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Pranidipine enhances relaxation produced by endothelium-derived
relaxing factor in carotid artery
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Abstract

The effects of pranidipine, a novel dihydropyridine-type Ca2q-channel antagonist, on acetylcholine-induced endothelium-dependent
q Žw qx .relaxation were investigated in isolated carotid artery of the guinea-pig. In arteries contracted with high-K solution K s28.8 mM0

containing noradrenaline, the relaxation was inhibited by N v-nitro-L-arginine, indicating an involvement of endothelium-derived relaxing
Ž y9 y7 .factor. Pranidipine 10 –10 M augmented the relaxation in a concentration-dependent manner. Sodium nitroprusside produced a

relaxation in arteries contracted with high-Kq solution containing noradrenaline, in an endothelium-independent manner, and the
w x w x Ž .relaxation was enhanced by pranidipine. 1H- 1,2,4 oxadiazolo 4,3-a quinoxalin-l-one ODQ , an inhibitor of nitric oxide-sensitive

guanylate cyclase, attenuated the relaxation produced by acetylcholine or sodium nitroprusside. In the presence of ODQ, pranidipine did
not enhance the acetylcholine-induced relaxation. The relaxation produced by endothelium-derived hyperpolarizing factor was inhibited
by pranidipine, with no alteration of the hyperpolarization. Thus, pranidipine augments the nitric oxide-induced relaxation, possibly by
enhancing the mechanisms related to cyclic GMP. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Most vascular smooth muscles relax in response to
acetylcholine indirectly by the release of relaxing factors

Ž .from endothelial cells Furchgott, 1983 . The factors in-
volve mainly three substances, endothelium-derived relax-

Ž .ing factor EDRF , endothelium-derived hyperpolarizing
Ž . Ž .factor EDHF and prostacyclin Moncada et al., 1991 .

EDRF is possibly nitric oxide which induces vasodilatation
Žthrough enhanced production of cyclic GMP Ignarro et

.al., 1987; Moncada et al., 1991 . EDHF relaxes vascular
smooth muscle by hyperpolarizing the membrane through

q Žactivation of K -channels Chen et al., 1988; Suzuki and
.Chen, 1990 . Prostacyclin elevates production of cyclic

ŽAMP and relaxes vascular smooth muscle Moncada et al.,
.1991 . The production of these endothelial factors requires

2q Žan increase in Ca in endothelial cells Moncada et al.,
.1991 . The membrane of endothelial cells does not possess
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functional voltage-sensitive Ca2q-channels, and as a conse-
quence depolarization of the membrane by high Kq solu-
tion actually reduces the influx of Ca2q due to a reduced

Žpotential gradient across the membrane Laskey et al.,
. 2q1990 . In fact, many types of Ca -channel antagonist are

Žunable to modulate the EDRF-induced relaxation Fur-
.chgott, 1983; Griffith et al., 1986 .

Pranidipine is a novel dihydropyridine-type Ca2q-chan-
nel antagonist and possesses long-term anti-hypertensive

Ž .and anti-anginal actions Nakayama et al., 1990, 1991 .
This Ca2q-channel antagonist enhances endothelium-de-
pendent relaxation in the rat thoracic aorta, and this prop-
erty differs from other Ca2q-channel antagonists such as

Žnifedipine, verapamil and diltiazem Nakayama et al., 1993;
.Hirano et al., 1997; Mori et al., 1998 . The properties of

vascular smooth muscle differ between regions and species,
therefore attempts were made to observe whether endothe-
lium-dependent relaxation in the guinea-pig carotid artery
is also affected by pranidipine.

The carotid artery of guinea-pig produces an endothe-
lium-dependent relaxation in response to acetylcholine,

Žand the factors involved are EDRF and EDHF Zhang et

0014-2999r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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.al., 1994 . The EDRF-induced relaxation could be pro-
duced in muscles contracted with high Kq solution after
preventing the EDHF-induced component of the relaxation
Ž .Chen and Suzuki, 1989 . The EDHF-induced relaxation
could be isolated after inhibiting the production of EDRF
and prostacyclin with N v-nitro-L-arginine and indo-

Ž .methacin, respectively Suzuki et al., 1992 . The experi-
ments were carried out to observe the effects of pranidip-
ine on relaxation produced by EDRF and EDHF, and also
on the EDHF-induced hyperpolarization produced by
acetylcholine in the guinea-pig carotid artery. The results
indicate that pranidipine enhanced the EDRF-induced com-
ponent and inhibited the EDHF-induced component of the
acetylcholine-induced relaxation, with no alteration of the
acetylcholine-induced hyperpolarization. Possible involve-
ment of cyclic GMP in the augmenting actions of pranidip-
ine on relaxation mediated by nitric oxide was considered.

