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Modifications by sumatriptan and acetylcholine of nitric oxide-mediated
neurogenic dilatation in dog cerebral arteries
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Abstract

Canine cerebral arterial strips denuded of endothelium responded to nicotine and transmural electrical stimulation with relaxations,
which were abolished by N -nitro-L-arginine and methylene blue. Magnitudes of relaxation did not differ in the arteries contracted with
prostaglandin F,, and sumatriptan, an effective therapeutic of migraine. Sumatriptan concentration-dependently contracted the arteries
responding to 2 Hz stimulation with persistent relaxations, and the concentration of this 5-HT,y ,,p i receptor agonist to overcome the
relaxation averaged 1.06 X 10~7 M. Acetylcholine inhibited the response to nerve stimulation due possibly to its action on prejunctional
nitroxidergic nerves; the inhibition did not differ in the arteries contracted with prostaglandin F,, and K*. It appears that sumatriptan
does not interfere with the release of nitric oxide from nerves but counteracts the neurogenic relaxation by functional antagonistic action
on smooth muscle. Prejunctional inhibition by muscarinic receptor activation is unlikely associated with opening of neuronal K*

channels. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sumatriptan, a 5-HT 3 1 4 receptor agonist (Hartig et
al., 1996; Van den Broek et al., 2000), is regarded as a
useful anti-migraine agent (Saxena and Tfelt-Hansen,
2000). Suppression of persistent intracranial vasodilatation,
possibly responsible for cluster headache and migraine, by
vasoconstriction via 5-HT receptor activation (Humphrey
and Feniuk, 1991; Ferrari and Saxena, 1993), especially
5-HT,; subtype (Nilsson et al., 1999; Razzaque et al.,
1999), is postulated to underlie the therapeutic action.
Nitric oxide (NO) derived from the vasodilator nerve
(Toda and Okamura, 1990a, 1992) and endothelium
(Katusic, 1992; Toda and Okamura, 1998) dilates cerebral
arteries. Since L-N %-methylarginine hydrochloride, a non-
selective NO synthase inhibitor, relieves headaches in
migraine patients (Lassen et al., 1997), endogenous NO is
suggested to participate in the pathogenesis. Intravenous
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infusion of nitroglycerin to healthy subjects evokes vascu-
lar headache (Iversen et al., 1989). Histamine that dilates
primate cerebral arteries via a release of endogenous NO
(Toda, 1990) is recognized to provoke migraine attacks
(Krabbe and Olesen, 1980). Possibility of neurogenic NO
to participate in the migraine headache is also suggested
(Ayajiki et al., 1997; Toda 1997). Sumatriptan reportedly
inhibits the release of norepinephrine from adrenergic
nerves in the isolated rat kidney (Charlton et al., 1986) and
of serotonin from the isolated superfused pig brain cortex
(Schlicker et al., 1989) by acting on prejunctional 5-HT,-
like receptors. Reduction by sumatriptan of the calcitonin
gene-related peptide release from trigeminal nerve termi-
nals is suggested to be attributed to activation of prejunc-
tional 5-HT,-like receptors (Goadsby and Edvinsson,
1993). However, whether this 5-HT, /1p,/1F Teceptor ago-
nist acts on prejunctional nitroxidergic nitrergic nerves in
cerebral arteries and produces vasoconstriction by interfer-
ing with the release of NO remains to be determined.
Suppression by acetylcholine of cerebral vasodilatation
caused by nitroxidergic nerve stimulation is mediated by
prejunctional muscarinic receptor activation in canine,
monkey and porcine cerebral arteries (Toda et al., 1995,
1997; Tanaka et al., 1999; Liu and Lee, 1999), whereas
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a-adrenoceptor and VIP receptors in nerve terminals do
not seem to participate in the modulation of neurogenic
vasodilatation in cerebral arteries (Toda et al., 1995, 1997).
Decreased Ca’* influx may be involved in the inhibitory
effect of acetylcholine; however, further mechanisms of
action have not been clarified. Recently, Jiang et al. (1999)
have suggested that opening of neuronal K* channels is
involved in the acetylcholine-induced inhibition in isolated
guinea pig basilar arteries, on the basis of data obtained
with K" channel inhibitors. Our preliminary study has
indicated that this is not the case in dog and monkey
cerebral arteries.

