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1 The mechanism of vasorelaxation induced by SR33805 was investigated by simultaneously
monitoring the cytosolic Ca2+ concentration ([Ca2+]i) and force, and by determining level of myosin
light chain (MLC) phosphorylation in the medial strip of the porcine coronary artery.

2 SR33805 inhibited the sustained increases in [Ca2+]i and force (IC50; 3.2+1.0 and 49.4+27.5 nM,
respectively) induced by 118 mM K+-depolarization. There was about a 10 fold di�erence in the
inhibitory potency between [Ca2+]i and force.

3 SR33805 completely inhibited the [Ca2+]i elevation induced by a thromboxane A2 analogue,
U46619 and histamine, at concentrations (1 mM) higher than those required for the complete
inhibition of K+-depolarization induced [Ca2+]i elevation.

4 SR33805 had no e�ect on the [Ca2+]i elevation induced by histamine or ca�eine in the absence of
extracellular Ca2+.

5 SR33805 caused a leftward shift of the [Ca2+]i-force relationship of the contraction induced by
cumulative application of extracellular Ca2+ during 118 mM K+-depolarization. The relationship
between [Ca2+]i and MLC phosphorylation also shifted to the left by SR33805, while the
relationship between MLC phosphorylation and force remained una�ected.

6 In conclusion, SR33805 caused an apparent leftward shift of the [Ca2+]i-force relationship,
accompanied by a greater degree of MLC phosphorylation for a given level of [Ca2+]i. The
mechanism of this leftward shift, however, still remains to be elucidated.
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Introduction

The intracellular Ca2+ signal is a primary determinant of the

smooth muscle contraction. The molecular mechanisms for
the Ca2+-dependent regulation of smooth muscle contraction
have been well investigated (Hartshorne, 1987). The elevation

of cytosolic Ca2+ concentration ([Ca2+]i) causes the calmo-
dulin-mediated activation of myosin light chain kinase
(MLCK), which phosphorylates 20 kDa MLC and thereby

induce contraction. The contractile stimulations cause [Ca2+]i
elevation by releasing Ca2+ from the intracellular store sites
and by activating an in¯ux of the extracellular Ca2+ (Karaki

et al., 1997). The Ca2+ in¯ux plays a major role in
maintaining the sustained [Ca2+]i elevation during contrac-
tions (Somlyo & Somlyo, 1994). The voltage-operated Ca2+

channel (VOC) is one of the major pathways of the Ca2+

in¯ux not only in smooth muscle but also in other excitable
cells, including cardiac muscle and neuronal cells. Among the
®ve di�erent types of VOCs, the L-type channel is a

dominant type in smooth muscle cells (Watson & Girdle-
stone, 1994). Many varieties of L-type Ca2+ channel blocker
have been developed and successfully used for the treatment

of cardiovascular diseases such as hypertension and ischaemic

heart disease (Fleckenstein, 1983). Most of the Ca2+ channel
blockers belong to three chemically di�erent subgroups;
dihydropyridines, phenylalkylamines and benzodiazepines.

The classical Ca2+ channel blockers were shown to bind to
the a1 subunit of the L-type Ca2+ channels and inhibit the
channel activity (Hockerman et al., 1997; Striessnig et al.,

1998).
Using front-surface ¯uorometry of fura-2 and porcine

coronary arterial strips, we elucidated the mechanism of

vasorelaxation induced by diltiazem, one of benzodiazepines
(Hirano et al., 1990). We found that diltiazem, at therapeutic
concentrations, causes vasorelaxation by inhibiting [Ca2+]i
elevation due to Ca2+ in¯ux, with no e�ect on the Ca2+-

sensitivity of the contractile apparatus of smooth muscle.
Dihydropyridines and phenylalkylamines were also shown to
induce vasorelaxation in a similar manner (Karaki et al.,

1997). It is thus conceivable that the classical Ca2+ channel
blockers cause vasorelaxation mainly by inhibiting Ca2+

in¯ux and thereby decreasing [Ca2+]i, while having no e�ect

on the Ca2+ sensitivity of the contractile apparatus. On the
other hand, bepridil, a Ca2+ channel blocker, was reported to
antagonize the e�ect of calmodulin as well as to inhibit Ca2+

(Itoh et al., 1984). It is possible that bepridil may decrease in
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the Ca2+-sensitivity of the smooth muscle contractile
apparatus.
SR33805 ([[N-[dimetoxy-3,4-phenethyl]-N-methyl-amino-

propoxyl]-4-benzenesulphonyl]-2-isopropyl-3-methyl-1-indole)
is a recently developed Ca2+ channel blocker (Chatelain et al.,
1993). SR33805 has a di�erent chemical structure from that of
classical Ca2+ channel blockers. This compound binds to the

a1 subunit of the L-type Ca2+ channels, but at a site di�erent
from the binding site of the classical Ca2+ channel blockers
(Melliti et al., 1996; Romey & Lazdunski, 1994). It binds with a

high a�nity (KD value=20 pM) to a unique site of the rat
cardiac plasma membrane (Chatelain et al., 1994), and
potently inhibits the Ca2+ channel in the mouse cardiac