2. Materials and methods

2.1. Preparation

Male guinea-pigs, weighing 250–300 g, were anes-
thetized with ether and then exsanguinated by cutting the
femoral artery. The protocols used conformed with guide-
lines on the conduct of animal experiments issued by
government, and were approved by The Committee on the
Ethics of Animal Experiments in Nagoya City University
Medical School. Common carotid arteries were dissected
and cleaned by removing surrounding connective tissues in
Krebs’ solution at room temperature. In some experiments,
the endothelial cells were removed mechanically by rub-
bing the internal surface of the artery with stainless steel
wire. The successful removal of functional endothelial
cells from the artery was confirmed by the absence of

Ž y6electrical and mechanical responses to acetylcholine 10
. Ž y7 .M or substance P 10 M , agonists which produce

Žendothelium-dependent responses in this artery Zhang et
.al., 1994 .

2.2. Recording methods for electrical responses

Electrical responses of smooth muscle cells elicited by
acetylcholine were recorded from the carotid artery using
conventional microelectrode techniques. The artery, 1–1.5
cm long, was immobilized on a rubber plate which was
fixed at the bottom of the recording chamber, and super-

Ž .fused with warmed 358C Krebs’ solution at a constant
flow rate of about 3 mlrmin. Glass capillary microelec-
trodes with a tip resistance of 50–80 MV were used to
impale the smooth muscle cells from the adventitial side.

2.3. Recording methods for mechanical responses

Mechanical responses were measured isometrically in
ring preparations of the carotid artery. Isolated ring seg-

ments of the artery with a length of about 1 mm were
mounted between a pair of stainless wires with diameter of
about 50 mm inserted into the lumen of the artery; one
wire was fixed at the bottom and the other was connected

Žto the lever of a mechano-transducer FD-pick up, TB-
.612T, Nihon-kohden, Tokyo, Japan . The contractile forces

of the ring segment due to contraction of the circular
muscle were measured isometrically. The ring segment
was placed under a resting tension of about 0.1 g, and was

Ž .perfused with oxygenated warmed 358C Krebs’ solution
at a constant flow rate of about 3 mlrmin. After stabiliza-
tion, the rings were stimulated with solution containing

qŽw qx .high K K s28.8 mM several times until the peak0
Žamplitude of contraction reached a steady value usually

.three times . In the measurement of mechanical responses,
the Ca2q-channel antagonistic actions of pranidipine re-
mained effective even after removal of pranidipine from
the superfusate for several hours. The successful removal
of the effects of previously used pranidipine from the
recording system required washing with 99.5% ethanol for
30 min and then further washing with distilled water for
4–6 h. These washing procedures were applied at the end
of every experiment.

2.4. Solutions

The ionic composition of the Krebs’ solution was as
Ž . q q 2q 2qfollows in mM ; Na 137.4, K 5.9, Mg 1.2, Ca

2.5, HCOy 15.5, H POy 1.2, Cly 134, glucose 11.5.3 2 4
q w qx Ž qHigh K solution containing 28.8 mM K high-K0
.solution was prepared by replacing NaCl with KCl iso-

osmotically. The solution was aerated with O containing2

5% CO . The pH of the solution was 7.2–7.3.2

2.5. Drugs

Drugs used were acetylcholine chloride, noradrenaline
Ž .hydrochloride Sigma, St. Louis, USA , pranidipine

Ž . vOtsuka Pharmac., Tokyo, Japan , N -nitro-L-arginine
Ž . Ž .Peptide Institute, Osaka, Japan , indomethacin Sigma ,

w x w x Ž .and 1 H- 1,2,4 oxadiazolo 4,3-a quinoxalin-1-one ODQ
Ž .Research Biochem. Int., MA, USA . These drugs were

Ždissolved in distilled water acetylcholine, noradrenaline,
v . y3 ŽN -nitro-L-arginine , 5=10 M Na CO solution indo-2 3

. Ž .methacin or dimetyl sulfoxide ODQ, pranidipine , and
added to the Krebs’ solution to obtain the desired concen-
tration. The final concentration of these solvents in the
Krebs’ solution did not exceed 1:1000, and no alteration of
the pH of the solution was detected following these proce-
dures.

