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INHIBITION BY Cd2+,
VERAPAMIL AND PAPAVERINE OF
Ca2+_-INDUCED CONTRACTIONS IN ISOLATED
CEREBRAL AND PERIPHERAL ARTERIES OF THE DOG

S. HAYASHI & N. TODA
Department of Pharmacology, Shiga University of Medical Sciences,
Ohtsu, Shiga 520-21, Japan

1 In helically cut strips of canine cerebral arteries exposed to Ca2+-free media and depolarized by
K+, the addition of Ca2+ caused biphasic (transient and sustained) contractions, while in coronary and
mesenteric arteries, the addition of Ca2+ produced a sustained contraction sometimes preceded by a
slight transient contraction.
2 These Ca2+-induced contractions were attenuated by Cd2+ (5 to 100 gM) in a dose-dependent
manner, the attenuation being greater in cerebral than in coronary and mesenteric arteries. The
inhibitory effect of Cd2+ was prevented and partially reversed by 1 mM cysteine.
3 Verapamil and papaverine were also effective in attenuating the Ca2+-induced contractions in
cerebral and peripheral arteries: susceptibility to verapamil was in the order, cerebral > coronary >
mesenteric, while that to papaverine was in the order, cerebral = coronary > mesenteric.
4 It may be concluded that the agents that interfere with trans-membrane influxes of Ca2+ cause a
greater relaxation in cerebral than in peripheral arteries, as is seen with papaverine, a non-specific
vasodilator.

Introduction

It has already been shown that cerebral arterial
smooth muscles both from man and animals respond
differently from peripheral arterial smooth muscles
when vasoconstrictor and vasodilator agents are
applied (Bohr, Goulet & Taquini, 1961; Uchida, Bohr
& Hoobler, 1967; Toda & Fujita, 1973; Toda, 1974a;
Dalske, Harakal, Sery & Menkowitz, 1974; Muller-
Schweinitzer, 1976). Our previous data showed that a
triphasic pattern of responses, a rapid contraction,
rapid relaxation, and sustained contraction, is induced
by the addition of Ca2+ in isolated cerebral arteries of
the dog after a long exposure to Ca2+-free media
including excess K+ (Toda, 1974b). This pattern of
responses clearly differs from that observed in
peripheral arteries.
Cadmium ions and verapamil interfere with the

influx of Ca2+ across cell membranes in cardiac and
vascular smooth muscles (Fleckenstein, Tritthard,
Fleckenstein, Herbst & Gruen, 1969; Kaufmann,
Tritthart, Rost & Fleckenstein, 1970; Toda, 1973a;
1976a), resulting in vasodilatation. On the other hand,
papaverine causes a relaxation of smooth muscles by
mechanisms relating not only to influxes of Ca2+ but
also to intracellular Ca2+ sequestration (Carpenedo,
Toson, Furlanut & Ferrari, 1970; Tashiro & Tomita,

1970) and oxidative phosphorylation (Santi, Ferrari &
Contessa, 1964; Ferrari & Carpenedo, 1968).

The present study was undertaken to determine the
inhibitory effect of Cd2 , verapamil and papaverine on
arterial contractions induced by Ca2+ and to evaluate
the susceptibility of canine cerebral and peripheral
arteries to vasodilator agents acting directly on
vascular smooth muscle cells.