The present study was undertaken to determine the
prejunctional action of sumatriptan and the interaction of
neurogenic NO and sumatriptan in isolated dog cerebral
arteries denuded of the endothelium, in which acetyl-
choline inhibits nitroxidergic nerve function prejunction-
ally. In addition, whether the prejunctional inhibitory ef-
fect of acetylcholine is ascribable to K* channel opening
was elucidated. Sumatriptan reportedly opens K* channels
(Le Grand et al., 1998).

2. Materials and methods

2.1. Preparation and experimental protocol

Beagle dogs of either sex, weighing 9 to 14 kg, were
used for the present study. The Animal Care and Use
committee at our University approved the use of dog blood
vessels.

Dogs were anesthetized with sodium pentobarbital (30
mg/kg, i. v.) and killed by bleeding from the carotid
arteries. The brain was removed, and the middle cerebral
and basilar arteries were isolated. The arteries were heli-
cally cut into strips of approx. 20 mm long, and the
endothelium was removed by gently rubbing the intimal
surface by cotton ball. Endothelial denudation was verified
by abolishment of the relaxation induced by 1078 M
substance P. The specimen was vertically fixed between
hooks in a muscle bath (20 ml capacity) containing the
modified Ringer-Locke solution of the following composi-
tion (mM): NaCl 120, KCl 5.4, CaCl, 2.2, MgCl, 1.0,
NaHCO; 25.0, and dextrose, 5.6. The bathing media were
maintained at 37 + 0.3°C and aerated with mixture of 95%
O, and 5% CO,; the pH of the solution was 7.38 to 7.43.
The hook fixing the upper end of the strips was connected
to the lever of a force-displacement transducer, and the
resting tension was adjusted to 1.5 g, which is optimal for
inducing the maximal contraction. Some of the strips were
placed between stimulating electrodes (Toda et al., 1997).
Electrical stimulation was transmurally applied every 10
min by 0.2 ms square pulses of supra-maximal intensity at
5 Hz for 40 s. For continuous electrical stimulation, a
frequency of 2 Hz was used. Before the start of experi-

ments, the arterial strips were allowed to equilibrate for
60-90 min in the bathing media, during which time the
fluids were replaced three times every about 10 min.
Isometric mechanical responses were displayed on an
ink-writing oscillograph. The arteries were partially con-
tracted with prostaglandin F,,, sumatriptan or K* to ob-
tain relaxations to transmural electrical stimulation (5 Hz),
nicotine (10™* M) or NO (1077 M). In some strips
contracted with prostaglandin F,_, in which persistent
relaxations were induced by the stimulation at 2 Hz,
concentration—response curves of sumatriptan were ob-
tained, and the concentration enough to cancel the neuro-
genic relaxation was determined from the curves in each
strip. Inhibitory effects of acetylcholine on the response to
5 Hz stimulation were compared in the arterial strips
contracted with prostaglandin F,, and K*. Papaverine
(107* M) was added at the end of the experiments to
attain the maximal relaxation, and relaxations induced by
the electrical stimulation or chemical agents were pre-
sented as relative values to those due to papaverine.
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Fig. 1. Relaxations induced by nicotine (Nic, 10~* M, upper panel) and
NO (10~7 M, lower) of canine cerebral arterial strips denuded of the
endothelium and contracted with prostaglandin F,, (PGF, 107¢ M),
sumatriptan (ST, 1 to 5X 1077 M) or K* (12 to 15 mM). The ordinate
represents the response relative to that induced by 10™% M papaverine
that produced the maximal relaxation. The values with different vasocon-
strictor agents were obtained from the same strips. Preparations used were
from six separate dogs. Vertical bars denote S.E.M.



