachea, while gastrointestinal
smooth muscles contained only 35–77% (Fig. 1c). The amounts of
cTnC and cTnI also varied among tissues (Fig. S2). These results
imply that a part of contraction is mediated via the Tn complex
and/or a Tn-like complex, including replaceable proteins on actin
filaments along with a major control of myosin filament activation
(Fig. 1d), and that detrusor smooth muscle is a suitable tissue to
demonstrate cTnT-related contraction (Fig. 1c).

Colocalisation of TnT with tropomyosin. The Tn complex pro-
motes an actin-myosin interaction by shifting tropomyosin, which
covers myosin-binding sites on actin filaments in striated muscle. On
the other hand, smooth muscle is known to contain tropomyosin in
the cytosplasm, although its physiological function is not well
understood so far17,18. Thus, we assessed if TnT and tropomyosin
colocalize in the cytoplasm of smooth muscle cells. In a pair of
thin sections prepared from human detrusor, cTnT fluorescence
was observed in smooth muscle bundles, but not in the connective
tissue region except for the wall of veins (Fig. 2a, 2b).

To rule out background fluorescence from cells other than smooth
muscle, cultured detrusor smooth muscle cells were next used. These
cells were clearly stained with anti-cTnT (Fig. 2c, 2e) or anti-tropo-
myosin antibodies (Fig. 2f, 2h): double staining with cellular nuclei
(Fig. 2d, 2e and Fig. 2g, 2h). Also, the overlap of cTnT and tropo-
myosin fluorescence is shown expanded: triple staining (Fig. 2i–2l).
Furthermore, RT-PCR detected both cTnT and MYL6 (smooth mus-
cle indicator) in the same cultured cells prepared from the human
detrusor (Fig. 2m). These results suggest that cTnT and tropomyosin
are fixed together and are ready to cause smooth muscle contraction
if any signal targets thin filaments to be activated.

Figure 1 | Expression of cardiac troponins in smooth muscle. (a) RT-PCR detection of cardiac troponins (cTnT/cTnI/cTnC) in detrusor smooth

muscle. Specimens used were from human urinary bladder (HUB) detrusor smooth muscle (cystectomy patients: P-1 and P-2), commercial tRNA of

human urinary bladder smooth muscle (C), and mouse cardiac ventricular muscle (MH). (b) Western blot examination of cardiac troponins in human

detrusor smooth muscle and mouse heart (MH). Red arrow indicates the expected molecular weight (MW) of each cardiac troponin. (c) Real-time PCR

quantification of cTnT in commercial tRNA of various human smooth muscle tissues. cTnT expression is plotted relative to that in trachea. (d) Schematic

diagram. cTnT may contribute to smooth muscle contraction by modulating actin filaments.
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Ca21-mediated contraction. In order to assess whether [Ca21]i-
dependent force development employs endogenous TnT on tropo-
myosin to induce contraction, we permeabilized human detrusor
strips with b-escin to control [Ca21]i. After chemical permeabili-
zation at least three subsequent applications of 1 mM Ca21 caused
stable contractions of similar amplitude (i, ii and iii in Fig. 3a):
0.9760.04 and 0.9460.06 in the second and third contraction,
respectively relative to the first one (n55).

cTnT appears to be fixed on tropomyosin in the cytoplasm
(Fig. 2c–2f), while cTnI and cTnC are less than cTnT (Fig. 1c), and

the peameabilization procedure is likely to release these troponin
proteins along with replaceable proteins, if any, toward the extracel-
lular space. We thus examined the effects of exogenous cTnI and
cTnC. The application of cTnI after first contraction decreased the
amplitude of the third contraction to 0.5560.04 (n56; Fig. 3b),
whereas the application of cTnC restored it to 1.2360.03 (n56;
Fig. 3c). The amplitude of the third contraction is summarized in
Fig. 3d (see also Fig. S3 showing consistent effects of cTnI and cTnC
irrespective of exposure time). An immunoblot shows the existence
of cTnT after the permeabilization procedure (Fig. 3e: lane 1 in

