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EFFECTS OF CHLORPROMAZINE ON THE ELECTRICAL AND
MECHANICAL PROPERTIES OF INTACT AND SKINNED
MUSCLE CELLS OF GUINEA-PIG MESENTERIC ARTERY

TAKEO ITOH, HIROSI KURIYAMA & HIKARU SUZUKI

Department of Pharmacology, Faculty of Medicine, Kyushu University, Fukuoka 812, Japan

1 Effects of chlorpromazine on the contraction evoked in intact muscles, and of chlorpromazine or
calmodulin on the contraction evoked in the saponin-treated skinned muscles of the guinea-pig
mesenteric artery were investigated.

2 Chlorpromazine, above 5 x 1077 M, depolarized the membrane and reduced the membrane
resistance measured from the current-voltage relationships at the depolarized and resting membrane
potential levels.

3 The contraction evoked by excess [K],, NaCl-free Krebs and by caffeine was suppressed by
application of chlorpromazine; contractions induced by the former two treatments were suppressed
to a greater extent than those induced by the latter. Contractions induced by excess [K], or NaCl-free
Krebs ceased in Ca-free solution, but not those induced by caffeine, i.e. influxes of Ca across the
membrane were more suppressed than was the release of Ca from the storage sites by chlor-
promazine.

4 In skinned muscles, chlorpromazine suppressed and calmodulin enhanced the Ca-induced
contraction in a dose-dependent fashion. The minimum concentratlon of chlorpromazine required
to suppress the Ca-induced contractlon o~ M) was 10~°M and that of calmodulin to enhance the
Ca-induced contraction was 10™" M.

5 After skinned muscles had been loaded with Ca, chlorpromazine or calmodulin itself did not
induce the contraction by the release of stored Ca in the cell. However, calmodulin increased and
chlorpromazine suppressed the accumulation of Ca into the storage site (presumably sarcoplasmic
reticulum).

6 From the present results, it is suggested that chlorpromazine acts on the surface membrane and
suppresses Ca-influx, thus causing a relaxation of the mesenteric artery. However, when chlor-
promazine or calmodulin was applied to skinned muscles, the former suppresses and the latter
enhances the Ca accumulation into the storage site and the activation of contractile proteins. Thus
chlorpromazine causes the relaxation of the vascular tissue. However, a lower concentration of
chlorpromazine was required to suppress the Ca influx than to suppress the Ca accumulation into the
storage site or the activity of calmodulin in contractile protein. Thus vasodilatation induced by
chlorpromazine in vitro, is mainly due to the suppression of Ca influx.

Introduction

Calmodulin (Cheung, 1970; Kakiuchi & Yamazaki,
1970) plays a role as a Ca regulator protein in visceral
smooth muscles (Hartshorne, 1980; Adelstein &
Eisenberg, 1980). In skinned muscles, cyclic
adenosine 3’,5'-monophosphate (cyclic AMP)-
dependent protein kinase and calmodulin also regu-
late muscle contraction (Sparrow, Mrwa, Hofman &
Riiegg, 1981; Kerrick, Hoar, Cassidy, Bolles &
Malencik, 1981). In vascular tissues, calmodulin in-
hibitors also suppress the activity of Ca-dependent
adenosine triphosphatase (ATPase) (Hidaka,
Yamaki, Naka, Tanaka, Hayashi & Kobayashi,
1980; Asano, Suzuki & Hidaka, 1981).
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Chlorpromazine, a phenothiazine derivative, com-
petes with calmodulin, the Ca-receptor of the con-
tractile protein, in various tissues (Honda & Imam-
ura, 1968; Weiss, Fertel, Figlin & Uzunov, 1974;
Brostrom, Huang, Breckenridge & Wolff, 1975;
Levin & Weiss, 1976; 1977; 1979; Hidaka, Asano,
Iwadare, Matsumoto, Totsuka & Aoki, 1978; Nor-
man & Drummond, 1979; Means & Dedman, 1980;
Asano et al., 1981).

Responses to exogeneously applied drugs in intact
muscles cells, skinned muscles, or biochemically pre-
pared organelles are not always the same, because
functional links between myoplasmic membranes
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and internal organelles in the physiological environ-
ment are not measurable in the latter two conditions;
in addition the ionic permeability of the myoplasmic
membrane to many drugs has not yet been measured.

