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Flunarizine, an anti-migraine agent, impairs nitroxidergic nerve function
in cerebral arteries
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Abstract

Flunarizine is an anti-migraine agent that blocks the Ca?* entry across cell membrane. In order to obtain a clue of mechanisms
underlying the migraine headache, modifications by flunarizine of the response to nitric oxide (NO), a cerebral vasodilator and algogenic
agent, derived from perivascular nerves were evaluated. Relaxations due to nerve stimulation by electrical pulses (5 Hz) and nicotine
(10™* M) in canine cerebral arterial strips were attenuated by treatment with flunarizine dose-dependently, whereas the responses to
exogenous NO (107 7=10"°% M) and nitroprusside (1078106 M) were unaffected. The inhibition by the Ca?" entry blocker of the
response to electrical nerve stimulation and nicotine was obtained in a concentration (106 M) that did not significantly relax the arterial
strips. NO derived from perivascular nerve may be one of the factors involved in the genesis of migraine attack, which is expected to be
relieved by a reduction of neural NO synthase activity associated with a decreased Ca?* influx by flunarizine during nerve activation.
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1. Introduction

Flunarizine, a non-selective, piperadine-type Ca*
channel inhibitor (Holmes et al., 1984), is effective in
preventing attacks in migraine patients. The effectiveness
has been revealed by double-blind trials performed by
several research groups (Louis, 1981; Frenken and Nuijten,
1984; Mendenopoulos et a., 1985; Sorge and Marano,
1985; Sorensen et al., 1986; Sorge et al., 1988). On the
other hand, dihydropyridine Ca®* antagonists, such as
nimodipine, have minor or no prophylactic action (Toda
and Tfelt-Hansen, 1993), despite their potent cerebral va-
sodilator actions (Tanaka et a., 1980; Harper et al., 1981).
Therefore, mechanisms of anti-migraine action of flunar-
izine other than a relief of cerebral vasospasm are postu-
lated. Flunarizine passes the blood-brain barrier and
reaches the brain to modulate nerve functions (Leone et
al., 1991; Shibuya and Watanabe, 1992).

From the time of our discovery of nitroxidergic innerva-
tion in intra- and extracranial arteries (Toda and Okamura,
1992a), we have hypothesized that nitric oxide (NO) de-
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rived from the perivascular nerve and endothelium partici-
pates in the migraine headache, due to its potent crania
vasodilator and algogenic actions (Toda and Okamura,
1992a; Toda, 1993). Recent findings on a provocation by
NO donors of the migraine attack in patients (Iversen et
a., 1989) and an effectiveness of N®-monomethyl-L-
arginine in relieving the spontaneous migraine attack with-
out aura (personal communication with Drs. Lassen and
Olesen) support our hypothesis.

Therefore, the present study was undertaken to deter-
mine whether flunarizine impairs the nitroxidergic nerve
function in isolated canine cerebra arteries. The neuro-
genic response mediated by NO was obtained by electrical
pulses transmurally applied and by nicotine which stimu-
lates nerve terminals for the release of neurotransmitters
(Toda, 1982; Nedergaard, 1988).

2. Materials and methods
2.1. Preparation

The studies review board at our university approved the
use of canine blood vessels in this study.
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Mongrel dogs of either sex, weighing 7-14 kg, were
killed by bleeding from the carotid arteries under pento-
barbital anaesthesia (50 mg/kg, i.p.). The brain was rapidly
removed, and basilar and middle cerebral arteries were
isolated. The arteries were helically cut into strips of
approx. 20 mm long. The endothelium was removed by
gently rubbing the intimal surface with a cotton ball. The
specimen was vertically fixed between hooks in a muscle
bath containing modified Ringer-Locke solution, which
was maintained at 37 4+ 0.3°C and aerated with a mixture
of 95% O, and 5% CO,. The hook anchoring the upper
end of the strips was connected to the lever of a force-dis-
placement transducer. The resting tension was adjusted to
1.5 g which is optimal for inducing the maximal contrac-
tion. Constituents of the solution were as follows (mM):
NaCl 120, KCI 5.4, CaCl, 2.2, MgCl, 1.0, NaHCO, 25.0,
and dextrose 5.6. The pH of the solution was 7.38—7.43.
Before the start of experiments, al of the strips were
allowed to equilibrate for 60—90 min in the bathing media,
during which time the fluid was replaced every 10-15
min.