2.6. Statistics

Data obtained were expressed by the mean"standard
Ž .deviation S.D. . Statistical significance of the values was
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tested using Student’s t-test, and probabilities of less than
Ž .5% P-0.05 were considered significant.

3. Results

3.1. Effects of pranidipine on contractions produced by
noradrenaline and high-K q solution

Ring preparations of guinea-pig carotid artery were
q Žw qx .contracted by high-K solution K s28.8 mM or0

high-Kq solution containing 10y6 M noradrenaline. Each
of these solutions produced a contraction which reached a
stable value within 10 min; the amplitude produced by
high-Kq solution containing noradrenaline was 1.42"0.20

Ž . qtimes ns28 that produced by high-K solution alone.
The effects of pranidipine on these contractions were
observed after the arteries had been pretreated with the

Ž y7 .drug for at least 30 min. Pranidipine 10 M inhibited
the contractions produced by both high-Kq solution and

q Ž .high-K solution containing noradrenaline Fig.1 . The
summarized data indicated that significant inhibition by
pranidipine of contractions produced by high-Kq solution
or high-Kq solution containing noradrenaline appeared at
concentrations of 10y8 M and reached about 60% inhibi-

y7 Ž .tion at 10 M Fig. 2 .

3.2. Effects of pranidipine on acetylcholine-induced relax-
ation

The acetylcholine-induced relaxation was produced in
ring preparations of the guinea-pig carotid artery con-
tracted by high-Kq solution containing noradrenaline or by
solution containing noradrenaline alone, in the absence or
presence of 10y5 M N v-nitro-L-arginine and 5=10y6 M
indomethacin, the objective being to generate relaxation
mainly by EDRF or EDHF, respectively. In muscles con-
tracted by high-Kq solution containing noradrenaline,

Fig. 1. Effects of pranidipine on mechanical responses produced by
high-Kq solution, noradrenaline and acetylcholine in ring preparation of
the carotid artery. Ring preparation of the guinea-pig carotid artery was

q Ž . y6stimulated by high-K solution open column and 10 M noradrena-
Ž . Ž .line filled column separately or together, before A and after applica-

y7 Ž . Ž y6 .tion of 10 M pranidipine B . Acetylcholine 10 M was applied for
25 min during stimulation with high-Kq solution containing noradrena-

Ž .line oblique line column . A and B were recorded from the same tissue.

Fig. 2. Effects of pranidipine on contractions produced by high-Kq

solution with or without noradrenaline. Ring preparation of the guinea-pig
q Ž .carotid artery was contracted by high-K solution High-K, A or

q y6 Ž q .High-K solution containing 10 M noradrenaline B, High-K NA ,
Ž y1 0 y7 .in the presence of various concentrations 10 –10 M of pranidip-

ine. Preparation was pretreated with pranidipine for at least 30 min before
application of stimulants, and peak amplitude of contractions relative to

Žthose before application of pranidipine was measured. Mean"S.D. ns
. U14 . , significant difference from control.

Ž y6 .acetylcholine 10 M produced a relaxation with two
components; an initial transient relaxation followed by
some recovery of force to a sustained relaxation with
amplitude being 30%–50% smaller than the initial peak
relaxation. The initial relaxation reached a peak amplitude
at about 2 min, and then the following relaxation decayed
slowly with time to reach a stable amplitude at 15–20 min
Ž .Fig.1A . The relaxation was confirmed to be produced
mainly by EDRF from evidence that it was inhibited to

y5 v Ž .Žless than 10% by 10 M N -nitro-L-arginine ns3 data
.not shown . Acetylcholine also produced relaxation in the

presence of pranidipine, but the amplitude relative to the
contraction produced by high-Kq solution containing nor-
adrenaline was larger in the presence than in the absence

Ž .of pranidipine Fig.1B . The relaxation was quantified by
expressing the amplitude as relative to the contraction
produced before application of acetylcholine. In muscles
contracted with high-Kq solution containing noradrena-
line, the amplitude of the initial component of acetyl-
choline-induced relaxation was about 40%, and it decayed