The present experiments were carried out to inves-
tigate the effects of chlorpromazine on intact muscles
and to determine the effects of this agent and of
calmodulin on saponin-treated skinned muscles
(Saida & Nonomura, 1978; Itoh, Kajiwara, Kitam-
ura & Kuriyama, 1981a; Itoh, Kuriyama & Suzuki,
1981b; Itoh, Suzuki & Kuriyama, 1981c). The results
showed that chlorpromazine suppressed the contrac-
tion evoked in intact muscles, suppressed the ac-
cumulation of Ca into the storage site and Ca recep-
tors in contractile proteins in skinned muscles. Ex-
ogenously applied calmodulin enhanced the accumu-
lation of Ca into the storage site and the sensitivity of
Ca-receptors in the contractile protein. As a result
this agent antagonized the action of chlorpromazine.
However, in intact and skinned muscle cells, a lower
concentration of chlorpromazine was required to
suppress the Ca influx than to suppress the accumula-
tion of Ca into the storage site or the activity of
calmodulin in the contractile protein. Chlor-
promazine may act as a relaxant in vascular smooth
muscle by suppressing the Ca-influx.

Methods

Albino guinea-pigs of either sex (300-400 g) were
stunned and bled. The mesenteric vascular bed was
placed in a dissecting chamber filled with Krebs
solution, and the mesenteric artery was dissected.

In the microelectrode experiments, the dissected
artery was mounted in an organ bath without the
removal of surrounding tissues such as the mesenteric
vein, mesenteric membrane and lymphatic vessels.
The organ bath had a capacity of approx. 2 ml and
warmed Krebs solution (34—35°C) was superfused at
a flow rate of about 3 ml/min.

Ionic composition of the Krebs solution was as
follows (mM): Na'1374, K'59, Mg** 1.2,
Ca’* 2.5, HCO;™ 15.5, H,PO,” 1.2, CI” 134 and
glucose 11.5. High-[K], solution or NaCl-free solu-
tion was prepared by replacing NaCl with KCl or
choline-Cl (containing atropine 1 pug/ml), respec-
tively.

To stimulate the muscle, the partition stimulating
method was used (Abe & Tomita, 1968). The current
pulse was applied to the long axis of the vessel. A
glass capillary microelectrode filled with 3 M KCl and
with a tip resistance of 40— 80 MQ was used to impale
single cells and the electrical activities of the muscle
membrane were recorded (Nihon Kohden Recticor-
der; RJG 4024).

Mechanical responses of the artery were measured
by attaching a circular strip of the mesenteric artery
(100 pm wide and 300 um long) to a strain gauge
(U-gauge, Shiko Seiki). The tissue was superfused in
an organ bath (0.9 ml capacity) filled with Krebs
solution. Solutions containing drugs or modified
ionic concentrations were added to the bath while the
solution already present was sucked off with an as-
pirator; therefore only a few seconds were needed to
apply the test solutions. However, this procedure was
accompanied by large artifacts due to the sudden
change in the level of the solution in the organ bath.
To correct this, before the experiment, recovery of
the position of the recording pen to the original level
was checked, and the recording systems were ad-
justed appropriately. Chlorpromazine was added for
10 min before the application of various stimulants.

Skinned muscle preparations were obtained by
using saponin, according to the method described by
Itoh et al. (1981b). After a K-induced contraction
was recorded from the intact muscle, the bathing
solution was replaced with a relaxing solution con-
taining 130mM KCl, 20mM Tris-maleate, 5 mM
MgCl,, 5mM ATP (10 mM Na as Na, ATP) and 4 mM
EGTA at pH6.8. The preparation remained for
20 min in the relaxing solution containing 50 pug/ml
saponin (ICN). The preparation was washed again
with the same solution and left until the tension level
became constant at about zero. Immediately before
application of a Ca-containing solution, the prepara-
tion was superfused with the relaxing solution. These
procedures were similar to those described by Saida
& Nonomura (1978). To investigate the effects of
chlorpromazine on the Ca-receptor of contractile
proteins, the Ca-tension-relation curve in the pres-
ence or absence of chlorpromazine was observed.
This agent was applied during the last 10 min of
saponin treatment and Ca was applied cumulatively.
Various Ca concentrations were prepared by adding
appropriate amounts of CaCl, to EGTA. The appar-
ent binding constant of EGTA for Ca was considered
tobe 10°M ™! at pH 6.8 and 25°C (Itoh et al., 1981b).

To obtain a caffeine-induced contraction, the con-
centration of EGTA in the relaxing solution was
reduced to 10™*M throughout the experiment. The
pH of the relaxing and of the various Ca solutions was
maintained at 6.8 by addition of KOH instead of KCl,
isotonically.

Chemicals used in the experiments were atropine
sulphate (Daiichi), caffeine (Wako), saponin (ICN),
chlorpromazine (Sigma) and EGTA (Dozin). These
drug solutions were freshly prepared before each
experiment.

