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Abstract

The selectivity of 7-nitroindazole in inhibiting endothelial and neuronal nitric oxide synthases (eNOS and nNOS) was investigated by
comparing its inhibitory action on relaxations mediated by nitric oxide (NO) in response to stimulation of perivascular nerves and in
response to histamine in monkey cerebral artery strips. 7-Nitroindazole at 2 X 107> M moderately attenuated the response to transmural
electrical stimulation and to nicotine, but did to ater the endothelium-dependent relaxation in response to histamine in cimetidine-treated
strips. Raising the concentration of 7-nitroindazole to 10~* M abolished the neurogenic response, partialy inhibited the histamine-in-
duced relaxation, but did not affect the response to NO. It is concluded that 7-nitroindazole is a relatively selective nNOS inhibitor;
however, at high concentrations, it inhibits eNOS in monkey cerebral arteries. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO) is widely recognized as an important
physiological substance in controlling cardiovascular and
central and peripheral neuronal functions. The constitutive
NO synthase is classified into endothelial and neuronal
forms based on the chemical structure and location
(Forstermann et al., 1991), termed endothelial and neu-
ronal nitric oxide synthases (eNOS and nNOS; Moncada et
al., 1997), respectively. In order to distinguish the physio-
logical role of NO synthesized by these isoforms, investi-
gators are anxious to develop the selective NOS inhibitors.
7-Nitroindazole is the most promising nNOS inhibitor so
far introduced (Moore et al., 1993a). Its selectivity is
shown by the fact that 7-nitroindazole, in doses sufficient
to inhibit the activity of NOS purified from the cerebellum
and the function mediated by nerve-derived NO, does not
induce hypertension or blunt acetylcholine-induced vaso-
dilatation in anesthetized rats and mice, nor does it inter-
fere with the vasorelaxant effect of acetylcholine in rabbit
aortic rings (Moore et al., 1993b). Yoshida et al. (1994)
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have demonstrated that treatment with 7-nitroindazole of
anesthetized rats subject to middle cerebral artery occlu-
sion decreasesthe focal infarct volumein the brain, whereas
the vasodilator response to topically applied acetylcholine
in pia vessels and systemic blood pressure are not influ-
enced by 7-nitroindazole. They suggested that the effec-
tiveness of 7-nitroindazole in the doses used (25-100
mg/Kg, i.p.) is due to a selective inhibition of the synthe-
sis of NO, which is responsible for apoptosis of nerve cells
in the brain, but not in the endothelium. However, the ICg,
values of 7-nitroindazole for the rat cerebellar and bovine
endothelial NOS do not differ (0.9 vs. 0.7 uM; Babbedge
et al., 1993), and the hypertensive effect of 7-nitroindazole
in rats under urethane anesthesia is abolished by the use of
halothane (Zagvazdin et al., 1996). Recently, Reiner and
Zagvazdin (1998) have summarized the discrepant data on
the selectivity of 7-nitroindazole as a NOS inhibitor. The
inconsistent findings may be due to studies conducted in
vivo and in vitro, to the use of different anesthetics to the
use of anesthetized and conscious animals and to various
animal species.

The selective inhibition by 7-nitroindazole of the activi-
ties of constitutive NOS isoforms has not been evaluated
in preparations that express both isoforms or in primate
tissues. Therefore, the present study was undertaken to
determine whether 7-nitroindazole inhibits responses medi-
ated by NO formed by eNOS and nNOS in isolated
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monkey cerebral arteries and, if it does, whether there is a
difference in the concentrations that effectively depress
responses to NO released from the endothelium and from
neurons. Relaxations induced by perivascular nerve stimu-
lation by electrical pulses or nicotine are mediated by NO
from the nerve innervating monkey cerebra arteries (Toda
and Okamura, 1990; Toda et al., 1997), whereas those
produced by histamine after treatment with cimetidine are
mediated by endothelial NO in monkey and human cere-
bral arteries (Toda, 1990; Ayagjiki et al., 1992).

2. Methods
2.1. Preparation

Japanese monkeys (Macaca fuscata) of either sex,
weighing 6 to 10 kg, were used for the present study. The
Anima Care and Use Committee of our University ap-
proved the use of monkey blood vessels.