myocytes in primary culture with IC50 being 4.1 ± 33 nM
(Romey et al., 1994). Another study demonstrated that
SR33805 totally blocked the L-type Ca2+ channel with IC50

being 26 nM in chick dorsal root ganglion neurones (Romey &
Lazdunski, 1994). SR33805 was shown to induce a signi®cant
relaxation in the rabbit basilar artery strips contracted with
K+, with IC50 value being 3.03 nM (Chatelain et al., 1993). A

comparison of IC50 values for cardiac and smooth muscle
indicated that SR33805 is highly selectivity to vascular smooth
muscle, compared to other Ca2+ channel blockers, such as

verapamil, diltiazem and nifedipine (Chatelain et al., 1993). In
addition to the inhibition of the L-type Ca2+ channel, SR33805
has also been shown to inhibit a Ca2+ in¯ux and smooth

muscle cell proliferation induced by platelet-derived growth
factor (Dol et al., 1995; Magnier Gaubil et al., 1996). However,
the mechanism of the SR33805-induced vasorelaxation is yet

to be elucidated.
In the present study, we simultaneously determined the

e�ects of SR33805 on smooth muscle [Ca2+]i and force
development by using front-surface ¯uorometry and fura-2-

loaded arterial strips of the porcine coronary artery. In
addition to an inhibition of the Ca2+ in¯ux, SR33805 was
found to induce an apparent leftward shift of the [Ca2+]i-

force relationship. We therefore further investigated the e�ect
of SR33805 on MLC phosphorylation in intact muscle.

Methods

Tissue preparation for the simultaneous measurement of
[Ca2+]i and force of coronary arterial medial strips

Fresh pig hearts were obtained at a local slaughterhouse. The

left circum¯ex branches of the coronary arteries (2 ± 3 cm
from the origin) were immediately isolated and brought to
the laboratory in ice-cold normal physiological salt solution

(normal PSS). After the segment was opened longitudinally,
the adventitia was removed under a binocular microscope
and the internal surface of the artery was gently rubbed o�

with a cotton swab to remove the endothelium. The medial
preparation was cut into strips of equal size (1 mm
width65 mm length60.2 mm thickness).

Fura-2 loading

The medial strips were loaded with the Ca2+ indicator dye,

fura-2, by incubation in oxygenated (a mixture of 95% O2

and 5% CO2) Dulbecco's modi®ed Eagle medium containing
25 mM fura-2 acetoxymethyl ester and 5% foetal bovine

serum for 4 h at 378C. After loading with fura-2, the strips
were rinsed in normal PSS to remove the dye remaining in
the extracellular space and equilibrated in normal PSS for
about 1 h before starting the experimental protocols. Loading

the medial strips with fura-2, per se, did not a�ect the
contractility, as previously described (Hirano et al., 1990).

Front-surface fluorometry

The changes in ¯uorescence intensity of Ca2+-fura-2 complex
of the arterial strips were monitored using a front-surface

¯uorometer speci®cally designed for fura-2 ¯uorometry
(CAM-OF3, Japan Spectroscopic Co., Tokyo, Japan) (Ka-
naide, 1999). The quartz optic ®bres were used to transmit

alternation (400 Hz) 340 and 380 nm excitation light from a
xenon lamp. The surface ¯uorescence of the strips was
collected by the glass optic ®bres and introduced through a

500 nm band-pass ®lter into a photomultiplier. At one end of
the optic ®bres facing the strips, the quartz and glass optic
®bres were arranged in a concentric inner circle (3 mm

diameter) and an outer circle (7 mm diameter), respectively.
The ¯uorescence intensities at 340 nm (F340) and 380 nm
(F380) excitation were monitored and their ratio (F340/F380)
was recorded as an indicator of [Ca2+]i. Before starting each

experimental protocol, the response to 118 mM K+ depolar-
ization was recorded as a reference response. The changes in
the ¯uorescence ratio were expressed as a percentage, assigning

a value in normal PSS (5.9 mM K+) and that obtained at the
steady state contraction induced by 118 mM K+ depolariza-
tion to be 0 and 100%, respectively, which were determined

prior to the experimental protocol for each arterial strip.

Measurement of force development

The fura-2 loaded strip was mounted vertically to a strain
gauge (TB-612-T, Nihon Koden, Japan) in a quartz organ
bath. One end of the strip was connected to a force

transducer, while the other end was connected to a ®xed
hook. During the 1-h fura-2 equilibration period, the strip
was stimulated with 118 mM K+-depolarization every 15 min.

The resting tension was increased in a stepwise manner and
was then ®nally adjusted to 250 ± 300 mg to obtain a
maximum force development with 118 mM K+-depolariza-

tion. The developed tension was expressed as a percentage,
assuming the values obtained at rest in normal PSS (5.9 mM

K+) and that at the steady state of contraction induced by
118 mM K+-depolarization to be 0 and 100%, respectively.