Observed experimental values were expressed by
mean *s.d. Statistical significance was assessed by
Student’s ¢ test, and probabilities of less than 5%
were considered to be significant.
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Figure 1 Effects of chlorpromazine on membrane potential and membrane resistance in the guinea-pig mesenteric
artery. (a) The relationship between membrane potential and chlorpromazine (Cpz) concentration. Membrane
potentials were measured 10 to 20 min after application of chlorpromazine. Mean values are shown; vertical lines
indicate s.d. (b) Changes in the membrane potential induced by 10 " M chlorpromazine (20 min). Membrane
potentials were measured by successive impalements of different cells by the microelectrode. (c) Current-voltage
relationship obtained before (®) and during application of chlorpromazine 10~ M (O). Duration of current pulses
was 1.5 s. In the presence of chlorpromazine (10-20 min after application), the membrane potential was displaced to
the level of resting membrane potential by application of inward current, and the current-voltage relationship was
measured by application of various intensities of inward and outward current pulses (dotted line). The microelec-
trode was inserted into the same cell throughout the experiment at 0.05 mm distance from the stimulating electrode.

Results
Effects of chlorpromazine on the intact muscles

The membrane potential of smooth muscle cells of
the guinea-pig mesenteric artery was
—-70.4*x1.4mV (n= 30) Chlorpromazine in con-
centrations over 10~°M depolarized the membrane
to —64.8+0.8mV, n=15, P<0.05, and in 10™*Mm,
to —51.2+2.1mV, n=15, P<0.001 (Figure 1a).
When a low concentration of chlorpromazine was
applied, the change in membrane potential was re-
versible, but above 10~ M depolarization was ll'-
reversible. Figure 1b shows the effects of 10~ M
chlorpromazine on the membrane potential. To
measure the membrane potential, the microelectrode
was inserted repeatedly into the cells. Depolariza-
tions of the membrane started a few minutes after the
Krebs solution was replaced with the

chlorpromazine-containing solution and the depolar-
ization was sustained after the tissue was rinsed with
Krebs solution. Even when the superfusate was re-
placed within 1 min, the change of the membrane
potential appeared after a certain latency

Figure 1c shows the effects of 107°M chlor-
promazine on the current-voltage relationship. The
microelectrode was inserted into the same cell
throughout the experiment at a distance of
0.05mm from the stimulating electrode. Chlor-
promazine depolarized the membrane and the cur-
rent-voltage relation curve showed a reduction in the
membrane resistance. To determine more precisely
changes in the membrane resistance, the membrane
depolarized by chlorpromazine was displaced to the
level of the resting membrane potential by applica-
tion of inward currents, and the current-voltage rela-
tion was measured. The membrane resistance meas-
ured by inward and outward current pulses was con-
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Figure 2 (a) Effects of chlorpromazine (Cpz; 3 x 10">m and 10™*M) on the K-induced and caffeine-induced
contraction of the guinea-pig mesenteric artery. (b) The inhibitory effect of chlorpromazine (absscissa scale) on the
contraction of the guinea-pig mesenteric artery produced by 128 mM [K], (®); NaCl-free solution (choline-Cl with
atropine 1 ug/ml) (A) and 5 mM caffeine (O). Chlorpromazine was added 10 min before application of the various

stimulants. Vertical bars represent s.d. or 2 x s.d. (n=5-6).

sistently reduced. These results indicate that depolar-
izations induced by chlorpromazine are due to an
increase in the ionic conductance of the membrane.
The effects of chlorpromazine on the mechanical
response evoked by excess [K],, NaCl-free Krebs
solution or caffeine were then examined. As shown in
Figure 2a, chlorpromazine (> 10" °M) suppressed
the contraction evoked by excess [K], or caffeine.
The K-induced and NaCl free-induced contractions
were suppressed by chlorpromazine to a greater ex-
tent than were those induced by caffeine. The rela-
tionships between the inhibition of the contraction
evoked by excess [K],, NaCl-free Krebs solution or
caffeine and different concentrations of chlor-
promazine were plotted in Figure 2b. The inhibitory
effect is more pronounced on the contraction evoked
by 128 mM [K], or NaCl-free solution than on that
induced by 5 mM caffeine. In the guinea-pig mesen-
teric artery, the contraction evoked by excess [K], or

NaCl-free Krebs solution, but not that induced by
caffeine, was abolished in Ca-free EGTA (2 mM)
containing solution. The contraction induced by caf-
feine was mainly due to the release of Ca stored in the
cell (Itoh et al., 1981b). Furthermore, diltiazem, a Ca
channel blocker, suppressed the contraction evoked
by excess [K], but not that evoked by NaCl-free
solution (Itoh et al., 1981c; Suzuki, Itoh & Kuriyama,
1981). These results indicate that chlorpromazine
suppressed to a greater extent, the contraction
evoked by influx of Ca than that caused by the release
of Ca from the storage site, and that this action of
chlorpromazine differs from that of a Ca channel
blocker.