Monkeys anesthetized with ketamine (40 mg/kg, i.m.)
and sodium pentobarbital (30 mg/kg, i.m.) were killed by
bleeding from the carotid arteries. The brains were re-
moved, and the middle and posterior cerebral and basilar
arteries were isolated. The arteries were helically cut into
strips of approx. 20 mm in length, taking special care to
preserve the endothelium. The functional integrity of the
endothelium was verified by a marked relaxation (78—95%)
induced by Ca?* ionophore A23187 (10~7 M). In some of
the strips, the endothelium was removed by gently rubbing
the intimal surface with a cotton ball; endothelial denuda-
tion was verified by the abolishment of the response to
A23187. Each specimen was vertically fixed between hooks
in a muscle bath (20 ml capacity) containing modified
Ringer-Locke solution of the following composition (mM):
NaCl 120, KCI 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 a 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 1.0 g, which is the optimal tension
for inducing a maximal contraction. Before the start of
experiments, the arteria strips were allowed to equilibrate
in the bathing media, during which time the fluids were
replaced three times about every 10 min.

2.2. |sometric tension recording

Isometric mechanical responses were displayed on an
ink-writing oscillograph. The strips without endothelium
were placed between stimulating electrodes (Toda et al.,
1997). Electrical stimulation was applied by 0.2-ms
sguare-wave pulses of supramaximal intensity at 2, 5 and
20 Hz for 100, 40 and 10 s, respectively. In order to
analyze the effect of blocking agents, we used a stimulus

frequency of 5 Hz, which produced submaximal and repro-
ducible responses (Toda et al., 1997). The arteries were
partially contracted with prostaglandin F,, to obtain relax-
ation in response to electrical stimulation. In the strips with
an intact endothelium contracted with prostaglandin F,,
and treated with indomethacin (10~ M) and cimetidine
(107°% M), nicotine (10~ M), histamine (5% 10~" M)
and NO (1077 M) were successively applied. Endothe-
lium-dependent, NO-mediated relaxations are reportedly
induced by histamine in monkey cerebral artery strips
treated with a histamine H, receptor antagonist (Toda,
1990; Ayajiki et a., 1992). Papaverine (10~* M) was
added at the end of experiments to attain the maximal
relaxation. Stimulation-induced relaxations relative to those
to papaverine are presented.

2.3. Statistics and drugs used

Results shown in the text and figures are expressed as
mean values + SE.M. Statistical analyses were made us-
ing Tukey’s test after one-way analysis of variance. Drugs
used were 7-nitroindazole (Lancaster Synthesis, More-
cambe, UK), NC-nitro-L-arginine (Peptide Institute, Mi-
noh, Japan), L-arginine, nicotine (base), hexamethonium
bromide (Nacalai Tesque, Kyoto, Japan), histamine hydro-
chloride (Kanto Chemical, Tokyo, Japan), indomethacin
(Sigma, St. Louis, MO, USA), cimetidine (Fujisawa, Os-
aka, Japan), p-chlropheniramine maleate (Schering, Kenil-
worth, NJ, USA), tetrodotoxin (Sankyo, Tokyo, Japan),
Ca’* ionophore A23187 (Boehringer Mannheim, Mann-
heim, Germany), prostaglandin F,, (Pharmacia-Upjohn,
Tokyo, Japan) and papaverine hydrochloride (Dainippon,
Osaka, Japan). Responses to NO were obtained by adding
the NaNO, solution adjusted to pH 2 (Furchgott, 1988).

3. Results

3.1. Response to transmural electrical stimulation

In monkey cerebral artery strips without endothelium
partially contracted with prostaglandin F,,, transmural
electrical stimulation at 2, 5 and 20 Hz produced fre-
guency-related relaxations, which were abolished by 3 X
10~ M tetrodotoxin. Since the responses to 5-Hz stimula-
tion were consistent and reproducible, this frequency was
used to quantitatively analyze the action of 7-nitroindazole.

