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ABSTRACT: The precise role of inhibitory nonadrenergic noncholinergic (iNANC)
neurons and nitric oxide in airway hyperresponsiveness remains uncertain. The role
of NO in the regulation of airway responsiveness was studied in anaesthetized and
mechanically ventilated cats.

To assess airway responsiveness, the changes in total pulmonary resistance (RL)
produced by delivering serotonin aerosol to the airways were measured before and
after Nv-nitro-L-arginine methyl ester (L-NAME), or a ganglionic blocker, hexa-
methonium, which has been reported to block iNANC. Serotonin was chosen because
it causes bronchoconstriction in part by neural reflex. To further clarify the mech-
anism(s) involved, the effect of inhaled capsaicin was also determined in animals with
sustained bronchoconstriction induced by serotonin after treatment with atropine and
propranolol.

Inhibition of NO synthase by L-NAME or blockade of iNANC neurons by hexa-
methonium significantly increased airway responsiveness. However, addition of L-
NAME did not further increase airway responsiveness in animals treated with
hexamethonium. In the presence of atropine and propranolol, inhaled capsaicin
caused a marked bronchodilation during serotonin-induced sustained bronchocon-
striction. The bronchodilation induced by capsaicin was significantly suppressed by
hexamethonium and by L-NAME.

These results suggest that the nitric oxide released from inhibitory nonadrenergic
noncholinergic neurons is important in modulating the airway responsiveness of cats
in vivo.
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Airway hyperresponsiveness is a characteristic feature
of asthma. Although the precise mechanism of airway
hyperresponsiveness is not known, autonomic regulation
of airway smooth muscle must be in part involved [1, 2].
Autonomic innervation of the airways consists of ad-
renergic, cholinergic and nonadrenergic noncholinergic
(NANC) nerves [2]. Inhibitory NANC (iNANC) nerves
appear to be the principal inhibitory neural mechanism in
the airways of a variety of species including humans [3±6].
In human airways, iNANC is considered to be especially
important owing to the absence of adrenergic inhibitory
innervation [4].

Although the neurotransmitters responsible for the
iNANC-mediated relaxation of the airways have not been
conclusively identified, nitric oxide is considered a pro-
mising candidate [7±11]. In humans and other mammalian
species, it has been reported that the inhibition of NO
synthase by Nv-nitro-L-arginine methyl ester (L-NAME)
produced a concentration-dependent inhibition of iNANC-
mediated relaxation. Especially in human bronchi, L-
NAME almost completely abolished iNANC-mediated
relaxation, and it was concluded that in human airways NO
is entirely responsible for iNANC-mediated relaxation [9].
In feline airways, NO has also been proposed as the pri-
mary mediator of iNANC-mediated relaxation [12]. How-

ever, the role of NO released from iNANC nerve terminals
in airway responsiveness has not been investigated in the
cat. The importance of NO as an iNANC neurotransmitter
in vivo has been reported in a prior study [13]. Electrical
vagal stimulation caused a marked decrease in total pul-
monary resistance (RL) during sustained bronchoconstric-
tion in cats treated with atropine and propranolol. The
amplitude of the relaxation evoked by vagal stimulation
was significantly suppressed by the administration of L-
NAME [13].

The purpose of this study was to elucidate the mech-
anism of action of NO released from iNANC nerves in
the regulation of airway responsiveness in the cat in vivo.
Changes in airway responsiveness to inhaled serotonin
before and after treatment with hexamethodium or L-
NAME were determined in anaesthetized, mechanically
ventilated cats. Serotonin was chosen to assess airway res-
ponsiveness, because inhaled serotonin has been reported
to cause vagally mediated neural reflex [14, 15].