The effects of chlorpromazine on the contraction
evoked by various concentrations of [K], were also
mvestlgated As shown in Figure 3, application of
107°M chlorpromazme consistently suppressed the
K-induced contraction in concentrations ranging be-
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Figure 3 Effects of chlorpromazine on the K-induced
contraction_%bserved befgrf (®) and during (O: 107° M,
A: 3x10 "M, X: 10 M) application of chlor-
promazine. Each value is expressed as a relaxation of the
contraction induced by 128 mM [K], in the absence of
chlorpromazine. Vertical bars represents s.d. or 2 x s.d.
(n=4-6).

tween 10.7 mM and 128 mM [K],, and in the presence
of 107*M chlorpromazine, the contraction evoked by
all ranges of [K], was all but abolished.

Effects of calmodulin and chlorpromazine on skinned
muscles

As shown in Figure 4, before preparing skinned
muscles, the amplitude of the contraction evoked by

128 mM [K], in intact cells was recorded. This served
as an indication of the completion of skinning in that
the maximum amplitude of contraction produced by
107°M Ca was larger than that of 128 mM [K]o-
induced contraction in the intact cells (Itoh et al.,
1981b). The intact tissue was then skinned by rinsing
it with the relaxing solution and applying saponin
(50 pug/mil) for about 20 min, as described in methods.
Application of 10°MCa produced a contraction, the .
amplitude of which was larger than that evoked by
128 mM [K], in intact muscles (Figure 4a and b).
After the Ca-induced contraction had reached a
steady amplitude, three different concentrations of
calmodulin (1077M-5x 10" M) were applied. The
amplitude of the Ca-induced contraction was in-
creased by application of 10”7 M calmodulin. Figure 5
shows the effects of various concentrations of chlor-
promazine (10"°M-10"*M) on the Ca-induced con-
traction (10"°M Ca). The contraction evoked by
128 mM [K], was recorded from the intact muscles
(Figure 5a(i)). After the Ca-induced contraction had
reached a steady amplitude in the skinned muscles,
chlorpromazine was applied (Figure 5a(ii)). The re-
lationship between the inhibition induced by chlor-
promazine and the concentration of chlorpromazine
is shown in Figure 5b. In the presence of chlor-
promazine, the contraction evoked by 10~°M Cawas
suppressed consistently in the skinned muscles.

The free Ca-tension relationships of skinned mus-
cles in the presence of calmodulin or chlorpromazine

3 x 10-m relax

10°7M 5 x107m
Calmodulin
1075m Ca
_j’ < >

128 mm (K), 6 min

5 min

Figure 4 Effects of calmodulin on the Ca-induced contraction in skinned muscles. (a) Contrat_:gion evoked by
128 mM [K], solution (applied at @) before treatment with saponin. (b) In skinned muscle, the 10 "M Ca-indllosed
contraction was much larger than that evoked by 128 mm [K], in the intgct muscle. The contraction evoked by 10 "M
Ca was enhanced in a dose-related manner by application of 10” 'M to 5x 10" 'M calmodulin. Dots indicate

cumulative applications of calmodulin and wash (relax).
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Figure 5§ Effects of chlorpromazine (Cpz) on the Ca-induced contraction in skinped muscles. (a)(i): Contraction
evoked by 128 mM [K], solution in intact muscle. (ii) In anned muscle, 10~ M Ca-induced contraction was
suppressed in a dose-related manner by application of 10 "M to 10 M chlorpromazine. (b) The relaxation
produced by different doses of chlorpromazine on the contraction evoked by 10 "M Ca in skinned muscles.
Chlorpromazine was applied in the cumulative manner shown in (aii). Vertical bars represent 2 x s.d. (n=4).
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Figure 6 Effects of calmodulin or chlorpromazine on
the free Ca (PCa)-tension relationship in skinned mus-
cles. The amplitude of the contraction induced by
10 "M Ca is registered as a relative tension of 1.0. (A)
Calmodulin; (®) control; (O) 3x10 "M chlor-
promazine; (x) 10” " M chlorpromazine. Vertical bars
indicate s.d. of mean or 2 x s.d. (n=5-6).

are summarized in Figure 6. The minimum concent-
ration of Ca required to generate the contraction was
just over of 10” ' M and the maximum contraction was
recorded by application of 107°M Ca. This finding
confirmed previous observations made in skinned
smooth muscles (Itoh et al., 1981b). Application of
calmodulin (10™ " M) increased the amplitude of the
Ca-induced contraction at any given concentration of
Ca (107"M-10"°M). The enhancement of the Ca-
induced contraction was observed at low Ca concent-
rations in the presence of 10" M calmodulin. Appli-
cation of chlorpromazine (3 x 10™>M) consistently
suppressed the Ca-induced contraction at each con-
centration of Ca investigated.

