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Abstract

The action of calcitonin gene-related peptide (CGRP) on the vasodepressor response to adenosine was investigated in anesthetized rats.
I.v. bolus injections of adenosine (1-100 ng/kg), acetylcholine (0.05-0.4 ng/kg), isoproterenol (1-30 ng/kg), nitroglycerin (0.3—-10
ng/kg) and diltiazem (10-300 ug/kg) produced dose-dependent decreases in blood pressure, accompanied by changes in heart rate.
Only the vasodepressor response dicited by adenosine, among the agents tested, was significantly enhanced by i.v. infusion of either
CGRP (1 ng/kg per min) or cromakalim (0.1 wg,/kg per min), which possesses glibenclamide-sensitive K* channel opening activity.
After i.v. treatment with glibenclamide (20 mg/kg), the vasodepressor responses not only to adenosine but also to CGRP (0.5 ug,/kg)
and cromakalim (30 ug,/kg) were significantly reduced, while those to acetylcholine and isoproterenol remained unchanged. The result
indicates that the enhancement of the adenosine-induced vasodepression by CGRP, like that elicited by cromakalim, seems to be mediated

at least partly through ATP-sensitive K™ channel activation. © 1998 Elsevier Science B.V.

Keywords: CGRP (calcitonin gene-related peptide)-adenosine interaction; K* channel; ATP-sensitive; Vasodepressor response

1. Introduction

It is well known that calcitonin gene-related peptide
(CGRP) is a potent vasodilator (Shulkes, 1993) and that it
is widely distributed in the central and peripheral nervous
systems and in the cardiovascular system, particularly in
sensory nerve endings in the adventitia of coronary arteries
(Saito et al., 1986; Shoji et a., 1987). Adenosine, a
product of purine metabolism, is a ubiquitous biological
compound found in every cell of the human body and also
plays an important physiological role in the cardiovascular
system as well as a biological role in cellular metabolism
(Mubagwa et al., 1996). Nelson (1993) described that a
number of endogenous vasodilators act at least in part
through membrane hyperpolarization caused by K* chan-
nel activation, and that many of these vasodilators, includ-
ing CGRP and adenosine, cause hyperpolarization by acti-
vating ATP-sensitive K* channels in arterial smooth mus-
cle. It was of interest, therefore, to investigate whether
there are reciprocal interactions between these endogenous
vasodilators, especially in the cardiovascular system.
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The aim of the present study was to examine the
possible interaction between CGRP and adenosine, by
studying changes in blood pressure in response to bolus
i.v. doses of adenosine before and during i.v. infusion of
CGRP in anesthetized rats. Cromakalim, an ATP-sensitive
K* channel opener (Hamilton and Weston, 1989), was
taken as a reference compound.

2. Materials and methods

2.1. Animal preparations

All experiments were performed according to the regu-
lations of the Animal Research Committee of the Chugai
Pharmaceutical Co., Ltd., Tokyo, Japan. Male Sprague—
Dawley rats (Charles River Japan, Atsugi, Kanagawa)
weighing about 400 g were allowed free access to food
and water. The experiments were carried out in three sets.
In the first set of experiments, the rats were divided into 15
groups (each n=15) as follows: the effects of bolus i.v.
injections of adenosine, acetylcholine, isoproterenol, nitro-
glycerin and diltiazem on blood pressure and heart rate
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were examined in the 5 groups infused i.v. with 0.9%
saline solution (0.1 ml/kg per min), in the 5 groups
infused i.v. with cromakalim (0.1 wg/kg per min) and in
the 5 groups infused i.v. with calcitonin gene-related pep-
tide (CGRP)(1 ng/kg per min), respectively. After stabi-
lization of the preparations, the dose—response curve for
bolusi.v. injections of each agent was recorded and imme-
diately i.v. infusion of either 0.9% saline solution, cro-
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makalim or CGRP was started. About 10—-20 min later,
bolus doses of the same agent were given i.v. and the
dose—response curve for the agent was recorded again.
From the preliminary experiment, the dose of CGRP or
cromakalim used was chosen as being the dose that en-
hanced the action of adenosine, without affecting basal
blood pressure and heart rate. In the second set of experi-
ments, the effects of glibenclamide were examined on the

