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To elucidate the function of calponin in intact con-
racting smooth muscle cells in vivo, we generated
ice with a mutated basic calponin (h1) locus (Yo-

hikawa et al., Genes Cells 3, 685–695, 1998). Cross-
ridge cycling rates were estimated in aortic smooth
uscle by the force redevelopment following an iso-
etric step shortening as a function of time after K1

epolarization. Evidence is presented that calponin is
nvolved in the inhibition of shortening velocity in the
onic phase of contraction. The phosphorylation levels
f myosin regulatory light chain and cytosolic calcium
oncentrations were not significantly different in
aired comparisons between calponin-deficient (2/2)
nd wild-type (1/1) muscles at any time point after
timulation. The force-velocity relationships in vas de-
erens smooth muscle showed that the maximum
hortening velocity of 2/2 muscle was significantly
aster than that of 1/1 muscle. There was no change in
he length-force relationships in both 2/2 and 1/1
uscles of aorta and vas deferens. The results suggest

hat calponin plays a role in regulation of the cross-
ridge cycling and that it may be responsible for re-
uced shortening velocity during a maintained con-
raction of mammalian smooth muscle. © 2000 Academic

ress
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atch bridge; myosin light chain phosphorylation;
alcium.
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ot work during tonic contractions to withstand con-
inuous imposed loads such as blood pressure. In 1967,
omlyo and Somlyo described a catch-like behavior of
ascular smooth muscle contraction (1). They found
hat when a quick release was applied shortly after the
timulus, the tension lost was recovered, whereas force
id not redevelop when a quick release was applied in
he tonic phase of contraction. Murphy and his col-
eagues demonstrated that both the maximum short-
ning velocity and myosin light chain phosphorylation
ttain maximal values early in the contraction and
hen decline, remaining at low levels in the tonic phase
f contraction (latch-bridge) (2). These observations to-
ether with the energetic studies, demonstrating the
00 to 500 fold lower rate of ATP utilization per iso-
etric force of smooth muscle than that of mammalian

keletal muscles (3), indicate that both force and veloc-
ty are regulated variables in smooth muscle contrac-
ion (4, 5). There is now substantial evidence indicating
hat reversible Ca21/calmodulin-dependent phosphory-
ation of myosin regulatory light chain primarily reg-
lates the rate of ATP hydrolysis of smooth muscle
yosin (6). In intact smooth muscle strips, however, it

as been shown that isotonic shortening velocity and
yosin ATPase activity can change independent of
yosin light chain phosphorylation (7–9). The identi-

cation of molecular elements acting to maintain de-
eloped force with reduced crossbridge cycling rate in
ntact smooth muscle has been a subject of much re-
earch but remains a matter of controversy.
Calponin is a smooth muscle-specific and actin-

ssociated protein first isolated from bovine aorta and
hicken gizzard (10, 11). The three dimensional recon-
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hat calponin appears to contact with actin near both
he N-terminus and residues close to the C-terminus
12). It has been suggested that the interaction of cal-
onin with the glutamate residue at the C-terminus of
ctin molecule inhibits weak to strong transition of the
ctin-myosin binding, and thus play a role in the re-
uction of crossbridge cycling rate (13). Exogenous cal-
onin inhibits both maximum shortening velocity (14,
5) and isometric tension (16–18) in permeabilized
mooth muscle. Using an in vitro motility assay in
ombination with a method for estimating relative
hanges in the force exerted on actin filaments,
aeberle suggests that calponin inhibits the rate of
issociation of the high affinity actomyosin complex
nd, consequently, that it may be an integral compo-
ent of the latch-state (19). On the other hand, using

solated single smooth muscle cell preparations,
almqvist et al. have reported that calponin predom-

nantly inhibits unphosphorylated crossbridges, and
hus plays a role in maintaining a relaxed state and in
nhibiting the formation of the latch-state (20).

To test the two seemingly contradictory hypotheses,
e generated mice lacking smooth muscle calponin. In

he present study, we performed mechanical measure-
ents on intact smooth muscle strips obtained from

orta and vas deferens.

ATERIALS AND METHODS

Mice, antibodies, and immunoblot analysis. Mice with a homozy-
ous mutation in basic calponin (h1) allele were generated, and an
ntibody specific to basic calponin isoform was prepared as described
reviously (21). A monoclonal antibody against smooth muscle
-actin (clone No. 1A4) was purchased from Sigma Chemicals (St.
ouis, MO). Anti-h-caldesmon antibody was kindly provided by Dr.
abuchi (Boston Biomedical Research Institute). The specificity of

he antibody to each antigen was verified by the immunoblot analy-
is with an alkaline phosphatase staining (Bio-Rad Lab., Hercules,
A) as described previously (22).