Treatment with 7-nitroindazole at 2 x 10°°> M halved
the stimulation-induced relaxation and at 10~* M abol-
ished the response (Fig. 1). L-Arginine (10~3 M) restored
the neurogenic relaxation. One example of the responsesis
illustrated in Fig. 2. 7-Nitroindazole at 2 X 10~° M elicited
a slight contraction (n= 3, 8.7 + 3.4%, P > 0.05, relative
to contractions induced by 30 mM K™), a relaxation
(n=2, 125 and 31.0%) or no change in tone (n=3).
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Fig. 1. Modification by 7-nitroindazole (7-NI, 2x 10~° and 10~* M) and
L-arginine (L-Arg, 1072 M) of the relaxant response to transmural
electrical stimulation (5 Hz) in monkey cerebral artery strips denuded of
the endothelium that were partialy contracted with prostaglandin F,,,.
Relaxations induced by 10~* M papaverine were taken as 100% on the
ordinate. Numbers in the columns represent values relative to those
before treatment with 7-nitroindazole (control). Significantly different
from control, ®P < 0.01; significantly different from the value with
7-nitroindazole, °P < 0.0L; °P < 0.05 (Tukey's test). The ‘a and ‘b’ in
the columns indicate statistical significance between vaues relative to
control, and the ‘a and ‘¢’ outside the columns indicate the difference
between values relative to those for papaverine. The data were obtained
with eight strips from different monkeys. Vertical bars represent SE.M.

However, the NOS inhibitor at 10~* M produced a tran-
sient contraction followed by a relaxation in two out of
eight strips and only a relaxation in the remaining six; the
relaxation averaged 33.6 + 9.6% (n=8) relative to that
induced by 10~* M papaverine.

3.2. Relaxations in response to nicotine, histamine and NO

In the arteria strips with an intact endothelium treated
with 107°> M cimetidine and 10°® M indomethacin and
partially contracted with prostaglandin F,_, the addition of
nicotine (10~* M), histamine (5 10~7 M) or NO (10~
M) induced moderate relaxations (Fig. 3). The nicotine-in-
duced relaxation was abolished by 107° M hexametho-
nium (n=6), whereas the response to histamine was
abolished by 107® M chlorpheniramine (n=4), 107> M
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Fig. 2. A tracing of the response to transmural electrical stimulation at 5
Hz of a monkey cerebral artery strip before and after treatment with
7-nitroindazole (2x107% M), L-arginine (1072 M) and tetrodotoxin
(3x1077 M). The strip denuded of the endothelium was partially
contracted with prostaglandin F,,,. PA represents 10~* M papaverine, the
dose that produced maximal relaxation. Upward arrows indicate the
supplemental application of prostaglandin F,,, to raise arterial tone.
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Fig. 3. Tracings of the responses to nicatine (N, 10~% M), histamine (H,
5% 107 M) and NO (107 M) of a monkey cerebral artery strip with
endothelium before (control) and after treatment with 7-nitroindazole
(7-NI, 2x107°% M) and 7-nitroindazole+ L-arginine (L-Arg., 10~% M).
The strip was partially contracted with prostaglandin F,,,. PA represents
10~* M papaverine, the dose that produced maximal relaxation.

N ©-nitro-L-arginine (n = 4) or by endothelium denudation
(n=3). Treatment with 2 X 10~ M 7-nitroindazole atten-
uated the nicotine-induced relaxation by 53%, and the
inhibitory effect was reversed by L-arginine (1073 M)
(Figs. 3 and 4). However, the responses to histamine and
NO were not influenced by this concentration of 7-
nitroindazole. Increasing the concentration of 7-nitroinda
zole to 10™* M abolished the response to nicotine (n = 4)
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Fig. 4. Modification by 7-nitroindazole (7-NI, 2 10~° M) and L-arginine
(L-Arg, 102 M) of the responses to nicotine (10~* M), histamine
(51077 M) and NO (1077 M) in monkey cerebral artery strips
denuded of endothelium and partially contracted with prostaglandin F,,,.
Relaxations induced by 10~* M papaverine were taken as 100% on the
ordinate. Numbers in the columns indicate relaxations relative to control.
Significantly different from control, P < 0.01; significantly different
from the value for 7-nitroindazole, °P < 0.01 (comparisons of the values
in the columns); significantly different from the value for 7-nitroindazole,
°P < 0.05 (comparisons of the values relative to the papaverine-induced
relaxation) (Tukey's test). The data were obtained with eight strips from
different monkeys. Vertical bars represent SE.M.
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and significantly inhibited the histamine-induced relax-
ation, from 31.2 + 3.8% to 9.8+ 2.1% (n=5, P < 0.01,
Tukey's test) (69.0 + 6.8% inhibition). The response was
restored to 28.3 + 4.1% (89.3 + 7.3% of control, n=5,
P <0.01 vs. 7-nitroindazole treatment, Tukey's test) by
L-arginine (102 M). The NO-induced relaxations were
unaffected by 10~* M 7-nitroindazole (n = 4).