2.2. Experimental protocols

Isometric mechanical responses were displayed on an
ink-writing oscillograph. The contractile response to 30
mM K* was first obtained, and the preparations were
repeatedly washed and equilibrated.

2.2.1. Transmural electrical stimulation

The arterial strips were placed between stimulating
electrodes. Intramura nerve terminals were stimulated by
0.2-ms electrical square pulses at frequencies of 2, 5 and
20 Hz for periods of 100, 40 and 10 s, respectively. In
order to test the effect of flunarizine, transmural electrical
stimulation at 5 Hz for 40 s was applied every 10 min,
until the response was determined to be reproducible.
Then, flunarizine (10~° or 3 x 10~ ° M) was applied, and
electrical stimulation was repeated until stabilized re-
sponses were obtained. Stabilization of the responses was
obtained 30—40 min after the treatment. Then, the effects
of additiona calcium (2.2 mM) on the response to electri-
cal stimulation were also studied. At the end of each series
of experiments, papaverine (10~* M) was applied to attain
the maximal relaxation.

2.2.2. Nicotine, nitric oxide and sodium nitroprusside

In the endothelium-denuded arterial strips, nicotine
(10~* M), NO (107 and 10~ ® M) and sodium nitroprus-
side (1078-10"® M) were successively applied to the
bathing media. The concentration of nicotine used is sub-
maximal in producing the relaxation (Toda and Okamura,
1991). Papaverine (10-* M) was applied at the end to
attain the maximal relaxation. When responses to these

drugs were stabilized, the strips were treated for 30—40
min with flunarizine, before the addition of the agonists.
Relaxant responses to transmural electrical stimulation and
the agonists relative to those caused by papaverine were
presented. Removal of the endothelium was verified by
abolition of the relaxation caused by 10~8 M substance P
(Toda and Okamura, 1991).

2.3. Statistics and drugs used

Results shown in the text and figures are expressed as
mean values+ S.E. All reported n values refer to the
number of strips from different dogs. Statistical analyses
were made using the Student’s paired and unpaired t-test
or the Tukey’s method after one-way analysis of variance.
Drugs used were flunarizine hydrochloride (Kyowa-Hakko,
Tokyo, Japan), nicotine (base), hexamethonium bromide
(Nacalai Tesque, Kyoto, Japan), sodium nitroprusside
(Merck, Darmstadt, Germany), substance P (Peptide Re-
search Institute, Minoh, Japan), tetrodotoxin (Sankyo,
Tokyo, Japan), prostaglandin F,, (Pharmacia-Upjohn,
Tokyo, Japan) and papaverine hydrochloride (Dainippon,
Osaka, Japan). Flunarizine (10~3 M) was dissolved with
ethanol, and 0.1 and 0.3% of the bath volume was added.
In the preliminary experiments, these concentrations of the
solvent alone did not affect the responses to electrical
stimulation and agonists (n = 3). Responses to NO were
obtained by adding the NaNO, solution adjusted at pH 2
(Furchgott, 1988), and the concentrations of NaNO, solu-
tion in the bathing media were expressed as those of NO.

3. Resaults

3.1. Response to transmural electrical stimulation

In cerebral arterial strips partialy contracted with
prostaglandin F,,, transmural electrical stimulation at 2, 5
and 20 Hz produced a frequency-related relaxation, which
was abolished by treatment with tetrodotoxin (3 10~7
M). The neurogenic response induced at 5 Hz was consis-
tent and reproducible; therefore, this frequency was used
for the evaluation of flunarizine actions.