RNA preparation and reverse transcription PCR analysis. Total
NA was extracted from aortic and vas deferens smooth muscle

issues, and subjected to the reverse transcription-PCR analysis as
escribed previously (21). The parameters used for the PCR ampli-
cation were 30 cycles of denaturation (94°C, 40 s), annealing (60°C,
0 s) and polymerization (72°C, 90 s). Sequences of the selected
orward and reverse 59-to-39 primers used, and predicted products
ize were as follows: SM1/SM2, AGGCAGAGGAGGAGTCCCAG (for-
ard), ACTGGCTTTGGTTCCATTGA (reverse), 251 bp for SM1 and
90 bp for SM2 (23); G3PDH, CCCATCACCATCTTCCAGGA (for-
ard), TTGTCATACCAGGAAATGAGC (reverse), 731 bp.

Immunohistochemistry. The specimens of aortic and vas deferens
mooth muscles were rinsed with PBS and mounted in O.C.T. com-
ound (Miles Inc., Elkhart, U.S.A.), and then frozen using liquid
itrogen. The frozen sections (4 mm in thickness) were immuno-
tained with the monoclonal anti-a-smooth muscle actin antibody
clone No. 1A4) or the polyclonal anti-basic calponin antibody accord-
ng to the methods described previously (22).

Electron microscopy. Strips of vas deferens were fixed in 2%
lutaraldehyde in 75 mM sodium cacodylate buffer with 4% sucrose
vernight at 4°C, followed by fixation in 2% osmium tetroxide, 1%
151
ion in alcohol, and embedment in Spurr’s resin (24). Thin sections
ere stained with lead citrate and examined in a Philips CM12
lectron microscope at 80 KeV.

Measurements in muscle mechanics. Thoracic aorta and vas defer-
ns were isolated from 4;7-week old male mice after sacrificing by
apid neck disarticulation and were cut into ring preparations in aorta
0.8–1.2 mm in width) and longitudinal strips in vas deferens (5–7 mm
n length, 1–1.5 mm in width) under stereomicroscope. The Ringer
olution had the following composition (mM): NaCl, 136.9; KCl, 5.4;
aCl2, 1.5; MgCl2, 1.0; NaHCO3, 23.8; EDTA (ethylenediamine-
,N,N9,N9-tetraacetic acid) 0.01; glucose, 5.5. The solution containing
2.7 or 140 mM KCl for the stimulation of aorta and vas deferens,
espectively, was made by substituting NaCl with equimolar KCl in the
inger solution. These solutions were saturated with 95% O2 and 5%
O2 mixture at 37°C and pH 7.4. The aorta ring or the vas deferens
trip with small connectors of aluminum foil at both ends was mounted
n the two hooks from the servo-motor and the tension transducer. The
reparation was equilibrated for 45–60 min in a 10 ml bath until the
ontractile response to high K1 solution became stable. The aorta ring
as stretched to an optimal length of the tissue for tension develop-
ent. Tension change was measured by a transducer (AE801, Senso-
or) with a compliance of 0.1 mm/N and a resonant frequency of about
kHz or by the feedback signal from servo-motor (Dual Mode Servo

00, Cambridge Technology). The tension and length changes were
ecorded with a digital oscilloscope (AR1200, Yokokawa or type 310,
icolet). The force redevelopment after a length step in aorta was
easured by imposing about 1.0% shortening steps. The shortening

elocity in vas deferens was measured at 0.2 s after the isotonic release
t the top of the tension development at various relative load and the
orce–velocity relationships in ordinary form and linear one, from which
he maximum velocity was calculated, was obtained (25, 26).