4, Discussion

Monkey cerebral artery strips denuded of endothelium
responded to transmural electrical stimulation with relax-
ations, which were abolished by tetrodotoxin, as demon-
strated in earlier reports (Toda and Okamura, 1990; Toda
et al., 1997). It is hypothesized that NO synthesized by
NNOS in perivascular nerve terminals acts as a neurotrans-
mitter in the cerebral artery (Toda and Okamura, 1992a).
7-Nitroindazole, introduced as a selective nNOS inhibitor
(Moore et al., 1993a), effectively depressed the arteria
response to nerve stimulation. Nicotine also produced cere-
bral artery relaxation, which was abolished by hexametho-
nium (present study) and L-arginine analogs, such as N¢-
monomethyl-L-arginine and N ©-nitro-L-arginine (Toda and
Okamura, 1990; Toda et a., 1997). In monkey cerebral
arteries, 7-nitroindazole is about as potent as N ©-mono-
methyl-L-arginine and 100 times less potent than N©-
nitro-L-arginine. NOS present in perivascular nerve termi-
nals is also activated by nicotine via an increased influx of
Ca?* (Toda and Okamura, 1992b; Toda et al., 1995). The
inhibition by 7-nitroindazole of the nicotine-induced relax-
ation was identical to that of the response to electrical
nerve stimulation. The inability of 7-nitroindazole to re-
duce the response to exogenous NO indicates that this
inhibitor does not interfere with the action of NO. L-
Arginine reversed the inhibitory action of 7-nitroindazole,
which is not considered to be a competitive inhibitor of
NOS. Similar results have been reported (Silva et a.,
1995; Zagvazdin et al., 1996); however, the exact mecha
nism of the reversal is not known at present. The his-
tamine-induced, endothelium-dependent relaxations in the
arteries treated with cimetidine were not significantly in-
fluenced by 7-nitroindazole in a concentration (2 X 10°
M) sufficient to halve the response to electrica stimulation
or nicotine. However, increasing the concentration to 10~ *
M, which abolished the neurogenic response, moderately
inhibited the relaxation induced by histamine. In monkey
and human cerebral arteries with an intact endothelium,
histamine-induced relaxations are partially inhibited by
cimetidine or chlorpheniramine and totally abolished by
the combined treatment (Toda, 1990; Ayajiki et al., 1992).
Under treatment with cimetidine, the amine-induced relax-
ation was abolished by N C-nitro-L-arginine and restored
by L-arginine, suggesting that histamine acts on H, recep-
tor subtypes in the endothelium and activates eNOS, result-
ing in the release of NO. These findings led us to conclude

that 7-nitroindazole preferentially inhibits nNOS in mon-
key cerebral arteries and that, in high concentrations, this
inhibitor also inhibits eNOS. As far as the monkey cerebral
arteries are concerned, 7-nitroindazole was about five times
less potent in inhibiting eNOS than nNOS. According to
Babbedge et a. (1993), ICy, values (0.9 and 0.7 wM) of
7-nitroindazole in the rat cerebellum and in bovine en-
dothelial cells are amost identical. Whether thisis due to a
lack of selectivity for NOS or to the use of materials from
different animal speciesis not known.

The addition of 7-nitroindazole at 2 X 10°°> M pro-
duced a dlight contraction or a relaxation or did not alter
the arterial tone, whereas NC-nitro-L-arginine evidently
contracted monkey cerebral arteries (49% at 107° M;
Toda et al., 1993a), suggesting that 7-nitroindazole in this
concentration inhibits, if any only dightly, the basa
release of NO from the endothelium. With a higher con-
centration (10~* M) of 7-nitroindazole, basal tone was
preferentially decreased. Contractions associated with a
suppression of the basal release of endothelial NO may be
masked by relaxations possibly elicited by nonspecific
mechanisms of 7-nitroindazole. This vasodilatation in re-
sponse to 7-nitroindazole may minimize the hypertension
induced by inhibition of eNOS in rats or NNOS and eNOS
in monkeys and dogs (Toda et al., 1993b; Okamura et al.,
1996), although the effect of 7-nitroindazole on blood
pressure has not been tested in large mammals.

The present study provided evidence that 7-nitroinda-
zole is a relatively selective nNOS inhibitor in monkey
cerebral arteries. However, because the difference in effec-
tive doses of 7-nitroindazole for nNOS and eNOS was
unexpectedly small, it may be difficult to choose selective
doses, especialy in in vivo studies.
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