\

005 01 02 04 1 3

03 1 3 10 10 30 100 300

10 30
Acetylcholine Isoproterenol Nitroglycerin Diltiazem
(ng/kg, i.v.) (ng/kg, i.v.) (ng/kg, iv.) (ng/kg, iv.)
B
01 LN Saline && CGRP &i\Cromakalim
-101 ] it
10 9
= 201 [
£ * *xh
E i 1
~ -30
=
E -404 **l j **I
< i %
-501
-604 y i S e
1 10 100 1 10 100 1 10 100

Adenosine (pg/kg, i.v.)

Fig. 1. Dose—response curves for peak decreases in mean systemic blood pressure (MAP) caused by bolus i.v. injections of acetylcholine, isoproterenol,
nitroglycerin, diltiazem and adenosine before (control) and during i.v. infusion of either 0.9% saline solution, CGRP or cromakalim. (A) Immediately after
the dose—response curves for bolus i.v. injections of acetylcholine, isoproterenol, nitroglycerin and diltiazem were recorded (control, O), either 0.9%
saline solution (0.1 ml /kg per min) (@), CGRP (1 ng/kg per min) (a) or cromakaim (0.1 ng,/kg per min)(CRO, a) was infused i.v. and about 10-20
min later the dose—response curves for the tested agents were recorded again. (B) Just after the dose—response curve for adenosine was recorded (control,
O), each solution was infused i.v., as shown above, and the dose—response curve for adenosine was recorded again. Note that only the vasodepressor
response to adenosing, of the agents tested, was significantly enhanced after the treatment with CGRP (2 ) and cromakalim ( a ). The responses to the other
agents remained unaltered before and during the infusion. Abscissa is shown in log scale. Vertical bars represent means + S.E.M. from 5 animals.
"P<0.05 " " P <0.01, compared with the corresponding values from the control group (O).
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Fig. 2. Changes in mean systemic blood pressure (MAP) and heart rate (HR) caused by bolusi.v. injections of adenosine (Ade) and acetylcholine (ACh) in
the absence and the presence of CGRP (1 ng/kg per min). l.v. bolus injections of adenosine (10 and 30 wg/kg) and acetylcholine (0.1 wg/kg)
prominently reduced blood pressure and caused slight changes in heart rate. About 10 min after start of thei.v. infusion of CGRP at arate of 1 ng/kg per
min, the vasodepressor response to adenosine, but not to acetylcholine, was markedly enhanced. The effects of CGRP on changes in heart rate induced by

adenosine were not clear.

vasodepressor responses to adenosine. After the dose—re-
sponse curve for adenosine for the vasodepression was
recorded, a single bolus dose of glibenclamide (20 mg/kg)
was administered i.v. over 5 min to 5 rats and 5-10 min
later the dose—response curve for adenosine was recorded
again. In the third set of experiments, the effects of
glibenclamide on the vasodepressor responses to bolusi.v.
injections of acetylcholine, isoproterenol, cromakalim and
CGRP were investigated in rats treated with 0.9% saline
solution (n=15) or glibenclamide (n=15), as described
above.

The animals were anesthetized initially with pento-
barbital sodium (55 mg/kg i.p.) and an additiona dose of
pentobarbital (40 mg/kg) was injected s.c., as required.
The polyethylene tubes (PE 10) were inserted into periph-
eral veins, usualy the right and left femora veins for drug
bolus i.v. injections or infusion, respectively. For i.v.
injection, 0.2 ml /kg of the drug solutions was given over
a period of approximately 10 s and then the tubing was
flushed with 0.9% saline solution. For i.v. infusion, drug
solutions were given at a rate of 0.1 ml /kg per min by
means of a Terumo syringe pump (STC-525, Tokyo,
Japan). Systemic blood pressure was measured from the
right femoral artery with a Nihon Kohden pressure trans-
ducer (DX-360, Tokyo, Japan). Heart rate was determined
by means of a heart rate counter (Nihon Kohden, AT-
601G). All recordings were made on a chart by using a
Graphtec Linearcorder (WR-3101, Tokyo, Japan). Follow-
ing surgery, a period of at least 30 min was allowed for
stabilization of preparations.