Measurement of myosin light chain phosphorylation. Levels of
yosin light chain phosphorylation were determined as reported by
ord et al. (27). Strips of aorta and vas deferens were quickly frozen

n liquid nitrogen and kept in acetone-dry ice containing 10% trichlo-
oacetic acid (TCA) and 10 mM dithiothreitol (DTT). After strips
ere homogenized in 10% TCA and 10 mM DTT, the homogenate
as centrifuged at 10,000g and the pellet was washed with diethyl

ther to remove TCA. The pellet was then suspended in urea-glycerol
uffer for electrophoretic analysis of myosin light chain phosphory-
ation. Samples were loaded on polyacrylamide gels (10%) containing
lycerol (40%) and electrophoresed for 90 min at 300 V. Protein was
ransferred to PVDF membrane at 2 mA/cm2. Nonphosphorylated
nd phosphorylated form of myosin light chain on membrane were
isualized by anti-bovine myosin light chain (generous gift from Dr.
tull) and anti-rabbit IgG from goat. Relative amount of nonphos-
horylated and phosphorylated myosin were quantified by densito-
etric intensity using NIH Image.

Measurement of cytosolic Ca21 level. Cytosolic Ca21 was mea-
ured according to the method described previously (28), using fura-
E3 (Teflab, Austin, USA). Muscle strips were exposed to fura-
E3/AM (10 mM) in the presence of 0.02% cremphore EL for 6 h at
oom temperature. The muscle strips were transferred to the muscle
ath integrated in the fluorimeter (CAF 110, JASCO, Tokyo) and
lluminated alternately (48 Hz) with two excitation wave lengths
340 nm, 380 nm). Fluorescence at 500 nm was measured and the
oncentration of cytosolic Ca21 was calculated with an assumption of

d of Ca21 and fura-PE3 as 290 nM (29).

Statistical analysis. Statistical differences were determined by
sing the unpaired Student t test. Differences were considered sta-
istically significant with P , 0.05.

ESULTS

Protein and mRNA expression. On immunoblot
nalysis using a specific antibody raised against the
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ynthetic polypeptide of basic calponin (21), neither
ormal sized calponin protein nor any other fragments
ere detected in smooth muscle cells of aorta, vas
eferens and stomach from 2/2 mice, confirming the

FIG. 1. Expression of calponin and a-smooth muscle actin in aort
erial sections of frozen smooth muscles from aorta (A–D) and vas de
-actin (A, B and E, F) and a polyclonal antibody raised against bas
f calponin in 2/2 mice (B, D, F, H) apparently did not affect the nu
nd vas deferens as compared with those prepared from 1/1 mice (
152
isruption of the calponin molecule (data not shown).
t the mRNA level there were no compensations by
on-smooth muscle isoforms of calponin. In addition,
xpression levels of h-caldesmon and a-smooth muscle

nd vas deferens smooth muscles detected by immunohistochemistry.
ns (E–G) were labeled with a monoclonal antibody to smooth muscle

soform of calponin (C, D and G, H). Note that the loss of expression
er of cell layers, cell shape or size in smooth muscle layers of aorta
, E, G). The scale bar represents 100 mm.
ic a
fere
ic i
mb
A, C
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ctin were not different between 1/1 and 2/2 mus-
les. Furthermore, reverse transcription-PCR analysis
emonstrated that expression levels of myosin heavy
hain isoforms SM1 and SM2 were not different be-
ween 1/1 and 2/2 muscles.

Morphology. Immunohistochemistry of aortic and
as deferens smooth muscle tissues obtained from 4
eek-old 1/1 and 2/2 mice probed with antibodies

pecific for a-smooth muscle actin or basic isoform of
alponin showed that at light microscopic level, there
ppears no obvious differences in wall thickness, the
umber of cell layers, cell shape or size, and in the
mount of extracellular matrix (Fig. 1). The ultrastruc-
ure was examined in vas deferens preparations per-
eabilized with a-toxin or 0.5% Triton X-100 (Fig. 2).

n both transverse and longitudinal sections, a regular
istribution of myosin filaments surrounded by actin
laments occurred throughout the cytoplasm in all of
he well-preserved preparations from both 1/1 and
/2 mice. At higher magnifications in the a-toxin-
ermeabilized preparations (Fig. 2C), the mitochon-
ria, cytoplasmic and membrane-associated dense bod-
es, endoplasmic reticulum and sarcoplasmic
eticulum, and the size of the extracellular space ap-
eared normal in all tissues examined from 2/2 mice.