Methods

Mongrel dogs of either sex, weighing between 7 to
16 kg, were anaesthetized with intraperitoneal
injections of sodium pentobarbitone in a dose of
50 mg/kg and were killed by bleeding from the
common carotid arteries. The brain and heart were
rapidly removed, and the basilar and middle cerebral
arteries (0.6 to 0.9 mm outside diameter) and the
ventral interventricular branch of left coronary
arteries (0.6 to 0.9 mm) were isolated. The distal
portion of the superior mesenteric arteries (0.6 to
1.0 mm) was also isolated. The basilar and middle
cerebral arteries responded to vasoactive agents in the
same way; therefore, the term 'cerebral arteries' in this
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paper includes both arteries. The specimen was cut
helically into strips approximately 20 mm long. These
strips were fixed vertically between hooks under a
resting tension of 1.5 g in a muscle bath of 20 ml
capacity, containing the nutrient solution. Hooks
anchoring the upper end of the strip were connected to
the lever of a force-displacement transducer
(Nihonkoden Kogyo Co., Tokyo, Japan). The bathing
fluid was aerated with a mixture of 95% 02 and 5%
CO2 and maintained at 37+ 0.51C. The composition
of the solution was as follows (mM): Nat 162.1, K+
5.4, Ca2+ 2.2, Cl- 157.0, HCO3- 14.9, and glucose
5.6. The pH of the solutions was 7.2 to 7.3. In order to
raise external concentrations of K+, the KCI solution
was added directly to the bathing media. Osmotic
adjustment was not made when external K+ was
raised and external Ca2+ was removed. The
preparations were allowed to equilibrate for 90 to
120 min in control media and during the equilibration
period, the bathing media were replaced every 15 to
20 minutes.

Isometric contractions of arterial strips were
displayed on an ink-writing oscillograph (Sanei Sokki
Co., Tokyo, Japan). The contractile response to
25 mM K+ was first obtained and the preparations
were washed three times with normal fluid. After an
equilibration period of 35 to 45 min, preparations were
exposed for 60 min to Ca2+-free media, during which
time the solution was replaced twice every 20 min, and
K+ (25 mM) was added. After the K+-induced
contraction levelled off, Ca2+ in a concentration of
2.2 mM was added. Some preparations were treated
for 20 min with blocking agents, before the addition of
K+. Contractions induced by Ca2+ relative to those by
K+ (25 mM) in control media in the same preparations
were calculated. The values obtained in the presence
and absence of treatment with blocking agents were
compared. Results shown in the text, tables and
figures represent mean values + s.e. means. Statistical
analyses in paired preparations were made using
Student's t test.
Drugs used were verapamil hydrochloride (Eisai

Pharmaceutical Co., Tokyo, Japan), papaverine
hydrochloride, L-cysteine hydrochloride and
glutathione.
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Figure 1 Comparison of the effect of K+ and Ca2+
on (a) basilar (b) coronary and (c) mesenteric arteries
isolated from the same dog. The response to K+
(25 mM) was first obtained in control media.
Preparations were then exposed for 60 min to Ca2+-
free media, and K+ (25 mM) and Ca2+ (2.2 mM) were
added successively.

treatment with 25 mM K+ (Table 1). In coronary and
mesenteric arterial strips exposed to Ca2+-free media
and treated with 25 mM K+, the addition of Ca2+
caused a sustained contraction which was sometimes
preceded by a slight, phasic contraction (Figure 1).

Contractile responses of these arteries to K+ and
Ca2+ in Ca2+ (2.2 mM)-containing and Ca2+-free
media are summarized in Figure2. Contractions
induced by K+ in Ca2+-free media were appreciably
less in cerebral than in coronary and mesenteric
arteries, and phasic contractions by Ca2 , shown as
'A' on the abscissa scale in Figure 2, were significantly
greater.

Inhibition by Cd2+ ofthe Ca2+-induced contraction

Results

Comparisons of the response to Ca2+ in cerebral,
coronary and mesenteric arteries

In helically cut strips of cerebral arteries exposed for
60 min to Ca2+-free media and depolarized by 25 mM
K+, the addition of 2.2 mM Ca2+ caused a phasic
contraction followed by sustained contraction
(Figure 1). Such a phasic contraction was also elicited
by Ca2+ in Ca2+-free media in the absence of the

Treatment with Cd2+ (5 to 100 gM) caused a slight,
persistent relaxation. This relaxation was not
dependent upon concentrations of Cd2+, because the
preparations relaxed almost completely in control
media, therefore relaxation induced by vasodilator
agents was always slight and inconsistent from
preparation to preparation.
The contractile response of cerebral arteries to Ca2+

was reduced by treatment for 20 min with Cd2+ (5 to
100 gM) in a dose-dependent manner (Table 1). Both
the phasic and sustained contractions were attenuated,
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13.8 and 23.6 gM, respectively. The inhibitory effect
of Cd2+ was partially reversed by 1 mM cysteine.

