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Abstract

Mechanisms underlying the relaxation induced by nicotine were analyzed in cutaneous arterial strips isolated from dogs and with the
endothelium removed. In the strips treated with prazosin and precontracted with prostaglandin F,, nicotine produced relaxations which
were not influenced by atropine but abolished by hexamethonium. Relaxations induced by nicotine were partially inhibited by
N S-nitro-L-arginine (L-NA), a nitric oxide (NO) synthase inhibitor; the remaining relaxations were abolished by desensitization to
calcitonin gene-related peptide (CGRP) or treatment with CGRP-(8-37), a CGRP receptor antagonist, or with capsaicin. Desensitization
to vasoactive intestinal polypeptide (VIP) or a VIP receptor antagonist did not influence the nicotine-induced relaxation. In the strips
desensitized to CGRP, the nicotine-induced relaxation was abolished by L-NA; the inhibitory effect was reversed by L-arginine.
Perivascular nerves containing NADPH diaphorase and CGRP immunoreactivity were histochemically identified in the cutaneous artery.
CGRP immunoreactivity was abolished by treatment with capsaicin. It is concluded that nicotine produces relaxation in dog cutaneous
arterial strips, possibly mediated by NO and CGRP liberated from vasodilator nerves.

Kevwords: Nitric oxide (NO); CGRP (calcitonin gene-related peptide); Nitric oxide (NO) synthase containing nerve; Vasodilation

1. Introduction CGRP is reported to be a major neurotransmitter when
trigeminal ganglia are electrically stimulated in rat facial
skin (Escott et al., 1995). In the rabbit skin, CGRP is an
important vasodilator substance released from capsaicin-
sensitive sensory nerves and NO is implicated in this
release process (Hughes and Brain, 1994). NO contributes
to the activation of afferent nerve fibers and to the release
of neurotransmitters, possibly CGRP, in the rat (Holzer
and Joci¢, 1994). In humans, parasympathetic nerve stimu-
Jation produces cutaneous vasodilatation through the re-
lease of unknown neurotransmitter(s) by a mechanism that
is not acetylcholine-dependent (Kellogg et al., 1995).
Therefore, the present study was undertaken to demon-
strate functionally and histologically the presence of va-
sodilator nerves in the isolated dog cutaneous arterial strips
denuded of the endothelium, and to analyze the mechanism
of neurogenic vasodilatation in reference to NO, CGRP
and VIP. The involvement of substance P was not exam-
ined, because the substance P-induced relaxation was ob-
tained only when the endothelium was retained (unpub-
lished data). Nicotine was used to stimulate perivascular
* Corresponding author. Tel.: (81-775) 48-2181; Fux: (81-775) 48-2183. nerves, because this agent was demonstrated to release

Cutaneous arterial tone, vascular resistance and blood
flow can be regulated by sympathetic efferent discharges
from the vasomotor center; vasodilatation can be induced
by the reduction of sympathetic tonic influences. Parasym-
pathetic nerve stimulation does not cause vasodilatation,
since it is highly unlikely that neurogenic acetylcholine
crosses the medial layer and reaches the endothelium to
release nitric oxide (NO). However, the stimulation of
parasympathetic nerves elicits arterial and venous constric-
tion (Yoshioka et al., 1988; Kalsner and Quillan, 1989).
Our recent studies have provided evidence for the presence
of vasodilator nerves in dog, monkey and human periph-
eral arteries, in which NO acts as a neurotransmitter (Toda
and Okamura, 1990, 1992; Toda, 1993). In human cuta-
neous arteries, nerve fibers containing peptides such as
calcitonin gene-related peptide (CGRP), vasoactive intesti-
nal polypeptide (VIP) and substance P, have been histo-
chemically demonstrated (Weihe and Hartschuh, 1988).
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neurotransmitters as does transmural electrical stimulation
in blood vessels (Su, 1982; Toda, 1982; Nedergaard, 1988).