Crossbridge cycling in aortic smooth muscle. No
ignificant difference in the isometric force production
er cross-sectional area was observed between 1/1
nd 2/2 aortic smooth muscle in response to K1 (72.7
M) stimulation (data not shown). Tension redevelop-
ent following a step shortening as a function of time

uring contraction was measured, from which qualita-
ive estimates of crossbridge kinetics can be inferred
1, 30). Figures 3A and 3B illustrate the force redevel-

FIG. 2. Electron micrographs of transverse sections of Triton-
ermeabilized muscle (C) prepared from vas deferens of 1/1 and 2
153
pment (F/F 0) at 1 min and 5 min after K1 stimula-
ion, where F0 is a fall in force by a step shortening and
s nearly the same as the isometric force just before a
elease and F is force redevelopment after a release. In
oth 1/1 and 2/2 muscles, the rate of force redevel-
pment was faster in the release at 1 min than at 5 min
fter the start of the stimulation. In the early time
ourse of the response in the release at 1 min, there
as no significant difference between 1/1 and 2/2
uscles. As shown in Fig. 3B, however, in the release

t 5 min after the start of the stimulation, force rede-
elopment of 2/2 muscle was significantly increased at
ny time point as compared with 1/1 muscle. In both
arly and late phase of contraction, there were no dif-
erences in the amounts of phosphorylated myosin reg-
latory light chain and in intracellular Ca21 concentra-
ions at any time point after K1 stimulation between
/1 and 2/2 muscles (Fig. 3C), indicating that the

evel of activation of contractile apparatus was similar
n 1/1 and 2/2 muscles.

Contraction and shortening velocity in vas deferens
mooth muscle. In the contraction of vas deferens
timulated by high K1 (140 mM), the peak tension of
hasic contraction was significantly reduced in 2/2
uscle, while there was no difference in tonic force

ollowing the phasic one between 1/1 and 2/2 mus-
les (Fig. 4). Relation between force and velocity
ere determined during phasic contraction by apply-

ng isotonic release at the peak of force. The velocity
as measured at 0.2 s after the release under vari-
us relative loads and force-velocity curve was
rawn. The shortening velocity at zero external load
V max) as an estimate of the crossbridge cycling rate
nd a/P 0, where a is a constant in Hill equation and

meabilized muscles (A, B) and a longitudinal section of a-toxin-
mice. Original magnification: 366,000.
per
/2
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0 is isometric force, were obtained from the linear
orm of Hill equation. The example of force–velocity
urves illustrated in Fig. 5B and the comparison of
he average of four samples (Fig. 5C) show that there
ere marked increases in shortening velocity in 2/2
s compared with 1/1 muscle. An example of the
ifference in the shortening velocity under the same
elative load (0.6 P 0) in 2/2 and 1/1 muscles is
hown in Fig. 5A. The parameter of a/P 0 is a measure
f the concavity of the curve and is also a measure of
etachment rate of actomyosin according to Sim-

FIG. 3. (A) Schematic drawing of a step shortening in length and
as imposed at 1 and 5 min after K1 (72.7 mM) stimulation. F 0 is a
step and F is a force redeveloped. (B) Force redevelopment (F/F 0)

er group). Asterisks in 2/2 muscle mean the significant difference
ndependent experiments. (C) Fractional phosphorylation of myosin r
/2 aortic smooth muscles as a function of time after K1 depolariza
E (n 5 5 per group for phosphorylation and n 5 9 per group for C
154
ons and Jewell’s discussion (31) (Fig. 5C). These
ata clearly indicate that crossbridge cycling rate
ncreases in calponin deficiency by the change in the
inetics of the interaction between actin and myosin.

Length–force relationships. Length–force relation-
hip was recorded in the range of 1.0–1.4 3 resting
uscle length (L 0). In both 1/1 and 2/2 muscles from

orta and vas deferens, stretching the muscles to ap-
roximately 1.2 L 0 resulted in development of the
aximum active tension (data not shown).

e resultant force changes. Step shortening (ca. 1% of initial length)
l in force by a step and is nearly same as isometric force just before
er a step shortening in 1/1 and 2/2 aortic smooth muscles (n 5 6
om 1/1 muscle (P , 0.01). The data are means 6 SE from three
latory light chain and intracellular Ca21 concentrations in 1/1 and
. The experiments were repeated twice, and the data are means 6
).
th
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ISCUSSION

We generated mice lacking smooth muscle calpo-
in and examined the mechanical properties of tonic
nd phasic smooth muscles. During the course of
onic contraction of aortic smooth muscle, force re-
evelopment after step shortening was significantly
ncreased in 2/2 muscle as compared with 1/1 mus-
le with similar levels of activation estimated by
hosphorylation levels of myosin light chain and in-

FIG. 4. (A) Effects of calponin deficiency on isometric force in
ntact muscle strips (5 mm in length and 0.5 mm in width) prepared
rom vas deferens. Contraction was initiated by 140 mM K1. (B) K1

oncentration-dependent force production in transient phase of con-
raction of 1/1 and 2/2 vas deferens smooth muscles. The experi-
ents were repeated twice, and the data are means 6 SE (n 5 5 per

roup).