Interactions between calmodulin and chlor-
promazine on the Ca-induced contraction were then
investigated. In skinned muscles, the mechanical re-
sponse was evoked by application of 107°M Ca.
Chlorpromazine reduced the amplitude of contrac-
tion in a dose-dependent fashion and calmodulin
restored the amplitude of contraction also in a dose-
dependent fashion. For example (Figure 7), the re-
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Figure 7 Effects of chlorpromazine (Cpz) and_exogenously applied calmodulin on the Ca-induced contraction
in the _ggninea-pig mesenteric artery. (a) The_!)O- M Ca-induced contracti(_);) (max. tension) was sug?ressed slightly
by 10 "M chlorpromazine, restored by 10 "M and enhanced by 3 x 10 "M calmodulin. (b) 10 ~ M Ca-induced
contraction was suppre_s§ed to a greater extent than before by (a) by 3 x 10™ ° M chlorpromazine. T;ns suppression
was not restored by 10 "M calmodulin but was prevented from increasin_%by application of 3 x 10 " M calmodulin.
(c) 10 ~ M Ca-induced contraction was suppressed almost totally by 10 ~ M chlorpromazine. This suppression was
not restored by application of 10~ M calmodulin.
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Figure 8 Effects of caffeine or chlorpromazine (Cpz) in the relaxin_gﬁsolution in ski_r}‘ned muscle cells following Ca
loading. (a) Effects of 128 mMm [K], on intact cells; (b—d) Proc. 1: 10 "M Cawith 10 M EGTA containing solution
was applied from 2 min. Proc. 2: the tissue was rinsed with 10 M EGTA containing relaxing solution for 2 min.
Proc. 3: 5 mM caffeine was applied. In (c) during proc. 3, chlorpromazine was added to the relaxing solution. In the
same records, 5 mM caffeine was subsequently applied to the tissue.
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duction in the amplitude of contraction induced by
10 6M chlorpromazine was restored completely by
10" M calmodulin and an increased concentration of
calmodulin (3 x 10~ M) enhanced the amplitude of
the Ca-induced contraction over the control levels
(Figure 7a). In the presence of higher concentrations
of chlorpromazine, higher concentrations of cal-
modulin were required (Figure 7b and c). These
results suggest that application of chlorpromazine
reduces the amplitude of the Ca-induced contraction
dose-dependently and calmodulin acts competitively
on the inhibitory action of chlorpromazine on the
Ca-induced contraction.

To investigate the effects of chlorpromazine on the
Ca accumulating and releasing sites, its effects on
caffeine-induced contractions in skinned muscles
were investigated on the assumption that the amp-
litude of caffeine-induced contraction indicates the
amount of Ca stored in the cell.

To evoke the caffeine-induced contractions in
skinned musc]es the followmg procedures were
adopted: 10~ M Ca with 10"*M EGTA were applied
for 2 min or 3 min (Ca accumulation into the storage
site; procedure 1), and subsequent contractions were
evoked by application of 5 mM caffeine (Ca release;
procedure ) following a period of 2 min wash in
Ca-free 107" M EGTA containing solution (removal
of free Ca; procedure 2) (Itoh et al., 1981b). The
schematic arrangement is shown in Figure 8b. Before
preparing the skinned muscle, the 128 mm [K],-
induced contraction was recorded as an indicator of
completeness of skinning (Figure 8a). Application of
caffeine (5 mMm) produced the contraction during
procedure 3, but 10™*M chlorpromazine (c) or
10""M calmodulin did not. The amplitude of the
caffeine-induced contraction was reduced by chlor-
promazine. This effect was due, in part, to the sup-
pression of the Ca-receptor of the contractile protein,
as observed from the effects of chlorpromazine on
the Ca-tension relationship, and also in part to a
suppression of the release of Ca stored in the cell.