2. Materials and methods
2.1. Organ-bath studies

The Animal Care and Use Committee at Shiga Univer-
sity of Medical Science approved the whole experimental
protocol in this study. Mongrel dogs of either sex, weigh-
ing 615 kg, were anesthetized with intravenous injections
of sodium thiopental (30 mg/kg), and killed by bleeding
from the common carotid arteries. Pieces of abdominal
skin together with subcutaneous tissues were removed, and
cutaneous arteries (0.2—-0.4 mm internal diameter) were
isolated from the subcutaneous plexus. Helically cut strips
approximately 20 mm long were cut and the endothelium
was removed by gentle rubbing of the intimal surface with
a cotton ball. Endothelium denudation of the strips was
confirmed by the abolishment of relaxations caused by
acetylcholine (107% M). The specimens were fixed verti-
cally between hooks in a muscle bath (20 ml capacity)
containing modified Ringer-Locke solution (the composi-
tion of the solution (mM): NaCl 120, KCI 5.4, CaCl, 2.2,
MgCl, 1.0, NaHCO; 25.0, dextrose 5.6; pH of the solu-
tion: 7.38-7.45) which was maintained at 37 4 0.3°C and
aerated with a mixture of 95% O, and 5% CO,. The hooks
anchoring the upper end of the strips were connected to the
lever of a force-displacement transducer (Nihon-Kohden
Kogyo., Tokyo, Japan). The resting tension was adjusted to
0.7 g, which was optimal for inducing maximal contraction
(Toda et al., 1976). Before the start of experiments, the
strips were allowed to equilibrate for 60-90 min in the
bathing solution, during which time the fluid was replaced
every 10—15 min.

Isometric mechanical responses were displayed on an
ink-writing oscillograph. The contractile response to 30
mM KCI was first obtained, and the arterial strips were
repeatedly washed with fresh bathing solution and equili-
brated, The KCl-induced contraction was taken as a stan-
dard for the contraction caused by agonists (340-920 mg).
The strips were contracted with prostaglandin F,, (5 X
1077 to 2 X 10~ M). Effects of nicotine, NO (acidified
NaNO,), CGRP and VIP were determined by direct appli-
cation to the bathing solution, and the strips were washed 3
or more times. After the responses to the vasodilators were
found to be reproducible, the preparations were treated for
approximately 30 min with blocking agents. Possible in-
volvement of CGRP or VIP in the nicotine-induced re-
sponse was tested in the strips made unresponsive to the
peptides by repeated applications (35 times) and by the
use of CGRP and VIP receptor antagonists and capsaicin.
At the end of each series of experiments, papaverine (107*
M) was added to attain maximal relaxation. Relaxations
induced by agonists were normalized to those by papaver-
ine.

2.2. Histochemical study

Tissue blocks containing the cutaneous arteries were
fixed for 3 h in ice-cold phosphate-buffered saline (PBS)
(0.2 M, pH 7.4) containing 2% paraformaldehyde, and
were kept in 15% sucrose at 4°C until the next stage. The
cutaneous artery was dissected out microscopically in ice-
cold PBS (0.1 M). NADPH diaphorase staining of whole
mount was performed by incubating the free-float arteries
with PBS (0.1 M, pH 8.0), containing NADPH (1 mM)
(Kohjin, Tokyo, lapan), nitro blue tetrazolium (2 mM)
(Sigma, St. Louis, MO, USA) and 0.3% (v/v) Triton
X-100 at 37°C under a dissecting microscope with X8
magnification. The period of incubation was based on
staining intensity. The reaction was terminated by washing
the arteries in PBS (0.1 M). After several washouts with
distilled water, the whole mount arteries were air-dried on
gelatins /chrome-alum-coated glass and covered with a
coverslip, using xylene (Entellan; Merck. Darmstadt, Ger-
many).