2.2. Drugs

The drugs used were as follows: human calcitonin
gene-related peptide (CGRP, Peptide Ingtitute, Osaka,
Japan), cromakalim, adenosine free base and diltiazem
hydrochloride (all from the Sigma Chemical Co., St. Louis,
MO), acetylcholine chloride (RBI, Natick, MA), I-iso-
proterenol hydrochloride (Nikken Kagaku, Tokyo), nitro-
glycerin (ampoule, Nihon Kayaku, Tokyo) and gliben-
clamide (Wako Junyaku, Osaka, Japan). CGRP was dis-

solved in distilled water and diluted with 0.45% saline
solution, according to the report of Elhawary et al. (1995).
Glibenclamide was dissolved in 1 ml of 0.1 M NaOH,
followed by slow addition of 4 ml of 5% glucose solution
under sonication to reach a fina concentration of 5 mg,/ml
(Furukawa et al., 1993). Cromakalim was freshly dissolved
in 99.5% ethanol at a concentration of 5 mg/ml. These
solutions were diluted with 0.9% sdline solution to the
desired concentrations, just before the experiment. Other
compounds were dissolved in and diluted with 0.9% saline
solution to the desired concentrations.

2.3. Data analysis
Vaues in the text are presented as means+ S.E.M.
Peak vasodepressor responses to drugs are expressed as the
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Fig. 3. Dose—response curve for peak decreases in mean systemic blood
pressure (MAP) induced by bolusi.v. injections of adenosine before and
after the i.v. treatment with a single bolus i.v. injection of glibenclamide.
After the dose—response curve for adenosine was recorded (O), a single
bolus dose of glibenclamide (20 mg,/kg) was given i.v. over 5 min and
about 10 min later the dose—response curve for adenosine was recorded
again (@). The dose-response curve for adenosine was significantly
shifted to the right after the treatment with glibenclamide. Vertica bars
represent means+ S.E.M. from 5 animals. “P < 0.05, * * P < 0.01, com-
pared with the corresponding values from the control group (O). Ab-
scissa is shown in log scale.
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changes from preadministration levels. The doses of with CGRP and glibenclamide were calculated from each
adenosine required to cause a 30 mmHg decrease in mean dose—response curve to adenosine. Statistical evaluation
systemic blood pressure before and after the i.v. treatment was performed by use of Student’s t-test for paired or
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Fig. 4. Effects of a bolus i.v. injection of glibenclamide on mean systemic blood pressure (MAP) and heart rate (HR) induced by bolus i.v. injections of
acetylcholine (ACh), isoproterenol (Iso), adenosine (Ade), CGRP and cromakalim (CRO). (A) A representative example. (B) Summarized data. Peak
decreases in mean systemic blood pressure (MAP) induced by bolusi.v. injections of acetylcholine (0.1 ug,/kg), isoproterenol (10 ng/kg), adenosine (30
ng/kg), CGRP (0.5 wg/kg) and cromakalim (30 wg/kg) before (open columns, control) and after (hatched columns) the i.v. treatment with
glibenclamide are illustrated. See Fig. 3 for more details. Vertical bars means+ SEEMM. from 5 animals. * “P < 0.01, * * * P < 0.001, compared with the
corresponding values from the control group.
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unpaired values; P-values lower than 0.05 were considered
to be statistically significant.