Measurement of MLC phosphorylation

The extent of MLC phosphorylation in the arterial strips of
the left circum¯ex branch were determined using the urea-
glycerol gel electrophoresis technique (Persechini et al., 1986),

followed by immunoblot detection with a speci®c mouse
monoclonal anti-MLC antibody (Zhou et al., 1999). In brief,
strips were prepared as described in tissue preparation for the

simultaneous measurement of [Ca2+]i and force. The strips
were pulled to 1.2 fold the resting length and pinned onto a
rubber block to keep the resting load similar to that given in
the force measurement of intact strips. At the indicated times

after stimulation, the strips were transferred to a solution
consisting of 90% acetone, 10% trichloroacetic acid and
10 mM dithiothreitol pre-chilled at 7808C. The strips were

then washed extensively and stored in acetone containing
10 mM dithiothreitol at 7808C. After the strips were dried to
remove the acetone, they were extracted in the sample bu�er

(8 M urea, Tris (hydroxymethyl) aminomethare 20 mM,
glycine 23 mM, 0.004% bromophenol blue and dithiothreitol
10 mM) at room temperature for 2 h. The supernatant was
subjected to electrophoresis on 10% polyacrylamide gel
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containing 40% glycerol, followed by transfer onto a
polyvinylidene di¯uoride membrane (BioRad, Hercules, CA,
U.S.A.) in 10 mM Na2HPO4 (pH 7.6). The 20 kDa MLC,

both unphosphorylated and phosphorylated, was detected by
a speci®c antibody (6200 dilution), and a horse radish
peroxidase-conjugated secondary antibody (61000 dilution).
An immune complex was detected using an enhanced

chemiluminescence technique (ECL plus kit; Amersham,
Buckinghamshire, U.K.). X-OMAT AR Film (Kodak,
Rochester, NY, U.S.A.) was used to detect light emission.

After scanning the X-ray ®lm on an ATTO ImageSaver AE-
6905C, the density of unphosphorylated and phosphorylated
MLCs were determined by Gel Plotting Macros of the NIH

image ver. 1.61 (National Institute of Health, U.S.A.). The
percentage of the phosphorylated form in total MLC (sum of
unphosphorylated and phosphorylated forms) was calculated

to indicate the extent of MLC phosphorylation.

Solutions and chemicals

The composition of the normal (5.9 mM K+) PSS was as
follows (in mM): NaCl 123, KCl 4.7, NaHCO3 15.5, KH2PO4

1.2, MgCl2 1.2, CaCl2 1.25, and D-glucose 11.5. High K+ PSS

was prepared by replacing an equimolar substitution of KCl
for NaCl. The Ca2+-free PSS was prepared by adding 2 mM

ethyleneglycol-bis (b-aminoethylether)-N,N,N',N',-tetraacetic
acid (EGTA) in place of CaCl2, unless otherwise speci®ed.
PSS was gassed with a mixture of 5% CO2 and 95% O2, with
the resulting pH being 7.4. SR33805 was donated by Dr J.M.

Herbert (Sano® Reserche, Toulouse, France). Fura-2 acetox-
ymethyl ester was purchased from Dojindo Laboratories
(Kumamoto, Japan). U46619 (9, 11-dideoxy-9a, 11a-metha-
noepoxy prostaglandin F2) was purchased from Funakoshi

(Osaka, Japan). Histamine dihydrochloride was purchased
from Wako (Osaka, Japan). Anti-MLC antibody and anti-
mouse IgM conjugated with horseradish peroxidase were

purchased from Sigma (St. Louis, MO, U.S.A.).

Data analysis

All data from the simultaneous measurements of [Ca2+]i and
tension were collected by a computerized data acquisition
system (MacLab; Analog Digital instruments, Castle Hill,

Australia: Macintosh, Apple Computer, Cupertino, CA,
U.S.A.). The representative traces shown were directly
printed from the data obtained with this system. All data

are the mean+s.e.mean (n=number of experiments). A strip
obtained from one animal was used for each experiment,
therefore n value indicates the number of animal. The

statistical analyses were performed using the unpaired
Student's t-test, and P values of less than 0.05 were
considered to be statistically signi®cant.

Results

Effect of SR33805 on the increases in [Ca2+]i and force
induced by 118 mM K+-depolarization

Figure 1a shows the representative recordings of the changes
in the intensity of 500 nm ¯uorescence at 340 nm (F340) and
380 nm (F380) excitation, their ratio (F340/F380) and force

induced by 118 mM K+-depolarization in the porcine
coronary arterial medial strips. Depolarization with 118 mM

K+ induced a rapid increase in F340 and a decrease in F380,
thus resulting in a rapid increase in the ¯uorescence ratio.

After reaching its peak, the ratio, namely [Ca2+]i declined to
reach a plateau within 5 min. The force also rapidly elevated
to reach a plateau level. When the levels of [Ca2+]i and force

at 5 min after stimulation with 118 mM K+ were designated
to be 100%, those obtained at 15 min were 84.5+4.4 and
97.9+2.9% (n=6), respectively.
To investigate the e�ects of SR33805 on this contraction,

the strips were treated with various concentrations of
SR33805 for 15 min before and during the stimulation with
118 mM K+-depolarization. When SR33805 was applied

during the resting state, SR33805, at the concentration higher
than 0.1 mM, slightly but signi®cantly decreased the resting
level of [Ca2+]i. The resting [Ca2+]i levels obtained with 0.1, 1

and 10 mM SR33805 were 717.1+7.8, 714.6+3.9 and
724.1+4.7% (n=6±8), respectively. However, the decrease
in the resting [Ca2+]i was not accompanied by a decrease in