For immunohistochemical staining, the dissected cuta-
neous arteries were incubated in a modified Ringer-Locke
solution, which was aerated with a mixture of 95% O, and
5% CO, at 37°C for 20 min. During the incubation the
preparations were either treated with capsaicin (10~% M)
or not treated. After incubation for 40 min in capsaicin-free
solution, the whole mount preparations of the cutaneous
arteries were fixed in phosphate buffer (0.2 M, pH 7.4)
containing 2% paraformaldehyde for 3 h. The preparations
were kept in PBS (0.1 M), containing 0.3% (v/v) Triton
X-100 at 4°C for 2 days. The specimens were exposed to
rabbit anti-human CGRPII serum (1:9000; Peninsula Labo-
ratories, Belmont, CA, USA) in PBS with 0.3% (v/v)
Triton X-100 at 4°C for 2 days. After washing, the prepa-
rations were incubated for 1 h with a diluted fluorescent
second antibody (rhodamine-conjugated goat affinity-puri-
fied antibody against rabbit IgG, 1:100, Cappel Research
Products, Durham, NC, USA) at 4°C. The immunostained
preparations were then rinsed and covered with a coverslip
with 90% glycerol in PBS for photography under a confo-
cal laser-scanning microscope (MRC600; Bio-Rad, Tokyo,
Japan). Histochemical control experiments such as exclu-
sion of NADPH or anti-CGRP antiserum from the reaction
mixture gave no positive staining.

2.3. 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 Student’s unpaired r-test and Tukey’s method after
one-way analysis of variance. The drugs used were NU-
nitro-L-arginine (L-NA), vasoactive intestinal polypeptide
(VIP), calcitonin gene-related peptide (CGRP), CGRP-(8—
37) (Peptide Institute, Minoh, Japan), L-arginine, nicotine
(base) (Kanto, Tokyo, Japan), capsaicin, o,B-methylene
ATP. indomethacin, [D-p-Ci-Phe® Leu!’JVIP (Sigma),
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prostaglandin F,, (Upjohn, Tokyo, Japan), prazosin hydro-
chloride (Wako, Osaka, Japan), timolol maleate (Banyu,
Tokyo. Japan), atropine sulfate (Tanabe, Osaka, Japan),
cimetidine (Fujisawa, Osaka, Japan), hexamethonium bro-
mide, methylene blue trihydrate (Nacalai Tesque, Kyoto,
Japan), acetylcholine chloride (Daiichi Pharmaceutical,
Tokyo, Japan) and papaverine hydrochloride (Dainippon,
Osaka. Japan). All drugs were dissolved with distilled
water except capsaicin, which was dissolved with 40%
alcohol. Oxyhemoglobin was prepared by adding a 10-fold
molar excess of the reducing agent, sodium hydrosulfite, to
a | mM solution of commercial hemoglobin (Sigma) in
distilled water and then was dialyzed (Martin et al., 1985).
Responses to NO were obtained by adding NaNO, solu-
tion adjusted to pH 2 (Furchgott, 1988).

3. Results
3.1. Organ-bath studies

The endothelium-denuded dog cutaneous arterial strips
contracted with prostaglandin F,  responded to nicotine
(10~* M) with slight and transient contractions followed
by relaxations. The contractions were suppressed or abol-
ished by treatment with prazosin (107° M). When the
response was not abotished (2 out of 8 strips), the strip was
treated additionally with o,B-methylene ATP (107° M),
which abolished the remaining contraction. The mean value
of the contraction in response to nicotine in the control
solution was 10.6 +4.4% (n=238) of the contractions
caused by 30 mM KCI, whereas the value of the relaxation
was 61.1 +8.1% (n=8) of the relaxations caused by
papaverine (10~* M). Relaxations in response to nicotine
during treatment with prazosin were 49.2 + 7.1% (n = 8).
In order to avoid tachyphylaxis, the concentration-response
curves for nicotine were tested by applying one of the
concentrations (5 107% to 5X 107* M) of nicotine to
the arterial strips treated with prazosin. The mean values of

Table 1
Effect of blocking agents on the relaxant responses to nicotine (10™* M)
in dog cutaneous arterial strips without endothelium

Treatment Relaxation (%) *

induced by nicotine

n Control Experimental
Timolol (107 M) 5 415447 398447
Atropine (1077 M) 5 432426 43.6+5.0
Cimetidine (1077 M) 5 384485 42,1492
Indomethacin (107 M) 5 489+5.9 423498
Hexamethonium (1073 M) 5 45.0+6.6 ob