K. Ayajiki et al. / European Journal of Pharmacology 420 (2001) 67-72 69
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Fig. 2. Tracing of the response to sumatriptan at various concentrations
under relaxations induced by persistent transmural electrical stimulation
(TES, 2 Hz from ‘on’ to ‘off’) in an endothelium-denuded strip con-
tracted with prostaglandin F, ,. Concentrations of sumatriptan from 1 to 5
indicate 2x 1078, 1077, 5% 1077, 2X107% and 107> M, respectively.
PA represents 10™% M papaverine that produced the maximal relaxation.

2.2. Statistics and drugs used

The results shown in the text and figures are expressed
as mean values + S.E.M. Statistical analyses were made
using the Student’s paired and unpaired #-tests for two
groups and Tukey’s test after one-way analysis of variance
for three or more groups. Drugs used were nicotine (base),
hexamethonium bromide, methylene blue, L-arginine
(Nacalai Tesque, Kyoto, Japan), N S-nitro-L-arginine
(Peptide Institute, Minoh, Japan), acetylcholine chloride
(Daiichi Pharmaceutical, Tokyo), atropine sulfate (Tanabe,
Osaka, Japan), sumatriptan (Glaxo Group Research,
Greenford, UK), tetrodotoxin (Sankyo, Tokyo), prosta-
glandin F,, (Pharmacia-Upjohn, Tokyo), and papaverine
hydrochloride (Dainippon, Osaka). Responses to NO were
obtained by adding the NaNO, solution adjusted at pH 2
(Furchgott, 1988), and concentrations of acidified NaNO,
in the bathing media were expressed as those of NO.

3. Results

3.1. Responses to nicotine or transmural electrical stimula-
tion as affected by sumatriptan or K *

In helical strips of canine cerebral arteries contracted
with prostaglandin F,, (10~ M), nicotine (10~* M) and
NO (10~ M) elicited moderate relaxations. The nicotine-
induced relaxation was abolished by hexamethonium (10~°
M, n =4) and methylene blue (107> M, n = 3), whereas
the response to NO was unaffected by the ganglionic
blocker but was abolished by methylene blue. N ®-nitro-L-
arginine (107> M) abolished only the relaxation induced
by nicotine (n = 4), and L-arginine (3 X 107° M) restored
the response. After the responses to nicotine and NO were
determined to be reproducible, the strips were contracted
with sumatriptan or K* and the responses to nicotine and
NO were obtained. Contractions to sumatriptan (1 to 5 X
1077 M) or K™ (12 to 15 mM) were adjusted to match
those induced by prostaglandin F, . Fig. 1 summarizes the
quantitative data on nicotine and NO in arterial strips
contracted with different vasoconstrictors. The responses
did not significantly differ.

The cerebroarterial strips contracted with prostaglandin
F,, responded to transmural electrical stimulation at fre-
quencies of 2 and 5 Hz with relaxations, which were
abolished by tetrodotoxin (3 X 10”7 M in all strips used),
methylene blue (107> M, n=3) and N S-nitro-L-arginine
(107> M, n=4). The mean value of relaxations induced
by nerve stimulation at 5 Hz, a frequency that elicits
reproducible responses of cerebral arteries (Toda et al.,
1997), was 23.5 + 6.1% (n = 5) in prostaglandin F, , (10~°
M)-contracted strips. In the same strips contracted with
sumatriptan (1-5 X 10~7 M) to a similar extent, the value
was 28.0 + 6.7% (128.8 + 16.1% by paired comparison,