the resting level of force.
The treatment with SR33805 inhibited the sustained

elevation of [Ca2+]i and force induced by subsequent
stimulation with 118 mM K+-depolarization in a concentra-

tion-dependent manner (Figure 1b). Inhibition of [Ca2+]i
elevation was observed at 1 nM and higher concentrations.
In the presence of SR33805, high K+-depolarization caused

an initial rapid elevation of [Ca2+]i, which thereafter
declined to a steady state within 15 min. At a concentration
of 10 nM, SR33805 inhibited 118 mM K+-induced increases

in [Ca2+]i and force to 15.2+3.6 and 81.2+2.9% (n=8) at
15 min after stimulation, respectively. At 100 nM and higher
concentrations, the 118 mM K+-induced sustained [Ca2+]i
elevation decreased to below the resting level (0%). On the
other hand, the inhibition of force development required a
higher concentration of SR33805. A signi®cant inhibition in
the force was observed at 10 nM and higher concentrations.

Even at 10 mM, SR33805 did not completely inhibit the
118 mM K+-induced force development. In the presence of
10 mM SR33805, 118 mM K+-induced a rapid development

of force, which reached its peak at 3 min and thereafter
declined to a steady state within 30 min (Figure 1b). The
level of force obtained at 15 min after the stimulation with

118 mM K+ in the presence of 10 mM SR33805 were
27.6+6.0% (n=6), and the [Ca2+]i was 714.7+7.7%
(n=6). The concentration of SR33805 required to decrease
[Ca2+]i elevation and force to 50% of the control level was

3.2+1.0 and 49.4+27.5 nM (Figure 1b). The force develop-
ment of the 118 mM K+-induced contraction was about 10
fold more resistant to the inhibition by SR33805 than the

[Ca2+]i elevation.

Effects of SR33805 on the increases in [Ca2+]i and force
induced by U46619 and histamine in the presence of
extracellular Ca2+

In order to examine the e�ect of SR33805 on the Ca2+ in¯ux
pathways other than those activated by K+-depolarization,
U46619, a thromboxane A2 analogue, and histamine were
used to induce contraction. Figure 2a shows representative

recordings of the changes in [Ca2+]i and force induced by
100 nM U46619 in normal PSS. The application of 100 nM
U46619 induced considerably rapid increases in both [Ca2+]i
and force, which reached the steady state within 10 ± 15 min.
The level of force (112.3+5.8%, n=8) at 15 min after
stimulation by 100 nM U46619 was similar to that obtained

with 118 mM K+-depolarization, while the level of [Ca2+]i
(78.6+4.4%, n=8) was signi®cantly lower. Figure 2b
summarizes the e�ects of various concentrations of
SR33805 on [Ca2+]i and force induced by 100 nM U46619.
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SR33805 was applied 15 min prior and during the U46619-
induced contractions. As observed with K+-induced contrac-

tion, SR33805 inhibited [Ca2+]i elevation more potently than
force development. The inhibition of [Ca2+]i elevation was
observed with 1 nM and higher contractions. SR33805

(100 nM) inhibited the elevation of [Ca2+]i and force seen at
15 min after the initiation of the precontraction to 12.7+3.7
and 86.3+6.1% (n=5, respectively). The complete inhibition

of the sustained [Ca2+]i elevation required 1 mM SR33805.
This concentration was higher than that required to cause a
complete inhibition of the sustained [Ca2+]i elevation induced
by K+-depolarization. SR33805 thus inhibited the contrac-

tion induced by 118 mM K+ depolarization more potently
than that induced by 100 nM U46619.
Figure 2c shows representative recordings of the changes in

[Ca2+]i and force induced by 10 mM histamine in normal PSS.
The ¯uorescence ratio abruptly increased and reached the ®rst
peak (107.9+14.0%, n=5) at about 30 s, and then declined.

The force also developed rapidly, and reached the maximum
(137.6+11.6%, n=5) at about 3 min, and thereafter gradually
declined. The levels of [Ca2+]i and force at 5 min after the
stimulation with 10 mM histamine were 76.8+7.3 and

131.6+10.0% (n=5) (Figure 2c,d), respectively. Figure 2d
shows the e�ects of various concentrations of SR33805 on a
time course of change in [Ca2+]i and force induced by 10 mM
histamine. The strips were pretreated with SR33805 15 min

prior and during histamine-induced contraction. SR33805
inhibited the declining phase of [Ca2+]i elevation and force

development in a concentration-dependent manner. The
inhibition of sustained [Ca2+]i elevation was observed at
10 nM and higher concentration. In the concentration range

between 1 nM and 1 mM, SR33805 had no e�ect on the ®rst
peak of [Ca2+]i elevation. On the other hand, force develop-
ment was inhibited much less than the [Ca2+]i elevation. Again,

there was a discrepancy in the inhibition between [Ca2+]i and
force during the sustained phase.