FIG. 5. Comparison of isotonic shortening between 1/1 and 2
hortenings following a quick isotonic release to the same relative lo
f complete force–velocity curves constructed from isotonic quick re
lope of the length record at 0.2 s after a release. The curves are fitt
elocities at zero external load and a/P 0 (a, constant in Hill equati
hortening velocities are clearly faster in A, B, and C in 2/2. Read
155
here was a large increase in the V max, the maximum
hortening velocity when no external load exists, in
/2 muscle from vas deferens. These observations
re consistent with the notion that calponin is in-
olved in a myosin phosphorylation-independent
echanism for slowing shortening velocity (13–15,

9, 20) in both tonic and phasic smooth muscles but
ot consistent with a hypothesis that calponin plays
role in maintaining a relaxed state and inhibiting

he formation of latch bridges (20).
If calponin is an integral component of the latch

tate (19) and calponin inhibition occurs primarily on
nphosphorylated myosin in vivo (20), effects of calpo-
in deficiency on the crossbridge cycling rates will be-
ome more apparent in the sustained phase of contrac-
ion. We therefore compared force redevelopment
ollowing isometric step shortening at 1 and 5 min after

1 depolarization in aortic smooth muscle. The present
esults showed that an increase in the recovered force
nd thus an increase in the crossbridge cycling rate
ndeed occurred only at 5 min after stimulation during

maintained contraction, in which fractional phos-
horylation of myosin light chain was reduced. Murphy
nd colleagues have suggested that there is a transfor-
ation of cycling crossbridges to latch-bridges during

he course of the contraction leading to the fall in
hortening velocity (2, 5). Calponin may be a candidate
eterminant of the interchange between cycling and
on-cycling crossbridge species during contraction.

vas deferens smooth muscles stimulated by 140 mM K1. (A) The
of 0.6 P 0 (P 0: isometric force just before a release). (B) An example
e under various relative loads. Velocities were measured from the
by the hyperbolic Hill equation. (C) Vmax, the maximum shortening
. The data are means and 6 SE (n 5 4 per group). Note that the
t for details.
/2
ad
leas
ed
on)
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ty of shortening at zero external load is more than two
imes faster in early phase of 2/2 muscle contraction
rom vas deferens may suggest that calponin inhibits
hosphorylated myosin in vivo. It has been reported
hat exogenous calponin inhibits phosphorylated myo-
in ATPase activity in vitro (19, 32, 33) and shortening
elocity of skinned muscle fibers in vivo (14, 15) when
yosin light chain was thiophosphorylated. Alterna-

ively, calponin may inhibit a rapidly accumulating
ephosphorylated myosin during a transient phase of
ontraction of the phasic muscle.

Based on the biochemical studies, Haeberle has pro-
osed that calponin inhibits the rate of dissociation of
igh affinity crossbridges from actin, and conse-
uently, increases the force production by unphosphor-
lated myosin and decreases unloaded velocity (19, 34).
f this model is correct, calponin deficiency should fa-
ilitate the dissociation of high affinity crossbridges
rom actin, and consequently, decreases force produc-
ion with increased unloaded velocity. The results pre-
ented here is consistent with this model. As compared
ith 1/1 muscle, 2/2 muscle from vas deferens dis-
layed decreased force production with increased un-
oaded shortening velocity. A fundamental question
oncerning physiological role of calponin in regulating
rossbridge cycling rate is a mechanism for overriding
he calponin inhibition during activation. Several
echanisms are implicated, including Ca21-stimulated

hosphorylation (32), interaction with protein kinase C
35, 36), phosphorylation by Rho-kinase (37), Ca21/
altropin (38), and a conformational change of thin
lament induced by the attachment of strongly bound
hosphorylated crossbridges (19, 20, 34, 39).
In conclusion, the knockout mice strategy provided a

owerful tool for analyzing physiological role of calpo-
in in intact contracting smooth muscle cells. Our re-
ults, together with the future analysis of the energetic
ehavior of 2/2 muscle will provide a possible frame-
ork for understanding the molecular mechanisms re-

ponsible for regulated crossbridge cycling rates ob-
erved as variable shortening velocities and energy
onsumption in mammalian smooth muscles.
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