3. Reaults

Baseline values of mean systemic blood pressure and
heart rate in al of the rats tested (n = 90) were as follows:
1158 + 1.5 mmHg and 405.0 + 4.0 beats/min, respec-
tively, just before the first injection of drugs and 113.9 +
1.0 mmHg and 401.0 + 4.5 beats/min, respectively, just
before the first injection of drugs following the start of the
treatment with either 0.9% saline, cromakalim, CGRP or
glibenclamide. No significant differences were observed
between the corresponding values. Thus, the preparations
remained stable throughout the entire experimenta period.

3.1. Effects of cromakalim and CGRP on vasodepressor
responses to adenosine, acetylcholine, isoproterenal, nitro-
glycerin or diltiazem

l.v. bolus injections of adenosine (1-100 wug/kg),
acetylcholine (0.05-0.4 wug/kg), isoproterenol (1-30
ng/kg), nitroglycerin (0.3—-10 ng,/kg) and diltiazem (10—
300 ug/kg) caused dose-dependent decreases in blood
pressure, accompanied by changes (less than 10%, except
for a 10-15% decrease produced by 100 wg/kg adeno-
sine) in heart rate (Figs. 1 and 2). The dose-response
curves for these agents causing the vasodepression re-
mained unaltered before and during i.v. infusion of 0.9%
saline solution at a rate of 0.1 ml /kg per min (Fig. 1A and
B). As shown in Fig. 1B, the vasodepressor response to
adenosine was significantly enhanced during the i.v. infu-
sion of cromakalim (0.1 wg/kg per min) or CGRP (1
ng/kg per min), while the responses to acetylcholine,
isoproterenol, nitroglycerin and diltiazem remained un-
modified (Fig. 1A), despite infusion of cromakalim and
CGRP at a rate which significantly augmented the vasode-
pressor response to adenosine. A representative result is
shown in Fig. 2. The doses of adenosine required to cause
a 30 mm Hg decrease in mean systemic blood pressure
before and during thei.v. infusion of cromakalim or CGRP
were caculated as follows: before, 45.04+5.9 ug/kg;
during, 18.3 + 3.5 ug/kg; for cromakalim (P < 0.01 ver-
sus before): before, 50.4 + 3.7 ug/kg; during, 20.2 + 4.0
ug/kg and for CGRP (P < 0.001 versus before) (each
n=>5).

3.2. Effects of glibenclamide on vasodepressor response to
adenosine

After the dose—response curves for the vasodepressor
response to bolus i.v. injection of adenosine (1-100
ug/kg) were recorded, a single bolus i.v. injection of
glibenclamide (20 mg/kg) was given over 5 min. The
dose of glibenclamide hardly affected basal blood pressure

and heart rate. About 5-10 min later, the vasodepressor
response to adenosine was significantly attenuated by the
treatment with glibenclamide (Fig. 3). The doses of adeno-
sine required to decrease the mean systemic blood pressure
by 30 mm Hg before and after the treatment with gliben-
clamide were calculated as follows. before, 50.0 4+ 8.2
wg/kg; after, 113.2 + 22.2 ug/kg; P < 0.05(each n=5).

3.3. Effects of glibenclamide on vasodepressor responses
to acetylcholine, isoproterenol, CGRP and cromakalim

Bolus doses of acetylcholine (0.1 wg/kg), isoprote-
renol (10 ng/kg), CGRP (0.5 ug,/kg) and cromakalim (30
wg/kg) were administered i.v. As shown in Fig. 4A and
B, these agents decreased the blood pressure by 20—40 mm
Hg. About 10 min after the treatment with a single bolus
i.v. dose of glibenclamide (20 mg/kg over 5 min), the
vasodepressor responses to cromakaim and CGRP, like
those to adenosine, were significantly attenuated, but the
response to acetylcholine and isoproterenol remained virtu-
ally unatered. It was confirmed that the vasodepressor
responses to acetylcholine, isoproterenol, cromakalim and
CGRP in the doses tested were not significantly changed
in magnitude or duration before and after i.v. injection of
0.9% sdline solution.