Inhibition by verapamil of the Ca2+-induced
contraction

Treatment for 20 min with verapamil in con-
centrations ranging from 50 nm to 1 gM caused a
dose-related inhibition in both the phasic and
sustained contractions induced by Ca2+ in cerebral
arterial strips exposed to Ca2+-free media (Table 2).
After Ca2+-induced contractions levelled off, the
addition of a further 4.4 mM Ca2+ elicited a relaxation
in control arteries but a contraction in verapamil-
treated strips. Cysteine was ineffective in reversing the
inhibitory effect of verapamil.

Verapamil in a concentration of 50 nm attenuated
the contractile response of coronary arteries to Ca2+
to an appreciably lesser extent than that of cerebral
arteries, and this concentration of verapamil failed to
attenuate significantly the response in mesenteric
arteries (Table 2). Comparisons of the inhibitory effect
of verapamil in these arteries is shown in Figure 4.

C Average ID50s in coronary and mesenteric arteries
were 0.1 ,IM and 0.14 gM, while the value in cerebral
arteries was less than 50 nM.

Figure 2 Contractile responses to K+ and Ca2+ of
cerebral (0), coronary (0) and mesenteric (El) arteries
exposed to control and Ca2+-free media. Concentra-
tion of K+:25 mM. A, initial contraction induced by
2.2 mM Ca2+; B, level of the minimum tension
developed following the addition of Ca2+; C, sustained
contraction induced by Ca2t. Vertical bars represent
standard errors of the means. Number of preparations
used: cerebral 23; coronary 26; mesenteric arteries
27.

although the inhibition of the former contraction by
Cd2+ 5 gM was insignificant. After the Ca2+-induced
sustained contraction levelled off, cysteine (1 mM) or
glutathione (1 mM) produced a relaxation in control
preparations but a contraction in Cd2+-treated
arteries. In 8 out of 17 preparations treated with
20 gM Cd2+, cysteine caused a biphasic pattern of
contractions. Calcium ions (4.4 mM) failed to reverse
the Cd2+-induced inhibition. Typical recordings for the
inhibitory effect of Cd2+ and the reversal by cysteine
are demonstrated in Figure 3. Prior treatment with
cysteine (1 mM) completely prevented the inhibitory
effect of 20 giM Cd2t.

Treatment with Cd2+ in concentrations higher than
20 gM caused a significant inhibition in the contractile
response to Ca2+ of coronary and mesenteric arteries
(Table 1). Inhibition by 5 and 20 gM Cd2+ was

considerably less in coronary and mesenteric arteries
than in cerebral arteries (Figure 4, left). Mean ID50s in
cerebral, coronary and mesenteric arteries were 6.2,

Inhibition by papaverine of the Ca2+-induced
contraction

Papaverine in concentrations of 1 to 20,M caused a
dose-dependent inhibition in the contractile response
of cerebral and coronary arteries to 2.2 mM Ca2t,
while in mesenteric arteries, papaverine at 1 gM was
ineffective and in concentrations higher than 5 giM
significantly attenuated the Ca2+-induced contraction
(Table 3). Different susceptibility of the three arteries
to papaverine is illustrated in Figure 4. ID50s of
cerebral, coronary and mesenteric arteries averaged
3.5, 4.9 and 12 gM, respectively.