Ž .to about 7% at 25 min Fig.3A . In muscles contracted
with noradrenaline in the presence of N v-nitro-L-arginine
and indomethacin, acetylcholine again produced a biphasic
relaxation. However, in this case the amplitude of the

y8 Ž .relaxation was inhibited by 10 M pranidipine Fig.3B ,
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Fig. 3. Effects of pranidipine on acetylcholine-induced relaxation. Ring
Ž . qpreparation of the guinea-pig carotid artery was contracted by A high-K

y6 Ž . y6solution containing 10 M noradrenaline, B solutions containing 10
M noradrenaline, 10y5 M N v-nitro-L-arginine and 5=10y6 M indo-

Ž . y6 y6methacin, and C 10 M noradrenaline alone, and 10 M acetyl-
choline was added for 25 min to induce relaxation in the absence
Ž . y8control and presence of 10 M pranidipine. Acetylcholine was added
at time 0. Mean"S.D., ns6 for A, ns7 for B, ns4 for C.

indicating that the relaxation produced by EDHF was
inhibited by pranidipine.

In the guinea-pig carotid artery contracted with nor-
adrenaline, the acetylcholine-induced relaxation is pro-

Žduced by both EDRF and EDHF Suzuki et al., 1992;
.Zhang et al., 1994 . Thus, the present results indicate that

pranidipine augments the relaxation produced by EDRF
and inhibits the relaxation produced by EDHF in this
artery. If this is the case, the acetylcholine-induced relax-
ation produced in muscles contracted with noradrenaline
alone may not be significantly altered by pranidipine, due
to concomitant counteracting effects of pranidipine on
EDRF- and EDHF-induced relaxation. The results shown
in Fig. 3C indicate that the acetylcholine-induced relax-
ation produced in muscles contracted by noradrenaline was
not significantly altered by pranidipine. The amplitude of
contraction produced by noradrenaline was not signifi-

Žcantly changed by pranidipine 106.1"25.1%, ns5, P
.)0.05 .

Fig. 4 summarizes the effects of pranidipine on the
acetylcholine-induced relaxation in muscles contracted with
high-Kq solution containing noradrenaline. Both initial
and sustained components of the relaxation were aug-

Fig. 4. Effects of pranidipine on relaxation produced by EDRF. Ring
preparation of the guinea-pig carotid artery was contracted by high-Kq

solution containing 10y6 M noradrenaline, and then 10y6 M acetyl-
choline was applied for 25 min to induce relaxation, in the absence
Ž . Ž y1 0 y7 .control and presence of pranidipine 10 –10 M . Amplitude of

Ž .relaxation peak, filled column; at 25 min, open column was shown by
Ž . U Ž .the mean"S.D. ns6 . , significant difference from control P -0.05 .

Ž y9 y7 .mented by pranidipine 10 –10 M , in a concentra-
tion-dependent manner.

3.3. Effects of pranidipine on relaxation produced by
sodium nitroprusside

Effects of pranidipine on relaxation produced by sodium
nitroprusside, a nitric oxide donor, were investigated in the
guinea-pig carotid artery contracted with high-Kq solution
containing noradrenaline. As shown in Fig. 5, sodium

Ž y9 y5 .nitroprusside 10 –10 M applied cumulatively pro-
duced a relaxation, in a concentration-dependent manner.
Sodium nitroprusside also relaxed the arterial ring prepara-
tions which had been denuded of the endothelial cells in a
concentration-dependent manner, and the amplitude of re-
laxation was much larger than that observed in intact

Fig. 5. Effects of pranidipine on relaxation produced by sodium nitroprus-
Žside. Ring preparations of the guinea-pig carotid artery intact and

. qendothelium-removed preparations were contracted with high-K solu-
tion containing 10y6 M noradrenaline, and then sodium nitroprusside
Ž . y8SNP was added cumulatively, in the absence and presence of 10 M
pranidipine. Amplitude of contraction in the presence of sodium nitro-
prusside was measured as relative to that before application of sodium

Ž .nitroprusside. Mean"S.D. ns5–10 .
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arteries. The maximum relaxation elicited by 10y5 M
sodium nitroprusside was about 60% in intact artery and

Ž y8 .about 80% in the denuded artery. Pranidipine 10 M
augmented the relaxation produced by sodium nitroprus-
side in both intact and endothelium-denuded arteries; the
effects appeared more pronounced in the former than in
the latter.