DOG CEREBRAL ARTERY — Transmural stimulation, 5Hz
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Fig. 3. Modifications by acetylcholine (ACh, 10™° and 103 M) and atropine (10~7 M) of the relaxant response to transmural electrical stimulation at 5
Hz for 40 s in endothelium-denuded strips from the same dog, contracted either with K* (upper tracing) or prostaglandin F,, (lower). Dots above the
tracings denote the application of electrical stimulation. TTX, 3 X 10~ M tetrodotoxin; PA, 10~* M papaverine.
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n=135, P>0.05). In the strips showing relaxations in
response to persistent nerve stimulation at 2 Hz, the addi-
tion of sumatriptan (2 X 107% to 107> M) produced a
concentration-related contraction (Fig. 2). The concentra-
tion of this agonist to overcome the neurogenic relaxation
averaged [1.06 + 0.42] X 1077 M (n = 5). After the nerve
stimulation was turned off in the strips contracted by the
highest concentration of sumatriptan, the arterial tone was
raised, as shown in Fig. 2.

3.2. Modification by acetylcholine of the response to trans-
mural electrical stimulation

In prostaglandin F, -contracted arterial strips, transmu-
ral stimulation at 5 Hz for 40 s caused reproducible
relaxations which were inhibited concentration-depen-
dently by the addition of acetylcholine (107° and 1073
M). The effect was reversed by atropine (10~7 M) (Fig. 3,
lower tracing). Paired comparisons of the inhibitory effect
of acetylcholine were made in two arterial strips obtained
from the same dogs which were contracted either with
prostaglandin F,, (107 M) or K™ (12 to 15 mM). In
K *-contracted strips, acetylcholine attenuated the neuro-
genic relaxation, and atropine restored the response (Fig. 3,
upper tracing), as seen in the strips contracted with prosta-
glandin F, . The quantitative data are presented in Fig. 4.
The inhibition by acetylcholine did not significantly differ
in the K- and prostaglandin F, -contracted arterial strips.
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Fig. 4. Comparison of inhibitory effects of acetylcholine (ACh) on the
response to transmural electrical stimulation in canine cerebral arterial
strips contracted with prostaglandin F,, and K*. The ordinate represents
the percentage of inhibition of the neurogenic response. Significantly
different from control, *P < 0.01, °P < 0.05; significantly different from
the value with 107¢ M acetylcholine, ‘P <001, 4p < 0.05; significantly
different from the value with 1075 M, °P <0.01 (Tukey’s test). AT,
1077 M atropine; n, number of strips from separate dogs. The values
were obtained from different strips isolated from the same dog. Vertical
bars represent S.E.M.

4. Discussion

Transmural electrical stimulation and nicotine produce
relaxations of cerebral arteries from dogs, monkeys, hu-
mans and pigs (Toda and Okamura, 1990a,b; Toda, 1993;
Lee and Sarwinski, 1991; Tanaka et al., 1999), which are
recognized to be mediated by NO released from vasodila-
tor nerves. The fact that the nicotine-induced relaxation,
being sensitive to hexamethonium, and the response to
electrical stimulation, abolished by tetrodotoxin, were de-
pressed by N C-nitro-L-arginine, an NO synthase inhibitor,
and methylene blue, an inhibitor of soluble guanylate
cyclase, indicates the involvement of neurogenic NO in the
responses obtained in the present study. Relaxations in-
duced by nicotine, electrical nerve stimulation and exoge-
nous NO did not differ in the arteries contracted with
sumatriptan, an agonist of 5-HT, |, i receptor subtypes,
from those contracted with prostaglandin F, . Similar
results were also obtained in our preliminary study on
cerebral arteries isolated from Japanese monkeys (N. Toda
et al., unpublished data). These findings suggest that acti-
vation of the 5-HT receptors does not modify the effect of
NO on smooth muscle and the synthesis or release of NO
in nerve terminals. Prejunctional 5-HT receptor stimulation
interferes with the release of norepinephrine in the isolated
pig coronary artery (Molderings et al., 1989) and perfused
rat kidney (Charlton et al., 1986) and serotonin or calci-
tonin gene-related peptide in the brain (Schlicker et al.,
1989; Goadsby and Edvinsson, 1993). Sumatriptan report-
edly hyperpolarizes membrane potential via opening
Ca’*-dependent K* channel in cultured glioma cells (Le
Grand et al., 1998); thus, the triptan might prejunctionally
inhibit nitroxidergic nerve function in the cerebral artery.
However, the relaxation induced by nitroxidergic nerve
stimulation in the dog cerebral artery was not inhibited by
sumatriptan (present study). Therefore, impairment of tonic
release of NO from vasodilator nerves does not seem to
participate in the cerebral vasoconstriction induced by
sumatriptan in vivo.