Figure 9 shows the effects of calmodulin and chlor-
promazine on the caffeme-mduced contraction in
skinned muscles. When 10™’M calmodulin was ap-
plied during procedure 1, the subsequent caffeine-
induced contraction increased in amplitude
(113.1%x7.1%, n=6) compared with that obtained
in the absence of calmodulin. Application of cal-
modulin during procedures 2 and 3 had negligible
effects. This indicates that calmodulin affects mainly
the Ca accumulation into the storage sites. To ob-
serve the effects of chlorpromazine on the caffeine-
induced contracuon the tlssue were preincubated
with 10™°M Ca containing 10~ ‘M EGTA for 3 min.
This 1 min prolongation of the Ca-incubation time
was because of the slow appearance of the effects of
chlorpromazine on the skinned muscles. Chlor-

promazine suppressed the amplitude of the caffeine-
induced contraction particularly when this agent was
applied during procedure 1 (52.6 +5.1% of the con-
trol observed in the absence of chlorpromazine, n =7
in Figure 9b(ii)). However, this inhibition was not
due solely to the suppression of Ca release from the
storage site by inhibition of the accumulation of Ca,
but was also due to suppression of the Ca receptor of
the contractile proteins. Thus application of chlor-
promazine during procedures 2 and 3, reduced the
amplitude of caffeine-induced contraction to
72.8+4.4% (n = 8) of the control value.

Discussion

In the guinea-pig mesenteric artery, the contraction
evoked by excess [K], or by NaCl-free solution
ceased in Ca-free solution. The contraction evoked
by excess [K], was suppressed by application of dil-
tiazem, a Ca channel blocker, while that evoked by
NaCl-free solution was not (Itoh et al., 198 1c; Suzuki
et al., 1981). Chlorpromazine suppressed both these
contractions, but that induced by caffeine which was
generated by the release of Ca from the storage site
was inhibited only slightly. The extent of the suppres-
sion of the K-induced contraction in intact muscles
and that of the Ca-induced contraction in skinned
muscles by chlorpromazine was similar but that of the
caffeine contraction in intact muscles was not. This
implies that in intact muscles, chlorpromazine acts
mainly on the surface membrane to suppress the Ca
influx, and as a consequence, the amplitude of the
contraction is suppressed.

During application of chlorpromazine, the mem-
brane resistance was markedly reduced and the
membrane depolarized. The equilibrium potentials
calculated from the Nernst equation for Na, Ca and
Cl ions (En,, Eca and Eq) in vascular muscles are
thought to be lower than the resting membrane po-
tential (Casteels, 1981; Jones, 1981). The influx of
Ca was suppressed during application of chlor-
promazine; thus, the increased ionic conductance of
the membrane is presumably due to an increase in the
Na- and/or Cl-permeability. Chlorpromazine acts as
a calmodulin inhibitor in various tissues (Levin &
Weiss, 1976; 1979; Hidaka et al., 1978; 1980;
Hidaka, Sasaki, Tanaka, Endo, Ohno, Fujii & Naga-
ta, 1981). Therefore, if the control of Ca permeabili-
ty at the surface membrane (myoplasmic membrane)
requires the presence of calmodulin, as is the case for
the Ca pump at the red cell membrane (Marx, 1980),
chlorpromazine may act on the Ca-permeability at
the surface membrane though this effect may not be
confined to the calmodulin of the myosin light chain
phosphokinase in the cell (Hidaka et al., 1980). In the
present experiments, the relationship between the
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Figure 9 (a) Effects of calmodulin (10-7M) on the accumulation into or gelease of Ca from the storage sites in
skinned muscles. (i) Schematic diagram of procedure (Proc). Proc. 1: 10" "M Ca with 10" M EGTA containing
solution was applied for 2 min. Proc. 2: the tissue was rinsed with 10"~ M EGTA containing relaxing solution for
2 min. Proc. 3: 5 mM caffeine was applied. (ii) Effects of calmodulin (10” ' M) on the accumulation into or release of
Ca from storage sites estimated from the amplitude of caffeine-induced contraction. The amplitude of 5 mm
caffeine-induced contractions in the absence of calmodulin was assigned a relative tension of 100%. (b) Effects of
chlorpromazine (10~ M) on the accumulation into or release of Ca from the storage sites in skinned muscles. (i)
Schematic diagram. Proc. 1: 10" "M Ca with 10" M EGTA containing solution was applied for 3 min. Proc. 2:
10" "M containing relaxing solution for 2 min. Proc. 3: 5 mM caffeine application. (ii) Effects of chlorpromazine
(10” " M) on the caffeine-induced contraction. The amplitude of 5 mM caffeine-induced contraction observed in the
absence of chlorpromazine was assigned a relative tension of 100%.
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suppression of the Ca-influx and the increase of
Na-permeability was not elucidated. The contraction
produced by voltage-dependent Ca influx was selec-
tively suppressed by diltiazem, a Ca channel blocker
(Suzuki et al., 1981) i.e. diltiazem suppressed the
K-induced but not the NaCl-free solution-induced
contraction. These two contractions were suppressed
by chlorpromazine. Therefore, the suppression of
Ca-influx in the presence of chlorpromazine was
non-selective. Furthermore, chlorpromazine-
induced depolarization was irreversible; therefore,
this agent may not be selective for calmodulin. In the
rabbit aorta, chlorpromazine (10"®M) antagonized
contractions produced by noradrenaline, 5-
hydroxytryptamine and histamine, but not those pro-
duced by prostaglandin F,, and angiotensin II
(Asano et al., 1981). If the latter two substances
release the stored Ca as in the case of caffeine, the
present experiments show that chlorpromazine did
not suppress the contraction.