Effects of SR33805 on the Ca2+ release induced
by histamine and caffeine in the absence of
extracellular Ca2+

The ®rst peak of [Ca2+]i elevation induced by histamine is
due to the Ca2+ release from the intracellular store (Hirano et
al., 1990). Since SR33805 did not inhibit the ®rst peak of

[Ca2+]i elevation induced by histamine in normal PSS (Figure
2d), the e�ects of SR33805 on the Ca2+ release were further
examined. Figure 3a shows the representative recordings of
the histamine-induced [Ca2+]i and force in the Ca2+-free PSS.

Changing the bathing solution (normal PSS) to the Ca2+-free
PSS containing 2 mM EGTA decreased the basal [Ca2+]i level
to 739.0+7.5% (n=8) by 15 min, whereas the resting

tension remained unchanged. Stimulation with 10 mM

Figure 1 E�ects of SR33805 on the increases in [Ca2+]i concentration and force induced by 118 mM K+-depolarization. (a)
Representative recordings showing the changes in the ¯uorescence and force development induced by 118 mM K+ depolarization
both in the presence and absence of 10 mM SR33805 in the normal PSS. The ®rst and second traces from the top show the changes
in the 500 nm ¯uorescence intensities obtained at 340 nm (F340) and 380 nm (F380) excitations, respectively. The third trace shows
the changes in the ¯uorescence ratio of F340 to F380. The fourth trace shows the force development. (b) The e�ects of various
concentrations of SR33805 on changes in [Ca2+]i and force development. The strips were treated with 0 M, 1 nM, 10 nM, 100 nM,
1 mM and 10 mM SR33805 15 min before and during the 118 mM K+-depolarization. The level of [Ca2+]i and the developed force
were expressed in percentages, assigning the values at rest (5.9 mM K+-PSS) and those at the steady state of contraction induced by
118 mM K+-depolarization-induced contraction to be 0 and 100%, respectively. The data are the means+s.e.mean (n=5±8).
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histamine in the Ca2+-free PSS containing 2 mM EGTA
induced only transient increases in [Ca2+]i and force, with the

peak levels being 3.6+8.3 and 42.9+5.8% (n=8), respec-
tively (Figure 3b). The strips were treated with SR33805
15 min prior to and during the stimulation by histamine. The

treatment with SR33805 had no e�ect on the decrease in the
resting [Ca2+]i level induced by the exposure to the Ca2+-free
PSS (Figure 3b). The pretreatment with SR33805 (1 nM±

10 mM) had no signi®cant e�ect on the histamine-induced
increases in [Ca2+]i and force (Figure 3b).

Similarly, the e�ects of SR33805 on the Ca2+ release
induced by ca�eine were examined. Stimulation with 20 mM

ca�eine in the Ca2+-free PSS containing 2 mM EGTA

induced transient increases in [Ca2+]i and force, with the
peak levels being 7.2+9.6 and 5.5+3.1% (n=5), respectively
(Figure 3d). The ca�eine-induced increases in [Ca2+]i and

Figure 2 The e�ects of SR33805 on the increases in [Ca2+]i and force induced by U46619 and histamine. (a, c) Representative
recordings showing changes in the ¯uorescence ratio and force development induced by 100 nM U46619 (a) and 10 mM histamine (c)
in the normal PSS. The level of [Ca2+]i and force at rest (5.9 mM K+-PSS) and those at the steady state of contraction induced by
118 mM K+-depolarization were assigned to be 0 and 100%, respectively. (b, d) Concentration-dependent e�ects of SR33805 on
[Ca2+]i elevation and force development induced by 100 nM U46619 (b) and 10 mM histamine (d). The strips were pretreated with
0 M, 1 nM, 10 nM, 100 nM, 1 mM and 10 mM SR33805, 15 min before and during the application of 100 nM U46619 and 10 mM
histamine. The data are the mean+s.e.mean (n=5±7).
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force in the presence of SR33805 (1 nM ± 10 mM) did not

signi®cantly di�er from those observed in the absence of
SR33805 (Figure 3d).

Effects of SR33805 on the [Ca2+]i-force relationships

To determine the e�ect of SR33805 on the Ca2+-sensitivity of

the contractile apparatus of the coronary arterial smooth
muscle, we examined the [Ca2+]i-force relationship of the
contractions induced by the cumulative applications of

extracellular Ca2+ during 118 mM K+-depolarization. Figure

4a shows representative recording of the changes in [Ca2+]i
and force in the absence of SR33805. Strips were ®rst
exposed to the Ca2+-free PSS containing 2 mM EGTA for

10 min and then to the Ca2+-free PSS without EGTA for
5 min before the stimulations with 118 mM K+-depolariza-
tion. When extracellular Ca2+ was cumulatively applied from

0 to 1.25 mM in a stepwise manner, the graded elevations of
[Ca2+]i and force were observed. During 118 mM K+

depolarization, [Ca2+]i and tension increased to 92.1+4.3

Figure 3 The e�ects of SR33805 on transient increases in [Ca2+]i and force induced by histamine and ca�eine in the absence of
extracellular Ca2+. (a, c), Representative recordings showing change in the ¯uorescence ratio and force development induced by
10 mM histamine (a) and 20 mM ca�eine (c) in the Ca2+-free PSS containing 2 mM EGTA. The strips were exposed to the Ca2+-free
PSS for 15 min and then were stimulated with 10 mM histamine and 20 mM ca�eine. The levels of [Ca2+]i and force at rest (5.9 mM