Figure 2 | Histological analysis. (a and b) A pair of thin sections of human urinary bladder detrusor smooth muscle were used. Hematoxylin-eosin (HE)

staining in (a), and fluorescence of cTnT (red) and nuclear (blue) in (b). The scale bar indicates 150 mm (a), (c–l) Cultured smooth muscle cells of human

detrusor smooth muscle were used in fluorescence photomicrographs. (c–e) Double staining of cTnT (green, c) and nuclear (blue, d); merge (e). (f–h)

Double staining of tropomyosin (TM) (red, f) and nuclear (blue, g); merge (h). (i–l) Triple staining of cTnT (green, i), nuclear (blue, j) and tropomyosin

(TM) (red, k) are shown expanded; merge (l). (m) The expression of GAPDH, MYL6 (smooth muscle marker) and cTnT in the same cultured smooth

muscle cells was examined using RT-PCR.
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control; lane 2 after permeabilization). Also, after the application of
exogenous cTnI and cTnC, all three troponin proteins were detected
even after washout for 30 min (Fig. 3e lane 3), corresponding to the
force measurement shown in Fig. 3c. Taken together, these results
indicate that the potentiation of contraction (,23% increase), seen
after the application of exogenous cTnI and cTnC, is due to
construction of a Tn-complex-mediated contractile pathway, also
reinforcing the working hypothesis that thin and thick filament-
related pathways co-contribute to Ca21-mediated smooth muscle
contraction.

cTnT-deficient mice. To further confirm the role of cTnT in smooth
muscle contraction, we next used cTnT1/2 mice. The expression of
cTnT in mRNA and protein was significantly reduced in urinary
bladder detrusor smooth muscle of cTnT1/2 mice (cTnT mRNA:
100610.1% in WT mice, n55 vs 51.4610.1% in cTnT1/2 mice,
n55 in; cTnT protein: 13.561.46 3 106, n56 vs 7.060.24 3 106

n56) (Fig. 4a–4d). [Ca21]i-dependence of force development was
examined in chemically permeabilized detrusor strips. [Ca21] of
bathing solution increased cumulatively. The force development
caused by Ca21 , 1 mM was significantly smaller in cTnT1/2 mice
(at 0.3 mM [Ca21]i, 1.4160.16 mg vs 0.9160.13 mg, P 5 0.033; at
0.5 mM [Ca21]i, 2.8460.33 mg vs 1.9460.14 mg, P 5 0.0017,
respectively; n529 in WT vs 34 in cTnT1/2 mice), and it reached
nearly the same level in both muscle strips at [Ca21]i . 3 mM (Fig. 4e).

Muscarinic agonists such as acetylcholine (ACh) and carbachol
(CCh), activate non-selective cation channels (NSCC) permeable to
Ca21 in detrusor smooth muscle19. In intact detrusor strips (without
chemical permeabilization) from WT and cTnT1/2 mice, the extracel-
lular Ca21 concentration ([Ca21]o) cumulatively increased in the pres-
ence of 1 mM CCh in order to alter [Ca21]i via NSCC (Fig. 4f). The force
development was again significantly smaller in cTnT1/2 mice at lower
extracellular Ca21 concentrations (P 5 0.024 at 0.03 mM [Ca21]o and P
5 0.041 at 0.1 mM [Ca21]o; n525 in WT vs 30 in cTnT1/2 mice).
These results suggest that part of the contraction, especially medicated
by a small rise in [Ca21]i, utilizes the Tn complex and/or a Tn-like
complex which includes replaceable proteins of Tn subunits (Fig. 1g).

Discussion
It is widely accepted that myosin thick-filaments make a major con-
tribution to initiating smooth muscle contraction through phosphor-
ylation of its light chain3–5, on one hand, there is considerable
evidence that thin filament-linked mechanisms are operating in par-
allel5–7. The present study has elucidated that cTnT plays a crucial
role in the latter mechanism. Firstly, we have observed that cTnT is
expressed in various smooth muscles (Fig. 1a and also see Fig. S4),
and is the most abundant in the urinary bladder (Fig. 1c). A previous
paper reports the expression of fast-twitch skeletal-type TnT (fTnT)
in the murine aorta20. In contrast, our immunoblotting examina-
tions have detected only cTnT in human detrusor smooth muscle,