Sumatriptan is a potent cerebral vasoconstrictor (Nils-
son et al., 1999; Van den Broek et al., 2000); stimulation
of 5-HT,; receptor subtypes on smooth muscle of the
human cerebral artery appears to participate in the contrac-
tion. In the present study, sumatriptan concentration-de-
pendently contracted dog cerebral arteries that had been
relaxed by persistent electrical stimulation of nerves. Stim-
ulation of the pterygopalatine ganglion or greater superfi-
cial petrosal nerve induces dilatation of middle cerebral
and posterior communicating arteries of 10-20%, com-
pared to the size before stimulation, in anesthetized dogs
that is mediated by NO from parasympathetic postgan-
glionic neurons innervating the arteries (Toda et al., 2000).
The concentration of sumatriptan, enough to reverse the
neurogenic relaxation, was 1.06 X 1077 M. It has been
reported that the mean value of maximal concentration of
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unbound sumatriptan in plasma of migraine patients re-
ceiving doses sufficient to relieve headaches is 72 ng/ml
(approx. 2.44 X 10”7 M) (Saxena and Tfelt-Hansen, 2000).
Despite an inability to reduce the release of NO from
vasodilator nerves, sumatriptan may counteract the neuro-
genic relaxation by acting directly on smooth muscle.
Clinical studies support the contention that the vasocon-
striction is an important component of the anti-migraine
action of triptans (Friberg et al., 1991; Limmroth et al.,
1996).

Prejunctional muscarinic receptor activation interferes
with the response of cerebral arteries to nitroxidergic
nerves (Toda et al., 1995; Tanaka et al., 1999). Although
involvement of muscarinic M, receptor subtypes and de-
creased Ca’* influx into nerve terminals are speculated
(Toda et al., 1997; Liu and Lee, 1999), further mechanisms
have not been elucidated. Recent study by Jiang et al.
(1999) suggests that K* channel opening is involved in the
prejunctional action of acetylcholine on the basis of find-
ings obtained with K* channel inhibitors in isolated guinea
pig basilar arteries. However, the present study with dog
cerebral arteries does not support this hypothesis, since the
effect of acetylcholine was not inhibited in the arteries
contracted with K* in concentrations that are enough to
abolish the endothelium-dependent, NO-independent relax-
ation induced by K™ channel opening substances in the
monkey lingual artery (Ayajiki et al., 1999). On the other
hand, it is reported that NO derived from nerves relaxes
guinea pig basilar arteries possibly by a mediation of
voltage-dependent K* channel opening (Jiang et al., 1998).
This is not the case in dog cerebral arteries, because the
stimulation-induced relaxation was not significantly influ-
enced in K*-contracted arteries, compared to those con-
tracted with prostaglandin F,_, and methylene blue abol-
ished the response.

It may be concluded that sumatriptan does not interfere
with the release of NO from vasodilator nerves but acts
directly on smooth muscle as a functional antagonist to
cerebral vasodilatation associated with neurogenic NO,
possibly responsible for migraine and cluster headaches.
Inhibitory effect of acetylcholine on the release of NO
from vasodilator nerves does not seem to be due to open-
ing of neuronal K* channel in dog cerebral arteries.
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