These results suggest that in the guinea-pig carotid
artery, the relaxation produced by endogenous and exoge-
nous nitric oxide is augmented by pranidipine. The relax-
ation produced by nitric oxide is believed to be related to
the enhanced production of cyclic GMP due to stimulation

Ž .of guanylate cyclase Moncada et al., 1991 . Attempts
were therefore made to observe the effects of pranidipine
on relaxation produced by 10y6 M acetylcholine or 10y6

Fig. 6. Effects of ODQ on acetylcholine- or sodium nitroprusside-induced
relaxation. The ring preparations with intact endothelial cells were con-
tracted by high-Kq solution containing noradrenaline, and the relaxation

y6 Ž . y6produced by 10 M acetylcholine ACh, A or 10 M sodium
Ž . y5nitroprusside SNP, B was measured in the absence or presence of 10

Ž . qM ODQ. C Contractions produced by high-K solution containing
10y7 M noradrenaline in the presence of 10y5 M ODQ and 10y8 M
pranidipine, and addition of 10y6 M acetylcholine or 10y6 M sodium
nitroprusside. ODQ was added in the superfusate at least 30 min before
starting experiments. Acetylcholine or sodium nitroprusside was added at
time 0. Amplitude of relaxation relative to that before application of

Žacetylcholine or sodium nitroprusside was measured for 25 min mean"
.S.D., ns5 for A, ns7 for B, ns3 for C .

Fig. 7. Acetylcholine-induced hyperpolarization. Membrane responses of
y6 Ž .smooth muscle elicited by 10 M acetylcholine ACh were measured

Ž .from the guinea-pig carotid artery, in the absence A and presence of
y8 Ž . Ž .10 M pranidipine B . C The responses produced by acetylcholine in

the presence of high-Kq solution containing 10y6 M noradrenaline
Ž q .High-K qNA .

M sodium nitroprusside in the presence of ODQ, an in-
Ž .hibitor of guanylate cyclase Garthwaite et al., 1995 .

In carotid artery of the guinea-pig, 10y5 M ODQ
caused an increase in amplitude of noradrenaline-induced
contraction by 1.5–2 times. Therefore, in the presence of
ODQ the concentrations of noradrenaline were reduced to
1–3=10y7 M to obtain contractions with comparable
amplitude with those in the absence of ODQ. In the
presence of ODQ, high-Kq solution containing noradrena-
line produced a sustained contraction, and the relaxation

Ž .produced by acetylcholine Fig.6A or sodium nitroprus-
Ž .side Fig.6B was strongly attenuated. In the presence of

10y5 M ODQ and 10y8 M pranidipine, amplitude of
contractions produced by high-Kq solution containing nor-
adrenaline did not remain stable, but decayed slowly with
time. Addition of acetylcholine did not, but sodium nitro-
prusside did, facilitate significantly the decline of tension
Ž .Fig.6C . This suggests that the relaxation elicited by
acetylcholine is mainly produced by a cyclic GMP-depen-
dent mechanism and that pranidipine augments this mecha-
nism. Sodium nitroprusside facilitated the inhibition of
contraction produced with high-Kq solution containing
noradrenaline by pranidipine in the presence of ODQ,
indicating that the later part of the relaxation produced by
sodium nitroprusside may be independent of cyclic GMP.

3.4. Effects of pranidipine on the acetylcholine-induced
hyperpolarization

The resting membrane potential of smooth muscle cells
in the guinea-pig carotid artery ranged between y50 and
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Ž .y55 mV mean, y52.3"3.2 mV, ns21 , the value
Žbeing similar to that reported previously Suzuki et al.,

. y61992; Zhang et al., 1994 . Application of 10 M acetyl-
choline hyperpolarized the membrane by 10.1"3.7 mV
Ž . y8ns3 . Application of 10 M pranidipine did not alter

Ž .the resting membrane potential y52.9"3.1 mV, ns12
or the amplitude of acetylcholine-induced hyperpolariza-

Ž . Žtion 11.3"6.7 mV, ns3; P)0.05 for both Fig.7A
. qand B . High-K solution containing noradrenaline depo-

Ž .larized the membrane to y36.7"5.5 mV ns20 , and
the value was not altered by additional application of 10y8

Ž .M pranidipine y35.8"4.8 mV, ns8, P)0.05 . In
high-Kq solution containing noradrenaline, acetylcholine
Ž y6 . Ž .10 M did not produce any hyperpolarization ns5
Ž .Fig.7C . Thus, the effects of pranidipine appear with no
relation to the membrane potential.