Figure 3 | Potentiation of Ca21-dependent force development by constituting Tn complex. Three contractions (i, ii and iii) were successively induced by

applying a bathing solution containing 1 mM [Ca21] in chemically permeabilised strips prepared from human detrusor smooth muscle. (a) Left panel, an

example trace showing a measurement of forcedevelopment; right panel, summary graph for the three successive contractions. cTnI was added to the

bathing solution before the second contraction in b, and cTnC was additionally applied before the third contraction in c. The amplitude of the third

contraction relative to the first one is plotted in d. The application of cTnI reduced, and the application of both cTnI and cTnC potentiated the third

contraction statistically significantly (* P,0.05 and ** P,0.01, respectively, unpaired t-test). (e) Western blot examinations of Tn proteins. Lane 1 and

lane 2 show before and after permeabilisation, respectively. Lane 3 and 4 correspond to the force measurement c before and after washout with relaxing

solution for 30 min, respectively.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 2 : 979 | DOI: 10.1038/srep00979 4



suggesting a wide variation of Tn expression among tissues and
species. Furthermore, we have observed cTnT is colocalized with
tropomyosin in the cytoplasm, implying that smooth muscle does
not contain these proteins coincidently, but utilizes them in contrac-
tion via a thin-filament-linked signalling pathway. This finding also
prompts us to consider possible detection of TnT-like proteins, for
example calponin, which is known to be colocalized with tropomyo-
sin in smooth muscle21,22. We have thus examined the sequences of
the RT-PCR products, and confirmed that they are identical to the
known cDNA sequences of Tns (Fig. S1).

Secondly, we have provided lines of functional evidence for the
involvement of cTnT in smooth muscle contraction. In chemically
permeabilized detrusor strips of humans, in which cTnT alone is
detected in immunoblotting, application of both cTnI and cTnC
causes significant potentiation of Ca21-mediated contraction. Also,
when cTnT content is genetically reduced (in cTnT1/2 mice), the
Ca21-force relationship is shifted toward greater [Ca21]i. In line with
this observation, i.e. attenuation of [Ca21]i sensitivity, muscarinic
agonists induced contractions of smaller amplitude in intact detrusor
strips of cTnT1/2 mice at low extracellular Ca21 concentrations
([Ca21]o). Together, these results indicate that the Tn complex
and/or a Tn complex-like system involving TnT make a substantial
contribution to smooth muscle contraction.

In smooth muscle, [Ca21]i is thought to be ,100 nM in basal con-
ditions, and rises to 300 nM-1.5 mM in response to physiological stim-
uli including neurotransmitters and membrane depolarizations23,24. In
this [Ca21]i range, the force development of chemically permeabilized
smooth muscle preparations in cTnT1/2 mice was ,17–43% smaller
than in WT mice (Fig. 4). cTnT is partially reduced (to ,50%) in
cTnT1/2 mice (Fig. 4B). Also, it is known that the TnT subtypes, i.e.
cTnT/sTnT/fTnT are replaceable to form a Tn complex in reconstitu-
tion studies25. Therefore, in smooth muscle preparations of cTnT1/2

mice, skeletal muscle subtypes of TnT, if any exists as for human
smooth muscle, are likely to play a role. The actual contribution of
thin-filament regulation via TnT to smooth muscle contraction is, thus,
expected to exceed twice the apparent difference of the [Ca21]i-tension
relationship between WT and cTnT1/2 mice.

Using permeabilized smooth muscle preparations, we have also
successfully constructed the Tn system itself. Namely, the addition of
exogenous cTnI followed by cTnC26 significantly potentiated the
Ca21-mediated force development (Fig. 3c). This implies that among
Tn subunits, cTnT is predominant compared to cTnI and cTnC in
smooth muscle, and that cTnT is already assembled with thin-fila-
ments ready to convert the tropomyosin conformation, i.e. to cause
thin-filament-linked contraction, when it receives the two other
components of Tn.

Figure 4 | Expression of cTnT and mechanical activity in WT (cTnT1/1) and cTnT1/2 mice. (a) Genotyping of WT (cTnT1/1) and cTnT1/2 mice.

Mutant bands at 0.76 kbp. (b) Real-time PCR quantification of cTnT. Expression of cTnT mRNA was normalized by the average value in cTnT1/1 mice.