The data (means+ S.E.M.) obtained before (control) and after treatment
with blocking agents (experimental) were compared. The strips were
treated with prazosin (10™° M). n = number of strips from separate dogs.
* Relaxations relative to those induced by papaverine (10™* M). "p<
0.001 versus control (unpaired -test).
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Fig. 1. Tracings of the response to nicotine and NO of a dog cutaneous
arterial strip without endothelium. The strip was treated with prazosin
{107° M) and was precontracted with prostaglandin F,,. ‘N’ and ‘NO’
denote nicotine (107 M) and acidified NaNOQ, (10™° M), respectively.
The tracings from top to bottom were obtained from the same strip under
the conditions of (1) no treatment, (2) treatment with L-NA (107% M), (3)
treatment with L-NA and repeated applications (first to third, C,-C;) of
CGRP (10~ * M) or (4) treatment with L-NA, L-arginine (L-arg., 3X 107°
M) and repeated applications of CGRP. Desensitization to CGRP was
confirmed by the abolishment of the response associated with peptide
application (C;). Upward arrowheads indicate supplemental applications
of prostaglandin F,,, to raise the arterial tone. Papaverine (PA, 107 M)
was used to attain maximal relaxation.

the relaxation in response to 5X 107°%, 2x 1073 10°*
and 5 X 10™* M nicotine were 3.6 + 2.0, 25.9 + 5.5, 44.6
+8.7 and 39.7 + 6.5% (n = 7). respectively. Since 107*
M nicotine produced maximal and reproducible relaxation,
this concentration was used for analyses of the mechanism
of action in the remainder of this study.

The next study on nicotine was carried out in the strips
treated with prazosin. Relaxations induced by nicotine
were abolished by hexamethonium (1077 M) (Table 1),
whereas treatment with timolol (10~7 M), atropine (1077
M), cimetidine (10> M) or indomethacin (10°¢% M) did
not alter the degree of relaxation (Table 1). The concentra-
tions of these blocking agents were sufficient to abolish or
markedly suppress the relaxation induced by B-adrenocep-
tor (Scriabine et al., 1973), muscarinic (Wang et al., 1993)
and histamine H, (Toda, 1986) receptor agonists and the
endogenous vasodilator prostanoids (Miyazaki et al., 1985).
The nicotine-induced relaxation was significantly inhibited
but was not abolished by L-NA (107° M) alone (Figs. |
and 2A). CGRP (10™* M) caused marked relaxation in the
arterial strips contracted with prostaglandin F, . However,
successive applications (3—5 times) of CGRP made the
strips unresponsive to the peptide (Figs. 1 and 3). Nico-
tine-induced relaxation was significantly inhibited after
desensitization to CGRP (Figs. 3 and 4). The relaxations
caused by exogenously applied NO (acidified NaNO,,
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Fig. 2. Effect of L-NA in the absence and presence of desensitization to
CGRP, CGRP receptor antagonist (A), desensitization to VIP, VIP recep-
tor antagonist (B) or capsaicin (C) on the relaxant response to nicotine
(10™* M) in dog cutaneous arterial strips without endothelium. The strips
were treated with prazosin (10° M) and contracted with prostaglandin
F,,. ‘CGRP’ and *VIP’ in the figure denote the strips desensitized to
CGRP (10™* M, 3-5 times) and VIP (10~% M, 3-5 times), respectively.
CGRP and VIP receptor antagonists are CGRP-(8—37) (107 M) and
[D-p-CI-Phe® Leu'"JVIP (VIP ant., 107% M), respectively. In capsaicin
experiments, strips were exposed to capsaicin (1077 M) for 20 min and
repeatedly washed to remove capsaicin. Relaxations induced by papaver-
ine (107 M) were taken as 100%. Numbers in parentheses indicate the
number of strips from separate dogs. * P < 0.05 and ® P <0.01 versus
control before treatment with L-NA (107 M) (Cg); © P <0.01 versus
control after treatment with L-NA (C) (panel A, Tukey's method).
4 p <001 versus control after treatment with 1-NA (C) (panel A,
unpaired #-test). © P < 0.001 versus control afier treatment with L-NA (C)
(panel C, unpaired #-test). Vertical bars, S EM.