K+-PSS) and those at the steady state of contraction induced by 118 mM K+ depolarization were assigned a value of 0 and 100%,
respectively. (b, d), The concentration-dependent e�ects of SR33805 on [Ca2+]i elevation and force development induced by 10 mM
histamine (b) and 20 mM ca�eine (d). The strips were pretreated with SR33805 15 min before and during the application of 10 mM
histamine and 20 mM ca�eine. The bottom and top levels of the column indicate the levels of [Ca2+]i and force obtained before the
stimulation and those at the peak response, respectively. The data are the mean+s.e.mean (n=4±8). ns, not signi®cantly di�erent
from the control value obtained in the absence of SR33805.
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and 108.9+3.5% (n=5), respectively, at the extracellular
Ca2+ concentration of 1.25 mM. When the e�ects of SR33805
on these contractions were examined, SR33805 was applied
20 min prior to the induction of contraction by the readdi-

tion of extracellular Ca2+. The e�ect of SR33805 on the
Ca2+-sensitivity of the contractile apparatus was evaluated by
examining the [Ca2+]i-force relationship (Figure 4b). SR33805

caused a leftward shift of the [Ca2+]i-force relation curves in
a concentration-dependent manner (Figure 4b).

Effects of SR33805 on the [Ca2+]i-MLC
phosphorylation relationship and the MLC
phosphorylation-force relationship

We examined whether or not an apparent potentiation of the
Ca2+-sensitivity of the contractile apparatus during the
SR33805-induced relaxation was associated with an increase

in the level of MLC phosphorylation. For this purpose, we
evaluated the levels of [Ca2+]i, MLC phosphorylation and
force at 10 min after the stimulation with high K+-

depolarization (Figure 5a). Under the resting condition (0
[Ca2+]i and 0 force) in the 5.9 mM K+-PSS, 12.6+2.5% of
MLC was phosphorylated (n=8). Elevation of K+ concen-

trations increase the levels of [Ca2+]i, MLC phosphorylation
and force in a concentration-dependent manner. The [Ca2+]i
elevation reached the maximal level at 40 mM K+, while
MLC phosphorylation and force development reached the

maximal level at 60 mM K+. The levels of [Ca2+]i, MLC
phosphorylation and force of the contraction induced by
118 mM K+ were 97.8+4.6, 34.8+1.9 and 101.6+2.9%

(n=6± 8), respectively (Figure 5a). When SR33805 was
applied 15 min prior and during the stimulation with
118 mM K+, the levels of [Ca2+]i, MLC phosphorylation

and force were inhibited to 49.1+7.7, 27.8+6.6 and

91.6+2.1% (n=6±8) by 3 nM SR33805, and to 75.3+4.7,
22.0+7.6 and 54.7+3.4% (n=8) by 1 mM SR33805, respec-
tively (Figure 5a). We evaluated the e�ect of SR33805 on the
relationship between [Ca2+]i and force, [Ca2+]i and MLC

phosphorylation, and MLC phosphorylation and force
(Figure 5b). The [Ca2+]i-force relationship obtained with
SR33805 at 10 min after the stimulation with 118 mM K+

shifted to the left of the control [Ca2+]i-force relation curve
obtained in the absence of SR33805. Those at 30 min after
stimulation remained shifted to the left of the control (Figure

5b). The [Ca2+]i-MLC phosphorylation relationship obtained
with SR33805 also shifted to the left of the control [Ca2+]i-
MLC phosphorylation relation curve obtained in the absence
of SR33805. However, the MLC phosphorylation-force

relationship obtained in the presence of SR33805 overlapped
with the control MLC phosphorylation-force relation curve.
As a result, SR33805 had no e�ect on the relationship

between MLC phosphorylation and force development, while
it apparently potentiated the MLC phosphorylation for a
given change in [Ca2+]i.

Discussion

We herein demonstrated SR33805 to inhibit the sustained
phase of [Ca2+]i elevation and force development induced by
not only high K+ depolarization but also receptor agonists

such as U46619 and histamine in the porcine coronary artery.
On the other hand, SR33805 did not inhibit the Ca2+ release
from the intracellular store sites, induced by histamine or

ca�eine. It is thus conceivable that SR33805 speci®cally
inhibits the [Ca2+]i elevation and force development due to
Ca2+ in¯ux. The IC50 values for the inhibition of 118 mM

K+-depolarization-induced [Ca2+]i elevation was

Figure 4 The e�ects of SR33805 on the [Ca2+]i-force relationships of the contraction induced by the cumulative application of
extracellular Ca2+ during 118 mM K+-depolarization. (a) Representative recordings showing the changes in ¯uorescence ratio and
force induced by the cumulative applications of extracellular Ca2+ during the 118 mM K+ depolarization. After exposure to 2 mM

EGTA-containing Ca2+-free medium for 10 min and to the Ca2+-free media without EGTA for 5 min, the strips were stimulated
with 118 mM K+-depolarization in the Ca2+-free media, and then the extracellular Ca2+ was increased in a stepwise manner from 0
to 1.25 mM. The number shown by an arrow head indicates the ®nal concentration of extracellular Ca2+ at each step. The levels of
[Ca2+]i and force at rest (5.9 mM K+-PSS) and those at the steady state of contraction induced by 118 mM K+-depolarization were
assigned value of 0 and 100%, respectively. (b) The [Ca2+]i-force relation of the Ca2+-induced contraction obtained in the absence
and presence of 1, 10 and 100 nM SR33805. The data are the mean+s.e.mean (n=5).
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3.2+1.0 nM. The inhibition of the [Ca2+]i elevation induced

by high K+ was observed at concentrations lower than those
required to inhibit the [Ca2+]i elevation induced by U46619
or histamine, thus suggesting that SR33805 preferentially

inhibits VOCs to those activated by receptor stimulations.