(c and d) Western blot detection of cTnT is shown with b-tubulin in c. To quantify, cTnT content was normalized by b-tubulin in d. MH: Mouse heart.

(e) Force development measured in chemically permeabilised strips of detrusor smooth muscle (,0.3 3 0.3 3 2 mm) isolated from WT (cTnT1/1) and

cTnT1/2 mice (n 5 28 versus 34, * P,0.05: left panel). Force development (F) is plotted against [Ca21] (right panel). The curves were drawn by fitting all

data to the following equation: F([Ca21]) 5 Fmax/{11(KM/[Ca21])H}, where KM, and H are [Ca21] for the half-maximal force development and Hill

coefficient, respectively. The estimated KM was 0.76 mM in WT mice and 1.11 mM in cTnT1/2 mice. (f) Force development measured in intact detrusor

strips in the presence of CCh (right panel), and the Ca21-force relationship (left panel) in WT and cTnT1/2 mice (n525 vs 30, unpaired t-test).
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In striated muscles, the composition of Tn subunits and subtypes
is known to alter during development and aging, and under patho-
logical conditions27. Also, it is known that impaired RNA splicing
and mutations of genes coding for Tns and related proteins such as
tropomyosin, cause myopathies2,16. Such changes are likely to occur
in numerous smooth muscles thereby altering contractility due to the
Tn/Tn-like system. In addition, unidentified mutations of Tns,
which mainly modulate smooth muscle contractility, may exist.
Conversely, pharmacological and/or genetic treatments targeting
the Tn/Tn-like system could be developed to overcome numerous
diseases related to smooth muscle dysfunction, such as intractable
hypertension, bronchial asthma, overactive bladder, intestinal hypo-
motility and so on. Furthermore, in the heart, some specific changes
in the composition of Tn subtypes (expression of sTnI), affect the
energetic cost of contraction and promote glycolysis28. Similar
mechanisms might underlie characteristic features of smooth muscle
contraction, such as the low energy cost, and the high rate of aerobic
glycolysis29,30.

In conclusion, this study has elucidated the expression of Tns in
smooth muscle and modulation of contractility via a Tn/Tn-like
system, indicating that both thin and thick-filament-linked mechan-
isms are co-operating in Ca21-mediated smooth muscle contraction
(Fig. 1g). We assume that increases of [Ca21]i in the physiological
range (i.e. 300 nM,1.5 mM) preferably utilize the thin-filament-
linked mechanism including cTnT. On the other hand, the thick-
filament-linked mechanism appears to make a major contribution to
pharmacomechanical coupling, such as contractions induced by
neurotransmitters and hormones which activate MLCK at low
[Ca21]i, and pathological contractions which increase [Ca21]i to
extremely high concentrations. In order to develop new therapies,
it merits exploring modulators of smooth muscle contractility via
Tn/Tn-like systems.

Methods
Smooth muscle specimens. Detrusor smooth muscle specimens were obtained from
humans and mice. Human detrusor was obtained from 7 males and 5 females with a
mean age of 68.966.9 years undergoing cystectomy due to bladder cancer. Voiding
functions were almost normal. All patients provided informed written consent
approved by the Kyushu University Hospital Ethical Committee.

Mice were treated ethically. All procedures were approved by the Institutional
Animal Care and Use Committee. Wild-type (WT 5 cTnT1/1) and cTnT1/2 mice
(,12 weeks after birth) were sacrificed by cervical dislocation after deeply anaes-
thetising with diethyl ether, and the urinary bladder was quickly dissected. Since the
homozygous cTnT gene knockout (cTnT2/2) is lethal, heterozygous cTnT knockout
(cTnT1/2) mice known to have a moderate decrease in cTnT expression despite
having a normal life span31, were used in this study.

Genotyping was carried out 4 weeks after birth using total RNA (tRNA) extracted
from the tail. PCR primers for the cTnT-deficient allele were: (1) 59-
GATTGCACGCAGGTTCTCCG; (–) 59-CAAGAAGGCGATAGAAGGCG. In
Fig. 4a, amplicons of 0.76-kbp indicate the mutant band to distinguish WT and
cTnT1/2 mice in genotyping after birth.