The membrane and contractile properties of vas-
cular smooth muscles differs with the region and
species, e.g., in the case of the mesenteric artery, the
Ca stored in the cell was released almost completely
by application of caffeine, but in the porcine coronary
artery, only part of the stored. Ca was released by
caffeine (Itoh etal., 1981a,b). A systematic examina-
tion is required: to compare the results obtained in
different vascular tissues.

References

ABE, Y. & TOMITA, T. (1968). Cable properties of smooth
muscle. J. Physiol., 196, 87-100.

ADELSTEIN, R.S. & EISENBERG,E. (1980). Regulation and
kinetics of the actin-myosin-ATP interaction. A. Rev.
Biochem., 49, 921-956.

ASANO, M., SUZUKI, Y. & HIDAKA, H. (1981). Effects of
various calmodulin antagonists on contraction of rabbit
aortic strips. J. Pharmac. exp. Ther. (in press).

BROSTROM, C.O.,, HUANG, Y.C., BRECKENRIDGE, BM. &
WOLFF, D.J. (1975). Identification of a calcium-binding
protein as a calcium-dependent regulator of brain
adenylate cyclase. Proc. natn. Acad. Sci. US.A., 72,
64-68.

CASTEELS, R. (1981). Membrane potential in smooth mus-
cle cells. In Smooth Muscle: an Assessment of Current
Knowledge. ed. Biilbring, E., Brading, A.F., Jones,
A.W. & Tomita, T. pp.105-127. London: Edward
Arnold.

CHEUNG, W.Y. (1970). Cyclic 3',5'-nucleotide phos-
phodiesterase: demonstration of an activator. Biochem.
biophys. Res. Comm., 38, 533-538.

HARTSHORNE, D.J. (1980). Biochemical basis for contrac-
tions of vascular smooth muscle. Chest, 78, suppl.
140-149.

HIDAKA, H., ASANO, M., IWADARE, S., MATSUMOTO, 1.,
TOTSUKA, T. & AOKI, N. (1978). A novel vascular
relaxing agents,  N-(6-amino-hexyl)-5-chloro-1-

In the guinea-pig mesenteric artery, calmodulin
accelerated Ca accumulation into the storage site by
activation of the Ca-pump (Marx, 1980) but the
release of Ca remained unaffected. Furthermore,
calmodulin enhanced but chlorpromazine suppres-
sed the amplitude of the Ca-induced contraction.
Exogeneously or endogenously applied, calmodulin
may act on the light chain phosphokinase of myosin
(Sparrow et al., 1981; Vallet, Molla & Demaille,
1981). On the other hand, chlorpromazine suppres-
sed these calmodulin actions, and relaxation of the
tissue followed. It is still uncertain whether chlor-
promazine actually penetrates the cell.

Using biochemical procedures (Honda & Imam-
ura, 1968; Weiss et al., 1974; Brostrom et al., 1975;
Hidaka et al., 1978; Levin & Weiss, 1979; Asano et
al., 1981) the effects of chlorpromazine have been
clarified in relation to the calmodulin actions on the
light chain phosphokinase of myosin in smooth mus-
cles and in other organelles. However, the concentra-
tion of chlorpromazine required to suppress the Ca
influx is much less than that required to affect con-
traction in intact skinned muscles.

This work was supported in part by the Ministry of Educa-
tion (54408, 544020, 56220031) and the Yamada Science
Foundation in Japan. We thank M. Ohara for reading the
manuscript.

naphthalenesulfonamide which affects vascular smooth
muscle actomyosin. J. Pharmac. exp. Ther., 207, 8-15.

HIDAKA, H,, SASAKI, Y., TANAKA, T., ENDO, T.,OHNO, S.,
FUJIL Y. & NAGATA, T. (1981). Calmodulin-antagonist
(W-7) inhibits cell proliferation. Proc. natn. Acad. Sci.
U.S.A. (in press).