107% M) were not affected by desensitization to CGRP
(from 69.0+ 5.5 to 67.1 +6.4%; n=7). In the strips
desensitized to CGRP, the remaining relaxations caused by
nicotine were abolished by additional treatment with L-NA,
methylene blue (10~3 M) and oxyhemoglobin (1.6 X 10°
M) (Figs. 3 and 4). The inhibitory effect of L-NA was
reversed by the addition of L-arginine (3 X 10~ M) (Figs.
3 and 4). On the other hand, desensitization to CGRP
abolished the relaxation in the strips treated with L-NA
(Figs. 1 and 2A). In addition, CGRP-(8-37) (1077 M), a
specific CGRP receptor antagonist, significantly inhibited
both the nicotine-induced relaxation in the strips treated
with L-NA (Fig. 2A) and the relaxation in response to
exogenously applied CGRP (Table 2). Other strips which
responded to nicotine and CGRP (5 107'" M) with
moderate relaxations under control conditions were ex-
posed to capsaicin (1077 M) for 20 min and repeatedly
washed to remove capsaicin. After stabilization for 40 min
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Fig. 3. Tracings of the response to nicotine and NO of a dog cutaneous
arterial strip without endothelium. The strip was treated with prazosin
(1077 M) and was precontracted with prostaglandin F,,. ‘N and *‘NO’
denote nicotine (10™% M) and acidified NaNO, (10™® M), respectively.
The tracings from top to bottom were obtained from the same strip under
the conditions of (1) no treatment, (2) treatment with repeated applica-
tions (first to third, C,~C;) of CGRP (10™® M), (3) treatment with L.-NA
(107> M) and repeated applications of CGRP or (4) treatment with L-NA,
L-arginine (L-arg., 3X10™* M) and repeated applications of CGRP.
Desensitization to CGRP was confirmed by the abolishment of the
response associated with peptide application (C,). Upward arrowheads
indicate supplemental applications of prostaglandin F,, to raise the
arterial tone. Papaverine (PA, 107¢ M) was used to attain maximal
relaxation.
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Fig. 4. Effect of desensitization to CGRP in the absence and presence of
I-NA, L-NA plus L-arginine, methylene blue or oxyhemoglobin on the
relaxant response to nicotine (10™* M) in dog cutaneous arterial strips
without endothelium. The strips were treated with prazosin (1075 M) and
contracted with prostaglandin F,,. “CGRP’ in the figure denotes the
strips desensitized to CGRP (107% M, 3-5 times). "MB’ and ‘Oxy-Hb’
in the figure denote treatment with methylene blue (107° M) and
oxyhemoglobin (1.6 X 107> M), respectively. Relaxations induced by
papaverine (10™* M) were taken as 100%. Numbers in parentheses
indicate the number of strips from separate dogs. * P < 0.05 and bp<
0.01 versus control before desensitization to CGRP (Cg); © P <0.05
versus control after desensitization to CGRP (C) * P <001 versus
desensitized to CGRP and L-NA(10™° M) plus L-arginine (L-arg., 3 X
10~ M)-treated (left panel, Tukey’s method). ¢ P < 0.05 versus control
after desensitization to CGRP (C) (middle and right panels, unpaired
t-test). Vertical bars, S EM.
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Table 2
Effect of blocking agents on the relaxant responses to CGRP (5x 107'°
M) or VIP (10~° M) in dog cutaneous arterial strips without endothelium

Treatment Relaxation (%) *

induced by CGRP

n  Control Experimental
CGRP-(8-37) (1077 M) 4 733488 23.1483°
Capsaicin (1077 M) 4 842436 T766+79

Relaxation (%) * induced by VIP
[D-p-Cl-Phe® Leu'’ IVIP (107 M) 4 643+7.3 183+67°

Data (means + S.E.M.) obtained before (control) and after treatment with
blocking agents {(experimental) were compared. The strips were treated
with prazosin (107° M) and L-NA (1075 M). n = number of strips from
separate dogs.  Relaxations relative to those induced by papaverine
(10™* M). " P <0.01 versus control (unpaired r-test).

in capsaicin-free, L-NA-containing bathing solution, the
nicotine-induced relaxation was totally abolished (Fig. 2C),
whereas the CGRP-induced relaxation was unaffected by
capsaicin treatment (Table 2). In other experiments desen-
sitization to VIP did not affect the response to nicotine
(Fig. 2B). [D-p-Cl-Phe®,Leu'’JVIP (10 ¢ M) at a concen-
tration sufficient to significantly inhibit the relaxation in-
duced by VIP (107? M) (Table 2) failed to attenuate the
response to nicotine (Fig. 2B).