Biochemical, immunohistochemical and physiological examinations were carried
out using detrusor in which the urothelial mucosa and connective tissue were care-
fully removed under a binocular microscope.

mRNA expression. Total RNA (tRNA) was extracted with Torizol reagent
(Invitrogen) from detrusor smooth muscle in the human urinary bladder. Also,
human tRNA samples of several smooth muscle tissues (the trachea, aorta, stomach
small intestine, colon, urinary bladder) and the heart were purchased from Clontech.

The expression of cTnT, cTnI, cTnC and GAPDH mRNAs were examined by
reverse transcription-polymerase chain reaction (RT-PCR)32. After treatment with
RQ1 DNase (Promega), 1 mg of the tRNA was subjected to a RT reaction in a 10 mL
reaction volume. RT was performed using random hexamer (12.5 pmol) and MMLV
reverse transcriptase (100 U), according to the manufacturer’s instructions
(Promega). Then, 1 ml of RT product was used as a cDNA template for the PCR
reaction. The resultant PCR amplicons were subcloned into pCR2.1 for TA cloning
(Invitrogen) and DNA sequencing was carried out. The sequences of cTnT, cTnC and
cTnI amplicons are shown in Fig. S2, together with the primers used.

In commercial tRNA samples, and tRNA from detrusor smooth muscle of WT and
cTnT1/2 mice, mRNAs of Tn subunits were quantified using real-time PCR. tRNA
(2 mg) was subject to an RT reaction to produce 20 ml of cDNA template. Then, the
template was diluted 1550 (v/v), and 4.5 ml of the diluted sample was mixed with
0.5 ml TaqMan probe (in total 10 ml reaction mixture). The TaqMan probes used were
(ABI catalogue number): Hs02758991_g1 for human and mouse GAPDH;

Hs00165960_m1 (TNNT2) for human TnT type 2 (cardiac); Hs00165957_m1
(TNNI3) for human TnI type 3 (cardiac); Hs00268524_m1 (TNNC1) for human TnC
type 1 (slow cardiac); Mm01290252_g1 (TNNT2) for mouse TnT type 2 (cardiac).
The mRNA expression of cardiac troponins in each smooth muscle tissue was
compensated by that of GAPDH.

Murine tRNA was also collected from several tissues, and the expression of cTnT
was examined (Fig. S3).

Immunoblotting. Samples were separated by 12% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride
membrane using a semi-dry transfer system (1 hr, 15 V). After blocking with 5%
skimmed milk for 1 hr, the membrane was probed with a first antibody. The
membrane was washed three times and incubated with horseradish peroxidase-
conjugated anti-mouse IgG (BioRad) for 1 hr. Immunoreactive proteins on the
membrane were visualized by treatment with a detection reagent (LumiGLO, Cell
Signaling Technology).

The monoclonal anti-cardiac TnT (cTnT) antibody was purchased from Hytest,
the monoclonal anti-cardiac TnI (cTnI) antibody was from Fitzgerald, the mono-
clonal anti-slow muscle and-cardiac TnC (cTnC) antibody was from Abnova, while
the monoclonal anti-tropomyosin antibody was from Sigma (St Louis, MO, USA).

Immunohistochemistry. Colocalization of TnT and tropomyosin was examined in
thin sections (Fig. 2a, b). Formalin-fixed and paraffin-embedded detrusor smooth
muscle was cut into small sections of ,3 mm thick. The sections were deparaffinized,
dehydrated, and pretreated for heat-based antigen retrieval using 10 nM citrate buffer
solution (pH 6.0) for 20 min in an autoclave. After blocking with 5% nonfat milk, the
sections were incubated with monoclonal anti-cTnT antibody (15100 in PBS
containing 5% BSA and 0.1% Tween 20) overnight at 4uC. Inner peroxidase activity
was blocked with methanol containing 1% H2O2, and the sections were incubated
with an HRP-labeled anti-mouse secondary antibody, HistoFine (DAKO, Glostrup,
Denmark) for 30 min. cTnT expression was visualized with the peroxidase stain DAB
kit (Nacalai Tesque, Kyoto, Japan). Cell nuclei were counterstained with hematoxylin.
Immunofluorescence staining was also performed. The sections treated with primary
antibody were incubated with a biotinylated goat anti-mouse IgG secondary antibody
(15200; Vector Laboratories, Burlingame, CA). Thereafter, r-phycoerythrin (PE)-
conjugated streptavidin (15100; BD Biosciences, San Diego, CA) was applied,
followed by 4,6-diamidino-2-phenylindole (DAPI) for counterstaining the nuclei.
Immunofluorescence images were acquired using a fluorescence microscope (BZ-
8000, Keyence, Osaka, Japan).