The concentrations of SR33805 required to inhibit high K+-
induced [Ca2+]i elevation in the present study are similar to
those reported in previous studies (Chatelain et al., 1993).

Figure 5 The e�ects of SR33805 on [Ca2+]i, MLC phosphorylation and force of the contraction induced by 118 mM K+

depolarization. (a) A representative photo of immunoblot detection of unphosphorylated and phosphorylated MLC, and a summary
of the [Ca2+]i, MLC phosphorylation and force obtained with 5.9 mM K+, 20 mM K+, 40 mM K+, 60 mM K+, 118 mM K+,
118 mM K+ plus 3 nM SR33805 and 118 mM K+ plus 1 mM SR33805. SR33805 was applied 15 min before and during the 118 mM

K+-induced contraction. The levels of [Ca2+]i and force at rest (5.9 mM K+-PSS) and those at a steady state of contraction induced
by 118 mM K+ depolarization was expressed as a percentage of the phosphorylated MLC in total MLC (sum of unphosphorylated
and phosphorylated forms). The data are the means+s.e.mean (n=6±8). (b) The [Ca2+]i-force relationship, the [Ca2+]i-MLC
phosphorylation relationship and the MLC phosphorylation-force relationship obtained at 10 min after the initiation of contraction
by 5.9 mM K+, 20 mM K+, 40 mM K+, 60 mM K+, 118 mM K+, 118 mM K+ plus 3 nM SR33805, 118 mM K+ plus 1 mM
SR33805. The [Ca2+]i-force relation includes data obtained at 30 min after the initiation of contraction by 118 mM K+ plus 3 nM
SR33805 and 118 mM K+ plus 1 mM SR33805. The data are the means+s.e.mean (n=6±8).
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These observations are consistent with previous reports which
demonstrated SR33805 to be a L-type Ca2+ channel blocker
(Romey & Lazdunski, 1994).

In the present study, SR33805 showed a potent inhibition
of the Ca2+ in¯ux induced by not only high K+-depolariza-
tion but also by receptor stimulations such as U46619 or
histamine. At least four mechanisms should be considered for

Ca2+ in¯ux induced by agonist in vascular smooth muscle
cells; (1) activation of VOCs by the agonist-induced
membrane depolarization (Casteels & Suzuki, 1980; Miyoshi

& Nakaya, 1991; Pacaud et al., 1991; Scornik & Toro, 1992),
(2) activation of VOCs by intracellular second messengers or
by trimeric G proteins activated by agonist stimulation

(Karaki et al., 1997; Nelson et al., 1988), (3) so called
receptor-operated Ca2+ channel (Bolton, 1979), and (4) the
Ca2+ release-activated Ca2+ channel or capacitative Ca2+

in¯ux pathway (Putney & McKay, 1999). U46619 was thus
shown to depolarize the membrane potential of the porcine
coronary artery (Scornik & Toro, 1992). Histamine was
shown to depolarize the membrane potential in the rabbit ear

artery and guinea-pig main pulmonary artery (Casteels &
Suzuki, 1980; Suzuki & Kou, 1983). It is thus possible that
VOCs contributed, at least in part, to the Ca2+ in¯ux induced

by U46619 and histamine in the porcine coronary artery, and
that the inhibition by SR33805 of such Ca2+ in¯uxes was
partly due to the inhibition of VOCs. Since SR33805

inhibited K+-depolarization-induced Ca2+ in¯ux more po-
tently than that induced by either U46691 or histamine,
SR33805 was thus suggested to inhibit mainly VOCs in both

contractions induced by depolarization and by agonists.
However, the detailed mechanisms of Ca2+ in¯ux induced
by U46619 and histamine in porcine coronary artery are still
unclear. The possibility that SR33805 inhibits Ca2+ in¯ux

pathways other than VOCs therefore cannot be ruled out.
In the present study, SR33805 had no e�ect on the [Ca2+]i

elevation induced by histamine or ca�eine in the Ca2+ free PSS.