CGRP (107'% to 3X 107° M) relaxed arteries in a
concentration-dependent manner (Fig. 5, right). The relax-
ations were slightly reduced in the second trial, but were
reproducible after the third trial. Therefore, the third con-
centration-response curve was taken as control. The mean
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Fig. 5. Effect of arginine-NO pathway inhibitors on the relaxant re-
sponses to NO (aciditied NaNO,) (left panel) and CGRP (right panel) in
dog cutaneous arterial strips without endothelium. Preparations were
treated with prazosin (10™ M) and precontracted with prostaglandin F, .
Inhibitors are L-NA (10™% M), methylene blue (MB, 10~ M) and
oxyhemoglobin (Oxy-Hb, 1.6X 107" M). Relaxations induced by pa-
paverine (10™* M) were taken as 100%. Numbers in parentheses indicate
the number of strips from separate dogs. * P < (.01 versus control
(Tukey’s method). Vertical bars, S.E.M.

Fig. 6. Histochemistry of NADPH diaphorase-containing nerve fibers in a
whole mount preparation of the dog cutaneous artery. Scale bar, 50 um,

values for the maximal relaxation caused by CGRP in the
control solution averaged 91.6 + 1.1% (n = 15) and the
apparent median effective concentration (ECs,) was (6.87
+0.16) X 107'° M (n=15). Relaxations induced by
CGRP were not significantly affected by treatment with
L-NA (107> M), oxyhemoglobin (1.6 X 107° M) or meth-
ylene blue (107° M).

Fig. 7. Abolishment of CGRP immunoreactive nerves in a whole mount
preparation of the dog cutaneous artery after exposure to capsaicin (10™°
M, 20 min). Control (A). Capsaicin-treated (B). Scale bars. 50 wm.
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The addition of NO (acidified NaNO,, 107* to 107°
M) produced a transient relaxation of prostaglandin F, .-
precontracted dog cutaneous arterial strips without en-
dothelium (Fig. 5, left). The mean value of the maximal
relaxation caused by NO (acidified NaNO,) averaged 92.4
+2.4% (n =15), and the apparent ECy, value was (5.37
+2.03) X 1077 M (n = 15). The NO (acidified NaNO, )-
induced relaxation was not affected by treatment with
L-NA (107° M) (from 72.6 + 3.8% (n=15) to 69.7 +
4.5% (n=15) at 10~® M), but was abolished by oxyhemo-
globin (1.6 X 107> M) and markedly attenuated by methy-
lene blue (107> M).

3.2. Histochemical study

Fig. 6 shows the histologically demonstrated nerve fibers
containing NADPH diaphorase in a whole mount prepara-
tion of a dog cutaneous artery. There are networks of
positively stained fibers in the arterial wall. Similar find-
ings were also obtained with arteries isolated from two
additional dogs.

CGRP immunoreactivity of perivascular nerve fibers in
a whole mount preparation of the artery (Fig. 7A) was
abolished by treatment with capsaicin (exposure for 20
min to capsaicin (10~° M) and then incubation for 40 min
in capsaicin-free solution) (Fig. 7B).

4. Discussion

Contractions caused by nicotine were markedly attenu-
ated or abolished by prazosin, suggesting the possible
stimulation of o, -adrenoceptors by neurogenic nor-
epinephrine. In some strips in which the response was not
completely abolished by prazosin, the remaining response
was abolished by o,-methylene ATP which desensitizes
the excitatory response mediated by P,y purinoceptors
(Burnstock and Kennedy, 1985). Therefore, the contraction
caused by nicotine appears to be associated with activation
of adrenergic nerves and, to a lesser extent, that of puriner-
gic nerves.

Following treatment with the o,-adrenoceptor antago-
nist, dog cutaneous arterial strips responded to nicotine
with relaxation. This relaxation was abolished by treatment
with hexamethonium, suggesting that the response is
elicited by nerve stimulation. However, the relaxation
caused by nicotine was not influenced by timolol, atropine,
cimetidine or indomethacin in concentrations capable of
blocking B-adrenoceptor, muscarinic and histamine H,
receptors and the synthesis of prostanoids. These findings
would suggest that nicotine relaxes the dog cutaneous
artery possibly via stimulation of nicotinic receptors in
non-adrenergic, non-cholinergic nerve terminals, in a his-
tamine- and prostanoid-independent manner.