Co-localization of cTnT and tropomyosin was also examined in cultured detrusor
cells (Fig. 2c–l). Detrusor tissues obtained from patients were minced into small
pieces and incubated for 1 h in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma) containing 1 mg/ml collagenase type I (Worthington, Lakewood, NJ) and
10 U/ml elastase (Wako, Osaka, Japan). After digestion, isolated cells were washed
with DMEM containing 10% FBS, 100 mg/ml streptomycin, 100 units/ml penicillin,
and 50 mg/ml ascorbic acid, and kept in a CO2 incubator at 37uC. Cultured cells of
6–10 passages were fixed in 4% formaldehyde and permeabilized in PBS containing
0.1% TritonX-100. Then cTnT and tropomyosin were labeled with their monoclonal
antibodies (Hytest, Turku, Finland; Sigma St Louis, MO, USA) using a Zenon mouse
IgG labeling kit (Invitrogen) according to the manufacturer’s protocol. Cell nuclei
were stained with DAPI. Negative controls of cTnT and tropomyosin were obtained
from two types of human urinary bladder transitional cell carcinoma (UMUC3 and
TCCSuP: left and right panels in Fig. S5, respectively). After permeabilization with
Triton X-100, the same anti-cTnT and anti-tropomyosin antibodies were used to
stain the cultured cells.

Force measurement. Small strips (,0.5 mm wide and 1.0 mm long) of detrusor were
prepared for force measurement. Small strips were initially mounted between two
tungsten wires, one of which was fixed and the other was attached to a force
transducer (UL2; Minebea, Osaka, Japan), at the centre of a Perspex block in a 60 ml
drop of physiological saline solution (PSS). The ‘normal’ physiological salt solution
(PSS) had the following composition (mM): NaCl 138, KCl 6, CaCl2 2.4, glucose
12 and HEPES/Tris (pH 7.3). Incubating solutions were changed by moving the
Perspex block.

After stable responses had been achieved by exposure to 100 mM K1 and/or
10 mM Carbachol (CCh), detrusor strips were moved into relaxing solutions for a few
minutes. Then, the cell membrane was permeabilised with b-escin33 with some
modifications. The composition of the relaxing solution was (mM): potassium
methansulphonate 100, Na2ATP 2.2, MgCl2 3.38, ethyleneglycol-bis (b-aminoethy-
lether)-N’,N’,N’,N’-tetra acetic acid (EGTA) 10, creatine phosphate 10, Tris-maleate
20 (pH 7.2). The incubation time was 20–30 min for 20–40 mM b-escin. Activating
solutions containing various ionized Ca21 concentrations were made by adding
appropriate amounts of CaCl2 to the relaxing solution, using the Ca21-EGTA binding
constant of 106/M 34. Ca21-dependence of force development was examined at room
temperature. The force became maximal at ,10 mM, as previously reported in
chemically permeabilised smooth muscles33,35.

To examine the effect of exogenous troponins, human cTnI and cTnC were cloned
and expressed in Escherichia coli BL21(DE3). Protein purification was carried out as
described previously36.

In some experiments, Ca21-dependence of tension development was examined in
intact detrusor strips (without permeabilization) in the presence of CCh37. The
application of exogenous cTnI and cTnC had little effect in intact muscle preparations
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(Fig. S6). On the other hand, in chemically permeabilized detrusor strips, the
application of cTnI alone suppressed Ca21-mediated tension development (Fig. 3b),
as previously observed38.

Statistics. Numerical data are expressed as mean 6 s.e. Significant differences were
evaluated by two-tail, paired and unpaired t-tests. Single and double asterisks
represent the probability (P) , 0.05 and , 0.01, respectively.
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