In addition, SR33805 had no e�ect on the ®rst peak of [Ca2+]i
elevation induced by histamine in normal PSS. It was therefore
suggested that SR33805 had no e�ect on the Ca2+ release from

the intracellular store site induced by inositol 1,4,5-trispho-
sphate or ca�eine. We reported that diltiazem, one of the Ca2+

entry blockers, did not inhibit the histamine-induced Ca2+

release in the porcine coronary artery, except for an extremely

high concentration (100 nM) (Hirano et al., 1990).
The important ®ndings of the present study is that the

force development was more resistant to the inhibition by

SR33805 than [Ca2+]i elevation. The concentration of
SR33805 required to inhibit contraction was approximately
10 times higher than that required to inhibit [Ca2+]i
elevation. Furthermore, the inhibition of force development
required a longer time to reach the steady state than the
inhibition of the [Ca2+]i elevation. As a result, SR33805

caused a leftward shift of the [Ca2+]i-force relationship
(Figure 4), especially at the early phase of the contraction
(Figure 5b), thus suggesting apparent potentiation of the
Ca2+-sensitivity of the contractile apparatus. By using the

same ¯uorometry system and the same arterial sample, we
previously reported that diltiazem caused vasorelaxation by
decreasing the [Ca2+]i level, while the Ca2+-sensitivity of the

contractile apparatus remained una�ected (Hirano et al.,
1990). Other Ca2+ channel blockers such as verapamil,
dihydropyridines were also shown to have no e�ect on the

Ca2+-sensitivity (Karaki et al., 1997; Kim et al., 1992).
SR33805 was thus suggested to be unique as a Ca2+ channel
blocker in that it apparently increased the Ca2+-sensitivity of
the contractile apparatus.

Regarding the e�ect of Ca2+ channel blocker on the Ca2+-
sensitivity of the contractile apparatus, bepridil (Advenier et
al., 1984; Flaim et al., 1985; Gill et al., 1992) was reported to

inhibit the e�ect of calmodulin (Itoh et al., 1984). It is thus
possible that bepridil induces vasorelaxation due to not only
inhibition of the Ca2+ in¯ux but also decrease in the Ca2+-
sensitivity of the contractile apparatus. Bepridil was indeed

shown to induce potent vasorelaxation (Winslow et al., 1986).
In contrast, SR33805 did not induce relaxation as much as
expected due to the reduction of [Ca2+]i.

The potentiation of the Ca2+-sensitivity was associated
with an increase in MLC phosphorylation. The relationship
between MLC phosphorylation and force development

remained unchanged, thus supporting the hypothesis that
the increase in the myo®lament Ca2+-sensitivity was due to
an increase in MLC phosphorylation for a given [Ca2+]i. The

level of MLC phosphorylation is determined by the balance
between phosphorylation and dephosphorylation activity,
and therefore the increase in MLC phosphorylation could
be achieved either by the Ca2+-independent activation of

kinase or the inhibition of phosphatase (Hartshorne et al.,
1998; Somlyo & Somlyo, 1994). Rho-associated kinase, which
is activated by a small G protein Rho, has recently been

shown to increase MLC phosphorylation in a Ca2+-
independent manner either by direct phosphorylation of
MLC or by inhibition of MLC phosphatase in smooth

muscle cells (Amano et al., 1996; Kureishi et al., 1997). The
inhibition of MLC phosphatase was shown to cause a Ca2+-
independent contraction in intact arterial strips and potenti-

ate the Ca2+-sensitivity in permeabilized smooth muscle
preparations (Hartshorne et al., 1998; Somlyo & Somlyo,
1994; Hirano et al., 1989). However, the e�ect of SR33805
either on Rho-Rho kinase system or the phosphatase is yet to

be examined.
The underestimation of [Ca2+]i due to optical artifact and

hindrance of fura-2 ¯uorometry does not appear to be based

on the following observations. (1) As shown in Figure 1, the
application of SR33805 to the normal PSS did not cause
gross shift of ¯uorescence intensities at either 340 or 380 nm

excitation lights. (2) SR33805 had no e�ect on the increases
in ¯uorescence ratio induced by histamine and ca�eine in the
absence of extracellular Ca2+. (3) A spectrophotometric
analysis showed that SR33805 had no speci®c absorbance

at 340 and 380 nm (data not shown). (4) An analysis using a
¯uorescence spectrophotometer revealed that SR33805 had
no e�ect on the fura-2 ¯uorescence in the Ca2+-EGTA bu�er

containing free Ca2+ at concentrations of 100 nM, 1 mM and
10 mM (data not shown).
In conclusion, SR33805 was shown to be a potent inhibitor

of the Ca2+-in¯ux induced by high K+-depolarization,
U46619 and histamine. A preferential inhibition of the
depolarizatoin-induced Ca2+ in¯ux to the agonist-induced

Ca2+ in¯ux suggests that SR33805 mainly inhibits VOCs. In
contrast to the potent inhibition of [Ca2+]i elevation,
SR33805 exhibited a much weaker inhibition of force
development in all types of contractions tested in the present

study. This di�erence in the inhibitory e�ect on [Ca2+]i and
force resulted in a leftward shift of the [Ca2+]i-force
relationship during the SR33805-induced relaxation, thus

indicating an apparent potentiation of the Ca2+-sensitivity of
contractile apparatus. However, the extent of the inhibition
of force was accompanied by a comparable extent of the

change in MLC phosphorylation, namely, the MLC
phosphorylation-force relation was not changed. SR33805 is
thus the ®rst example of a Ca2+ channel blocker which has
an e�ect on the [Ca2+]i-force relationship in addition to an
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inhibitory e�ect on Ca2+ in¯ux. The mechanism of this
apparent Ca2+-sensitization, however, remains to be eluci-
dated.
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