The nicotine-induced relaxation of endothelium-de-
nuded arteries was moderately attenuated by treatment

with the NO synthase inhibitor, L-NA, whereas relaxations
caused by the NO releasing agent, acidified NaNO,, were
not influenced by L-NA. These findings would suggest that
NO or NO-like substance(s) appear to be involved in the
relaxation caused by nicotine. However, it is possible that
other substance(s) are also involved in the relaxation,
because the nicotine-induced relaxation was not abolished
even after treatment with L-NA at a concentration capable
of inhibiting the relaxant response to nicotine in human,
monkey and canine cerebral arteries (Toda, 1993; Toda
and Okamura, 1991, 1992). In the strips treated with L-NA,
the nicotine-induced relaxation was abolished by desensiti-
zation to CGRP and by capsaicin, as Kawasaki et al.
(1988) reported, and was markedly suppressed by CGRP-
(8-37), a specific CGRP receptor antagonist (Chiba et al.,
1989). Capsaicin is considered to deplete neural CGRP and
substance P (Saito et al., 1989), and CGRP immunoreactiv-
ity in the cutaneous artery was abolished by treatment with
capsaicin. On the other hand, desensitization of the strips
to VIP and treatment with [D-p-Cl-Phe® Leu'’JVIP, a spe-
cific VIP receptor antagonist (Pandol et al., 1986), did not
influence the relaxation induced by nicotine when endoge-
nous NO production was blocked. These findings strongly
suggest that the NO-independent relaxation is mediated by
liberation of CGRP but not VIP from the nerve terminals.

Further, in the arteries desensitized to CGRP, the nico-
tine-induced relaxation was abolished by treatment with
L-NA, methylene blue, a soluble guanylate cyclase in-
hibitor (Martin et al., 1985), and oxyhemoglobin, a scav-
enger of NO (Martin et al., 1985). The inhibition by the
NO synthase inhibitor was reversed by additional treat-
ment with L-arginine. The relaxation caused by exoge-
nously applied NO (acidified NaNO,) was abolished by
methylene blue or oxyhemoglobin in the dog cutaneous
artery. These findings provide additional evidence for the
role of NO synthesized from L-arginine. The above discus-
sion prompts the suggestion that the relaxation caused by
nicotine in dog cutaneous arteries is mediated by NO or
NO-like substance(s) and CGRP. This hypothesis is sup-
ported by the histochemical demonstration of perivascular
nerves containing NADPH diaphorase, reported to be iden-
tical to NO synthase (Dawson et al., 1991), together with
CGRP immunoreactivity in dog cutaneous arteries. The
release of neurogenic NO by CGRP is unlikely, as exoge-
nously applied CGRP-induced relaxations were not inhib-
ited by L-NA in dog cutaneous arteries without endothe-
lium (present study) or in rat skin microvasculature (Ralevic
et al., 1992). However, Goldsmith et al. (1996) suggested
that CGRP-induced vasodilatation in human skin in vivo is
mediated partially by NO.

We conclude that nicotine stimulates nicotinic receptors
located in nerve terminals containing NO synthase and
CGRP which subsequently release NO or NO-like sub-
stance(s) and CGRP, respectively, resulting in relaxation
of the dog cutaneous artery. In human skin, nerve fibers
containing CGRP have been histologically demonstrated to
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exist around blood vessels (Weihe and Hartschuh, 1988)
and are thought to mediate vasodilatation. NO synthase
immunoreactive nerve fibers are also reported to be pre-
sent in human arteries (Toda et al., 1994), and evidence
suggests that NO is involved in the maintenance of resting
blood flow in human skin (Goldsmith et al.. 1996). In
patients with diabetes mellitus and Raynaud’s disease,
nerve fibers containing CGRP are depleted (Levy et al.,
1989; Bunker et al.. 1990). Impairment of these vasodilator
nerve functions might reduce cutaneous blood flow and be
involved in the pathogenesis of skin diseases such as
Raynaud’s disease and diabetic gangrene.
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