4. Discussion

The present experiments showed that in the guinea-pig
carotid artery, pranidipine augments nitric oxide-induced
relaxation and inhibits EDHF-induced relaxation. The aug-
mentation of the nitric oxide-induced relaxation by prani-
dipine was also observed after removal of endothelial cells,
indicating that the actions of pranidipine appear in an
endothelium-independent manner and are, therefore, most
probably exerted at the level of smooth muscle cells. It
seems likely that these effects of pranidipine are causally
related to the actions of cyclic GMP, since inhibition of
guanylate cyclase by ODQ abolished the actions of prani-
dipine. These results differ from those reported in the rat
aorta in which the augmentation by pranidipine of the
endothelium-dependent relaxation produced by acetyl-
choline is not causally related to the production of cyclic

ŽGMP or the activity of nitric oxide synthase Mori et al.,
.1998 . The difference between these two arteries also

appeared in the effects of pranidipine on the initial compo-
nent of the EDRF-induced relaxation; the amplitude of the
initial relaxation was augmented in the guinea-pig carotid
artery but not in the rat aorta. It remains unclear why the
effects of pranidipine differ between these two arteries.

Pranidipine has Ca2q-channel antagonistic actions
Ž .Nakayama et al., 1990 , and these actions are also con-
firmed in the present experiments, as the contractions
produced by high-Kq or high-Kq solution containing nor-
adrenaline are inhibited. It remains unclear whether the
actions of pranidipine in the augmentation of nitric oxide-
dependent relaxation have any causal relationship with
inhibition of voltage-sensitive Ca2q-channels, although this

Žwas not found to be the case in the rat aorta Mori et al.,
.1998 . In vascular smooth muscles, increases in cyclic

GMP levels reduce the cytosolic Ca2q concentrations due
to accelerated activation of Ca2q extrusion pumping mech-

Ž .anisms Moncada et al., 1991 . The present experiments
could not reveal the cellular mechanisms related to the

augmentation by pranidipine of the endothelium-dependent
relaxation. The gradual decrease in amplitude of contrac-
tion produced with high-Kq solution containing noradrena-
line in the presence of both pranidipine and ODQ, but not
in the presence of ODQ alone, suggests that pranidipine
may have unidentified actions to inhibit contraction of
vascular smooth muscle cells. In skinned smooth muscle of
rat aorta, pranidipine has been shown to have no inhibitory
action on the Ca2q-sensitivity of the contractile proteins
Ž .Mori et al., 1998 .

The augmentation by pranidipine of the acetylcholine-
induced relaxation was observed under circumstances
where contractile tension was reduced, possibly due to the
Ca2q-channel antagonistic actions of this drug on smooth
muscle cells. It is possible that the amplitude of relaxation
could be influenced by the pre-existing level of tension,
since the values are expressed relative to this level. In
aortic rings of the rabbit, the amplitude of relaxation is
related to the level of muscle tension, and it reduces when
the tension increases over a certain level while it remains
unaltered when the tension reduces below this level
Ž .Ibengwe and Suzuki, 1986 . This is also the case in the
guinea-pig carotid artery, and reduction of tension by
20%–30% does not alter the relative amplitude of the

Ž .acetylcholine-induced relaxation Suzuki et al., 1992 .
Thus, the augmentation by pranidipine of the relaxation
produced by acetylcholine or sodium nitroprusside may
not merely reflect the reduction in amplitude of contrac-
tion.