4, Discussion

The results of the present investigation revealed that
bolus i.v. injections of adenosine, isoproterenol, acetyl-
choline, nitroglycerin and diltiazem elicited dose-depen-
dent decreases in blood pressure, accompanied by changes
in heart rate, in anesthetized rats. Only the vasodepressor
response to adenosine was significantly enhanced by i.v.
infusion of CGRP or cromakalim.

It has been reported that, like isoproterenol, an adrener-
gic B-receptor stimulant (Lefkowitz et a., 1995), CGRP
elicits formation of cCAMP in the vasculature (Edwards et
al., 1991; Jansen et al., 1992) as well as in the myocardium
(Ishikawa et al., 1987, 1988) and also that the interaction
of adenosine with the A, receptor leads to a stimulation of
adenylate cyclase activity and a subseguent increase in
intracellular cAMP levels (Linden et al., 1993), resulting in
CAMP-dependent vasodilatation (Silver et al., 1984). Ac-
cording to the investigation by Nelson et al. (1990) in
rabbit mesenteric arteries, the vasorelaxation elicited by
CGRP seems to be related to activation of ATP-sensitive
K* channels. Kitazono et al. (1993), using a cranial
window in anesthetized rats, examined the responses of the
basilar artery to CGRP in vivo and obtained similar results
and came to a similar conclusion as Nelson et al. (1990).
The vasodilator mechanism of adenosine is thought in part
to involve the opening of ATP-sensitive K* channels in
vascular smooth muscle (Daut et al., 1990; Aversano et al.,
1991; Belloni and Hintze, 1991). Thus, the vasodilatation
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elicited by CGRP and adenosine seems to be mediated, in
part, by a cCAMP-dependent mechanism and activation of
ATP-sensitive K* channels. The question arises as to
whether the potentiation of adenosine action by CGRP is
linked to ATP-sensitive K* channels or to an increase in
CAMP levels.

In the present study, it was noted that the vasodepressor
response to adenosine was significantly augmented by the
treatment with cromakalim, an ATP-sensitive K™ channel
opener (Hamilton and Weston, 1989), as well as with
CGRP and that the effects of adenosine, like those of
CGRP and cromakalim, were markedly prevented by
glibenclamide, an antagonist of ATP-sensitive K* chan-
nels (Cavero et a., 1989; Standen et al., 1989; Clapham et
al., 1991), indicating that the opening of ATP-sensitive K™
channels plays an important role in the interaction between
adenosine and CGRP. The vasodepressor response to iso-
proterenol, an adrenergic B-receptor stimulant, like that of
acetylcholine, nitroglycerin and diltiazem, was not influ-
enced by treatment with either cromakalim and CGRP or
glibenclamide. Thus, it appears that the enhancement of
the adenosine-induced vasodepression by cromakalim and
CGRP was dlicited through a common mechanism, i.e. the
synergistic activation of ATP-sensitive K™ channels, but
not by a cAMP-dependent mechanism.

It has been described that the vasorelaxation and hyper-
polarization elicited by CGRP seem to involve activation
of peptide receptors on vascular smooth muscle cells and
subsequent second messenger activation of ATP-sensitive
K* channels (Nelson, 1993). Even though cromakalim
directly activates these channels, it is presumed that adeno-
sine opens ATP-sensitive K* channels indirectly through
activation of adenosine A, receptors (Saito and Sakai,
1998a,b). Thus, several endogenous vasodilators could
synergistically amplify membrane hyperpolarization by di-
rectly or indirectly activating ATP-sensitive K* channels
through different pathways in vascular smooth muscle
cells, leading to more potent vasodilatation or vasodepres-
sion.

In summary, the present experiment demonstrated that
CGRP augmented the vasodepressor response to adeno-
sine, at least partly through activation of ATP-sensitive
K* channels. This finding indicates that endogenous va-
soactive substances may have reciprocal interactions in
various organs, through ATP-sensitive K* channel activa-
tion and contribute to the regulation of the cardiovascular
system.
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