Discussion

The addition of Ca2+ to isolated cerebral arteries of
the dog exposed to Ca2+-free media caused biphasic
contractions. The transient contraction (independent
of K+-induced depolarization) is possibly induced by
influxes of Ca2+ across cell membranes, in which the
ion permeability increases following long exposure to
Ca2+-free media (Somlyo & Somlyo, 1968), while the
sustained contraction may derive from slowly
developing increase in Ca2+ influxes in association
with the membrane depolarization induced by elevated
[K+to. In the present study, the initial phasic
contraction induced by Ca2+ was markedly less and
the contraction induced by K+ in Ca2+-free media was
greater in coronary and mesenteric arteries than in
cerebral arteries. Membrane Ca2+ plays a role in
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Kt Cd 2+ K Ca2+ Cyst 20 min
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Figure 3 Inhibitory effect of Cd2+ on the Ca2+-induced contraction in a basilar artery. Two basilar arterial
strips were obtained from the same dog, one for control series of experiments (upper tracings) and the other for
experiments with 20 gM Cd2+ (lower tracings). In these two strips, contractile responses to 25 mM K+ were first
obtained. Preparations were then exposed for 60 min to Ca2+-free media before the addition of K+; in the lower
tracings, Cd2+ was added to the preparation after exposure for 40 min to Ca2+-free media. Cysteine (Cyst)
produced a biphasic contraction after Cd2+ treatment.
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Figure 4 Inhibition by (a) Cd2t, (b) verapamil and (c) papaverine of the Ca2+-induced contraction in cerebral
(-), coronary (0) and mesenteric (0) arteries exposed to Ca2+-free media. Each value was obtained from Tables
1, 2 and 3 by comparison of maximum contractions induced by Ca2+ relative to those induced by K+ in
preparations exposed to control and experimental media (for instance, in cerebral arteries at 5,M Cd2+, 67%
was expressed as a percentage of 1 10% and then subtracted from 100%).

stabilizing the membrane (Shanes, 1958) and is also
released to cause a vascular contraction by the
addition of K+ (Somlyo & Somlyo, 1968). It appears

that membrane Ca2+ in cerebral arterial smooth
muscle cells is easily depleted by 60 min exposure to
Ca2+-free media, as compared with that in coronary
and mesenteric arteries, because the response to K+
was greater in the latter.

Treatment with Cd2+, like verapamil, a known Ca2+
antagonist (Fleckenstein et al., 1969) or papaverine,
suppressed both the phasic and sustained contractions
induced by Ca2+ in cerebral arteries, indicating that
the Cd2+-induced inhibition does not derive from the
antagonism to K+-induced depolarization. Such non-
selective inhibition by Cd2+ of the contraction
mediated via increased transmembrane influxes of

K
K+
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Ca2+ is probably not due to interference with
functioning of contractile proteins, since the
contractile response of rabbit aortae to noradrenaline,
histamine and angiotensin II is inhibited only slightly
by Cd2+ in concentrations sufficient to cause a marked
attenuation of contractions induced by K+ and Ba2+
(Toda, 1973a). Further, contractility of the
glycerinated aorta is unaffected by 100 gM Cd2+
(unpublished data). Cysteine partially reversed and
completely prevented the Cd2+-induced inhibition seen
in isolated aortae, atria and sinoatrial nodes of the
rabbit (Toda, 1973a,b,c). It may therefore be
concluded that Cd2+ interferes with transmembrane
influxes of Ca2+ by a mechanism related to membrane
SH groups. In fact, influxes of 45Ca2+ measured by a
lanthanum method (van Breemen, Farinas, Gerba &
McNaughton, 1972) are significantly reduced by Cd2+
(Toda, 1976a).

In canine isolated mesenteric arteries, ID50s of
verapamil and papaverine against Ca2+ contractions
were 0.14 and 12 gM respectively, and such data are

consistent with the results obtained with rat isolated
aortic ring preparations (Massingham, 1973).
Contractile responses to Ca2+ of cerebral and
peripheral arteries of approximately the same size
were suppressed in a different manner by vasodilator
agents: susceptibility to Cd2+ and verapamil was,
cerebral > coronary > mesenteric, while that to
papaverine was, cerebral = coronary > mesenteric. In
contrast to the fact that isoproterenol, acetylcholine
(Toda, 1974a) and dopamine (Toda, 1976b) which
selectively stimulate respective drug receptors, cause
considerably less relaxation in cerebral arteries than in
mesenteric and coronary arteries, vasodilator agents
acting directly on vascular smooth muscles appear to
cause a greater relaxation in cerebral arteries.

The authors express their gratitude for the assistance of Miss
M. Ohara in the preparation of this manuscript. The
generous gift of verapamil given by Eisai Pharmaceutical
Co., Japan, is gratefully acknowledged.
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