The inhibition by pranidipine of the EDHF-induced
relaxation is unlikely to be associated with reduced ampli-
tude of endothelium-dependent hyperpolarization in the
guinea-pig carotid artery. In vascular smooth muscles,
hyperpolarization induces relaxation by inhibiting the in-
flux of Ca2q through voltage-sensitive Ca2q-channels
Ž . ŽNelson et al., 1990 or the production of InsP Itoh et al.,3

.1992 . Although the mechanism remains unclear, the inhi-
bition of the EDHF-induced relaxation by pranidipine may
not be causally related to the inhibition of voltage-sensitive
Ca2q-channels or production of InsP , since the acetyl-3

choline-induced hyperpolarization was not altered by
pranidipine. The concomitant effects of pranidipine on
EDRF and EDHF resulted in the absence of significant
alteration in the acetylcholine-induced relaxation in mus-

Ž .cles contracted with noradrenaline alone Fig.3C . The
contribution of EDRF and EDHF differ between vascular
beds, and EDRF is the major factor in large arteries
whereas EDHF is relatively more important in the periph-

Ž .eral arteries Garland et al., 1995 . If this is the case,
pranidipine may augment vasodilatation in large arteries
and may attenuate it in peripheral arteries.

Endothelial cells are the source of endogenous nitric
Ž .oxide in vascular tissues Moncada et al., 1991 , and this is

Žalso the case in the guinea-pig carotid artery Zhang et al.,
.1994 . Sodium nitroprusside is a nitric oxide donor, and

the relaxation of vascular smooth muscle by sodium nitro-
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prusside is elicited in an endothelium-independent manner
Ž .Moncada et al., 1991 . The present experiments confirmed
that the sodium nitroprusside-induced relaxation was ob-
served after rubbing the endothelial cells in the guinea-pig
carotid artery. However, there was a difference in sensitiv-
ity and potency of sodium nitroprusside in the relaxation;
it was larger in the rubbed artery than in the intact. In the
present experiments, the effects of sodium nitroprusside
were observed in muscles contracted with high-Kq solu-
tion containing noradrenaline, indicating that the produc-
tion of EDRF might be also enhanced by this solution
through activation of a-adrenoceptors on the endothelial

Ž .membrane Cocks and Angus, 1983 . It is speculated that
the relaxing actions of nitric oxide are diminished in the
presence of a trace of cyclic GMP in smooth muscle cells,

Ž .possibly as a feedback inhibition auto-inhibition of the
Ž .release of nitric oxide Bauersachs et al., 1996 . Thus, it is

possible that the difference in the potency of sodium
Žnitroprusside i.e., the sodium nitroprusside-induced relax-

.ation is larger in the denuded artery than in the intact is
causally related to the amount of cyclic GMP produced or
alternatively to background activity of guanylate cyclase.

It is concluded that in the guinea-pig carotid artery,
pranidipine augments EDRF-induced relaxation, possibly
though mechanisms related to cyclic GMP. The EDHF-in-
duced relaxation is inhibited by pranidipine, with no signif-
icant alteration of the hyperpolarization.

Acknowledgements

Pranidipine was a gift from Otsuka Pharm.

References

Bauersachs, J., Popp, R., Hecker, M., Sauer, E., Fleming, I., Busse, R.,
1996. Nitric oxide attenuates the release of endothelium-derived
hyperpolarizing factor. Circulation 94, 3341–3347.

Chen, G., Suzuki, H., 1989. Some electrical properties of the endothe-
lium-dependent hyperpolarization in arterial smooth muscle cells of
the rat. J. Physiol. 410, 91–106.

Chen, G., Suzuki, H., Weston, A.H., 1988. Acetylcholine releases en-
dothelium-derived hyperpolarizing factor and EDRF from rat blood
vessels. Br. J. Pharmacol. 95, 1165–1174.

Cocks, T.M., Angus, J.A., 1983. Endothelium-dependent relaxation of
coronary arteries by noradrenaline and serotonin. Nature 305, 627–
630.

Furchgott, R.F., 1983. Role of endothelium in response to vascular
smooth muscle. Circ. Res. 53, 557–573.

Garland, C.J., Plane, F., Kemp, B.K., Cocks, T.M., 1995. Endothelium-
dependent hyperpolarization: a role in the control of vascular tone.
Trends Pharmacol. Sci. 16, 23–30.

Garthwaite, J., Southam, E., Boulton, C.L., Nielsen, E.B., Schmidt, K.,

Mayer, B., 1995. Potent and selective inhibition of nitric oxide-sensi-
w x w xtive guanylyl cyclase by 1 H- 1,2,4 oxadiazolo 4,3-a quinoxalin-l-

one. Mol. Pharmacol. 48, 184–188.
Griffith, T.M., Edwards, D.H., Lewis, M.J., Newby, A.C., Henderson,

A.H., 1986. Production of endothelium-derived relaxing factor is
dependent on oxidative phosphorylation and extracellular calcium.
Cardiovasc. Res. 20, 7–12.