HIDAKA, H., YAMAKI, T., NAKA, M. TANAKA, T.,
HAYASHI, H. & KOBAYASHI, R. (1980). Calcium-
regulated modulator protein interacting agents inhibit
smooth muscle calcium-stimulated protein kinase and
ATPase. Mol. Pharmac., 17, 66-72.

HONDA, F. & IMAMURA, H. (1968). Inhibition of cyclic
3',5'-nucleotide phosphodiesterase by phenothiazine
and reserpine derivatives. Biochim. biophys. Acta., 161,
267-269.

ITOH, T., KAJIWARA, M, KITAMURA, K. & KURIYAMA  H.
(1981a). Roles of stored calcium on the mechanical
response evoked in smooth muscle cells of the porcine
coronary artery. J. Physiol. (in press).

ITOH, T., KURIYAMA, H. & SUZUKI, H. (1981b).
Excitation-contraction coupling in smooth muscle cells
of the guinea-pig mesenteric artery. J. Physiol. (in
press).

ITOH, T., SUZUKI, H. & KURIYAMA, H. (1981c). Effects of
sodium on contractions evoked in intact and skinned
muscles of the guinea-pig mesenteric artery. Jap. J.
Physiol. (in press).



CHLORPROMAZINE-INDUCED VASODILATATION 523

JONES, A.W. (1981). Vascular smooth muscle and altera-
tion during hypertension. In Smooth Muscle: an Assess-
ment of Current Knowledge. ed. Biilbring, E., Brading,
AF., Jones, A.W. & Tomita, T. pp. 397-430. London:
Edward Arnold.

KAKIUCHI, S. & YAMAZAK]I, R. (1970). Stimulation of the
activity of cyclic 3’,5'-nucleotide phosphodiesterase by
calcium ion. Proc. Japan. Acad., 46, 387-392.

KERRICK, W.G.L.,HOAR,P.E.,CASSIDY,P.S,,BOLLES,L. &
MALENCIK, A. (1981). Calcium-regulatory mechan-
isms. Functional classification using skinned fibers. J.
gen. Physiol., 77, 177-190.

LEVIN, RM. & WEISS, B. (1976). Mechanisms by which
psychotropic drugs inhibit adenosine cyclic 3’,5'-
monophosphate phosphodiesterase of brain. Mol. Phar-
mac.,12,581-589.

LEVIN, R.M. & WEISS, B. (1977). Binding of trifluoperazine
to the calcium-dependent activator of cyclic nucleotide
phosphodiesterase. Mol. Pharmac., 13, 690-697.

LEVIN, R.M. & WEISS, B. (1979). Selective binding of anti-
psychotics and other psychoactive agents to the calcium-
dependent activator of cyclic nucleotide phosphodies-
terase. J. Pharmac. exp. Ther., 208, 454-459.

MARX, J.L. (1980). Calmodulin: A protein for all seasons.
Science, 208, 274-276.

MEANS, A.R. & DEDMAN, J.R. (1980). Calmodulin - an
intracellular calcium receptor. Nature, 285, 73-77.

NORMAN, J.A. & DRUMMOND, A H. (1979). Inhibition of
calcium-dependent regulator-stimulated phosphodies-
terase activity by neuroleptic drugs is unrelated to their
clinical efficacy. Mol. Pharmac., 16, 1089-1094.

SAIDA, K. & NONOMURA, Y. (1978). Characteristics of
Ca” -andMg"  -induced tension development in chem-
ically skinned smooth muscle fibers. J. gen. Physiol., 72,
1-14.

SPARROW, M.P.,, MRWA, U., HOFMANN, F. & RUEGG, J.C.
(1981). Calmodulin is essential for smooth muscle con-
traction. FEBS Lett., 125, 141-145.

SUZUKI, H., ITOH, T. & KURIYAMA, H. (1981). Diltiazem
actions on smooth muscles and neuromuscular junction
in the mesenteric artery. Am. J. Physiol. (in press).

VALLET, B.,, MOLLA, A. & DEMAILLE, J.G. (1981). Cyclic
adenosine 3’,5'-monophosphate-dependent regulation
of purified bovine aortic calcium/calmodulin-dependent
myosin light chain kinase. Biochim. biophys. Acta., 674,
256-264.

WEISS, B., FERTEL, R., FIGLIN, R. & UZUNOV, P. (1974).
Selective alteration of the activity of the multiple forms
of adenosine 3’,5’-monophosphate phosphodiesterase
of rat cerebrum. Mol. Pharmac., 10, 615-625.

(Received September 4, 1981.
Revised October 16, 1981.)