Treatment with flunarizine (10°® and 3x 107 ¢ M)
attenuated the response to electrical nerve stimulation in a
dose-dependent manner, and the inhibition was reversed by
the addition of 2.2 mM Ca* (Fig. 1). The stimulation-in-
duced relaxation was significantly greater in the strips
treated with high Ca?* after flunarizine, as compared with
that under control conditions. Typical tracings of the re-
sponse before and after flunarizine and then Ca®* are
illustrated in Fig. 2.

Flunarizine produced a slight or no relaxation at 10~°
M (7.2 + 3.6%, n=4, P> 0.05; paired t-test) but signifi-



K. Ayajiki et al. / European Journal of Pharmacology 329 (1997) 49-53 51

DOG CEREBRAL ARTERY — TES, 5Hz

0 —
2
S
S 10l =
210 R
V1 o
X =
D
2

20 | T

F F c
107®M 3X1076Mm
7) (5) 7 (7)

a2t

Fig. 1. Inhibition by flunarizine (F) of the relaxant response to transmural
electrical stimulation (TES, 5 Hz) of cerebral arteria strips and restora
tion by Ca?* (2.2 mM) of the response. The ordinate represents relax-
ations induced by nerve stimulation relative to those by 10~* M papaver-
ine. Numbers in columns denote relative values to control response (C),
and numbers in parentheses indicate the number of strips from different
dogs. Significantly different from control, P < 0.05; significantly differ-
ent from the value with 3x10°8 M flunarizine, ® P < 0.01 (Tukey's
method). Significantly different from control (100% in the column),
"P<001 " P<0.05 significantly different from the value with
Ca?*, " P < 0.01 (Tukey's method). Vertical bars represent S.E.

cant relaxations at 3 X 107 M (23.0 + 6.1%, n=5, P <
0.02). On the other hand, significant inhibitions in the
response to electrical stimulation were obtained at 10~°
and 3xX10°% M flunarizine; mean values were 18.5 +
3.6% (n=5 P<0.01 paired t-test) and 44.7 + 6.5%
(n=7; P<0.001), respectively.

3.2. Responses to nicotine, NO and sodium nitroprusside
The effects of flunarizine on the relaxant responses to
nicotine (10~% M), NO (10~7 and 10~°% M) and sodium

nitroprusside (10°8-10"% M) were evauated. Typical
recordings are shown in Fig. 3. The nicotine-induced
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Fig. 2. Typical tracing of the response to transmural electrical stimulation
(5 Hz) before and after treatment with flunarizine (3x107% M) and
Ca®* (22 mM) in a middle cerebral arterial strip contracted with
prostaglandin F,,,. Upward arrows indicate the application of supplemen-
tal doses of prostaglandin F,,, to raise the arterial tone. TTX, 3xX 1077 M
tetrodotoxin; PA, 104 M papaverine to attain the maximal relaxation.
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Fig. 3. Typical tracings of the responses to nicotine (10~* M), NO (107
and 10® M) and sodium nitroprusside (SNP, 1078 -10"% M) before
(control) and after treatment with flunarizine in a middle cerebral arterial
strip contracted with prostaglandin F,,. The upward arrow denotes the
application of a supplemental dose of prostaglandin F,,. PA represents
10~* M papaverine that produced the maximal relaxation.

relaxation was significantly attenuated by the Ca2* chan-
nel inhibitor (107% and 3 X 1078 M) in a dose-dependent
manner, whereas the responses to NO and nitroprusside
were not influenced. Quantitative data are summarized in
Fig. 4. Hexamethonium (10~°> M) abolished the response.
The relaxations elicited by NO and nitroprusside were not
affected by flunarizine in a concentration (3 x 10~ M)
sufficient to moderately depress the response to nerve
stimulation.
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Fig. 4. Modifications by flunarizine (F) of the responses to nicotine, NO
and sodium nitroprusside (SNP) of cerebral arterial strips contracted with
prostaglandin F, . The ordinate represents relaxations relative to those by
10~* M papaverine. Numbers in the columns indicate the value relative
to control (C); numbers in parentheses represent the number of strips
from different dogs. Significantly different from control, * P < 0.01
(Tukey's method). Significantly different from control (100% in the
column), * P <0.01, ** P < 0.05; significantly different from the value
with 1078 M flunarizine, T P < 0.05 (paired t-test). Vertical bars repre-
sent S.E.
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4. Discussion