Hirano, T., Ohmura, M., Orito, K., Fujiki, H., Miyakoda, G., Mori, T.,
1997. Venodilator effects of pranidipine, a 1,4-dihydropyridine Ca2q

channel antagonist, in rats: comparison with nifedipine and amlodip-
ine. Eur. J. Pharmacol. 324, 201–204.

Ibengwe, J.K., Suzuki, H., 1986. Changes in mechanical responses of
vascular smooth muscles to acetylcholine, noradrenaline and high-
potassium solution in hypercholesterolemic rabbits. Br. J. Pharmacol.
87, 395–402.

Ignarro, L.J., Byrns, R.E., Buga, G.M., Wood, K.S., 1987. Endothelium-
derived relaxing factor from pulmonary artery and vein possesses
pharmacological and chemical properties that are identical to those of
nitric oxide radical. Circ. Res. 61, 866–879.

Itoh, T., Seki, N., Suzuki, S., Ito, S., Kajikuri, J., Kuriyama, H., 1992.
Membrane hyperpolarization inhibits agonist-induced synthesis of
inositol 1,4,5-trisphosphate in rabbit mesenteric artery. J. Physiol.
451, 307–328.

Laskey, R.E., Adams, D.J., Johns, A., Rubanyi, G.M., Van Breemen, C.,
w 2q x1990. Regulation of Ca in endothelial cells by membrane poten-i

Ž .tial. In: Rubanyi, G.M., Vanhoutte, P.M. Eds. , Endothelium-Derived
Relaxing Factors. Karger, Barsel, pp. 128–135.

Moncada, S., Palmer, R.M.J., Higgs, E.A., 1991. Nitric oxide: physiol-
ogy, pathophysiology and pharmacology. Pharmacol. Rev. 43, 109–
142.

Mori, T., Takeuchi, T., Ohura, M., Miyakoda, G., Fujiki, H., Orito, K.,
Yoshida, K., Hirano, T., Yamaura, Y., Sumida, T., Nakaya, Y.,
Satake, H., Hata, F., 1998. Pranidipine, a new 1,4- dihydropyridine
calcium channel blocker, enhances cyclic GMP-independent nitric
oxide-induced relaxation of the rat aorta. Mol. Cell. Biochem. 178,
335–343.

Nakayama, N., Ikezono, K., Mori, T., Yamashita, S., Nakayama, S.,
Tanaka, Y., Hosokawa, T., Minami, Y., Matsutani, K., Yamamura,
Y., Yabuuchi, Y., 1990. Antihypertensive activity of OPC-13340, a
new potent and long-acting dihydropyridine calcium antagonist, in
rats. J. Cardiovasc. Pharmacol. 15, 836–844.

Nakayama, N., Ikezono, K., Fujio, N., Sasabe, H., Kitaura, K., Tamada,
S., Shirafuji, T., Yabuuchi, Y., 1991. OPC-13340, a new potent
long-acting dihydropyridine calcium antagonist. Cardiovasc. Drug
Rev. 9, 147–157.

Nakayama, N., Ikezono, K., Ohura, M., Yabuuchi, Y., 1993. Effects of
the new long-acting dihydropyridine calcium antagonist pranidipine
on the endothelium-dependent relaxation in isolated rat aorta in vitro.
Arzneim.-Forsch. 43, 1266–1270.

Nelson, M.T., Patlak, J.B., Worley, J.F., Standen, N.B., 1990. Calcium
channels, potassium channels, and voltage dependence of arterial
smooth muscle tone. Am. J. Physiol. 259, C3–C18.

Suzuki, H., Chen, G., 1990. Endothelium-derived hyperpolarizing factor
Ž .EDHF : an endogenous potassium-channel activator. News Physiol.
Sci. 5, 212–215.

Suzuki, H., Chen, G., Yamamoto, Y., Miwa, K., 1992. Nitroarginine-sen-
sitive and insensitive components of the endothelium-dependent relax-
ation in the guinea-pig carotid artery. Jpn. J. Physiol. 42, 335–347.

Zhang, G., Yamamoto, Y., Miwa, K., Suzuki, H., 1994. Vasodilation
induced by substance P in the guinea-pig carotid artery. Am. J.
Physiol. 266, H1132–H1137.