It is hypothesized that vasodilatation induced by
perivascular nerve stimulation is mediated by NO liberated
as a neurotransmitter in canine intracranial extracerebral
(middle cerebral, basilar, etc.) and extracranial (retinal
central and superficial temporal) arteries (Toda and Oka-
mura, 1990, 1991, 1992a; Toda et al., 1994) that are
expected to participate in vascular headache (Toda, 1993).
The reasons are: (1) neurogenic vasodilatation is abolished
by NO synthase inhibitors, and is restored by the addition
of L-arginine; (2) release of NO, from superfused arteries
is increased during nerve stimulation, and the effect is
abolished by NO synthase inhibitors; (3) oxyhemoglobin
and methylene blue abolish the relaxation elicited by nerve
stimulation and exogenous NO; and (4) the presence of
perivascular nerve fibers containing NO synthase immuno-
reactivity is histologically demonstrated.

The relaxant response to nerve stimulation by electrical
pulses or nicotine was attenuated by treatment with flunar-
izine, whereas the responses to NO and nitroprusside, a
NO donor, was not influenced. The concentration (10~°
M) sufficient to depress the response to electrical stimula-
tion and nicotine did not significantly relax the arteries
contracted with prostaglandin F, . The flunarizine-induced
inhibition of the neurogenic response was reversed by
raising the external Ca?* concentration. These findings
suggest that this Ca?* channel inhibitor blocks the trans-
membrane influx of Ca?* due to action potentials into
nerve terminals, resulting in a reduced activation of NO
synthase and a decreased production/release of NO.
Nicardipine, an L-type Ca?* channel inhibitor, does not
inhibit the neurogenic relaxation (Toda and Okamura,
1992b) and the binding of w-conotoxin, an N-type Ca?*
channel inhibitor (McCleskey et a., 1987), to synapto-
somes of the rat brain (Hosono et a., 1995). w-Conotoxin,
an N-type Ca2* channel inhibitor, suppresses the response
to electrical nerve stimulation (Toda et a., 1995). There-
fore, flunarizine impairs nitroxidergic nerve function possi-
bly by interference with the influx of Ca®* through non-L
type channels, including the N-type. Inhibition of the
N-type Ca2" channel by flunarizine has been reported in
hippocampal neurons (Tytgat et al., 1991). Recently devel-
oped dihydropyridine Ca?* channel inhibitors reportedly
decrease the autonomic efferent nerve function; AEC047
attenuates vascular responses of adrenergic as well as
nitroxidergic nerve stimulation by a decreased release of
neurotransmitters (Okamura et al., 1992; Nishikawa et al.,
1995), and cilnidipine inhibits the sympathetic nerve func-
tion in vivo and the w-conotoxin binding to synaptosomes
in vitro (Hosono et al., 1995). It would be intriguing to
know if these inhibitors effectively prevent attacks in
migraine patients, as does flunarizine.

Plasma concentrations of flunarizine in healthy volun-
teers at an oral dose of 10 mg are in a range of 82-115
ng/ml (Araki et al., 1982) (approx. equivaent to (2.0-2.9)

X 1077 M), which are 1/5-1/3 of the effective concen-
tration of the Ca?" entry blocker in the present study
(107 M). Tissue accumulation of flunarizine (Leone et
al., 1991), its lipid solubility, in vivo effectiveness of the
drug and species variation of its efficacy may bridge the
gap of effective concentrations in plasma in vivo and
bathing medium in vitro. Involvement of NO, a potent
vasodilator and algogenic agent, in the pathogenesis of
migraine has been suggested from studies on migraine
patients (Olesen et a., 1994). The present study may
indicate that the anti-migraine action of flunarizine is
associated with a suppression of synthesis/release of NO
in perivascular nerve terminals in intra- and extracranial
arteries.
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