Hexamethonium was used to block iNANC response,
because hexamethonium has been reported to abolish
iNANC responses evoked by electrical field stimulation [5,
6, 16]. The effects of hexamethonium or L-NAME on the
capsaicin-induced inhibition of sustained bronchoconstric-
tion were also determined.
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Methods

General procedure

Thirty-six cats (male and female; weight 2±4 kg) were
anaesthetized with pentobarbital sodium (50 mg.kg-1, i.m.),
and ventilated (tidal volume 10 mL.kg-1; respiratory fre-
quency 30 breaths.min-1) with a respirator (model 665,
Harvard Apparatus, South Natick, MA, USA) through a
tracheostomy. Airflow was measured by connecting a Fle-
isch pneumotachograph (TV-142T, Nihon Kohden, Tokyo,
Japan) to the tracheal tube. A catheter was inserted through
the sixth intercostal space into the pleural cavity (cat in
supine position) and was sutured in place after the intro-
duction of 3±5 mL air. Transpulmonary pressure (Ptp) was
measured by use of a differential pressure transducer (TP-
603T, Nihon Kohden) attached to the intrapleural catheter
and to a catheter in the tracheal tube [16]. Total RL was
calculated according to the method of AMDUR and MEAD

[17].
A catheter was inserted into a carotid artery for the

measurement of blood pressure with an electronic mano-
meter (LPU-0.1, Nihon Kohden). Another catheter was
inserted into a jugular vein for the administration of drugs.

Airway responsiveness to serotonin was determined by
measuring the change in RL induced by increasing con-
centrations of serotonin aerosol administered via the en-
dotracheal tube. Serotonin aerosols (1.5 mL.min-1) were
generated by an ultrasonic nebulizer (TUR-3200, Nihon
Kohden), which introduced serotonin aerosol (0.07±1.2
mg.mL-1) into the air supplied by the ventilator. A baseline
RL value was obtained before exposure to the serotonin
aerosol. Cats were then exposed to increasing concen-
trations of serotonin aerosol and peak RL values were
obtained for each concentration. Each concentration of
serotonin aerosol was administered for 30 breaths. A 5-
min interval separated each exposure to serotonin aerosol.
The provocative concentration was defined as the con-
centration of serotonin that produced a 200% increase in
RL (PC200) and was obtained by interpolation of the plot of
serotonin concentration versus RL. A decrease in this value
represented an increase in airway responsiveness to the
serotonin aerosol.

Study design

Effect of L-NAME and/or hexamethonium on airway
responsiveness to serotonin aerosol. Serotonin dose±
response curves were measured before and after the drug
or vehicle (saline) treatment. For each cat, the first se-
rotonin dose±response curve was measured, followed by
an interval of recovery of lung function to baseline
values. Then, the drug or vehicle was administered and
the second dose±response to serotonin was measured.

To investigate the effect of inhibition of NO synthesis,
airway responsiveness was measured before and after
intravenous administration of L-NAME (100 mg.kg-1) in
five cats. In the previous studies, several doses of L-NAME
were used to inhibit NO synthesis. L-NAME (100 mg.kg-1)
was chosen, because in cats it was considered to be
sufficient to inhibit the synthesis of NO [18±20]. L-NAME
was administered by continuous infusion for 30 min to
avoid acute effects on the cardiovascular system. Fifteen

minutes after the discontinuation of L-NAME infusion, the
experiments were started. To determine whether the effect
of L-NAME was due to the inhibition of NO synthesis, the
effect of the inactive enantiomer Nv-D-nitro-arginine me-
thyl ester (D-NAME) (at the same dose as L-NAME) on
RL was examined in five cats. Similarly, to investigate
the effect of iNANC blockade by ganglionic blocker [5, 6,
16], airway responsiveness was measured before and after
the administration of hexamethonium (2 mg.kg-1, i.v.) in
five cats. In order to verify that the source of NO was
iNANC neurons, the effects of L-NAME on airway res-
ponsiveness to serotonin was determined in five cats
pretreated with hexamethonium. In the beginning of the
experiment, all animals were treated with atropine (2 mg.

kg-1, i.v.) and propranolol (2 mg.kg-1, i.v.), to control for
systemic cholinergic and adrenergic effects.

Effect of L-NAME or hexamethonium on capsaicin-in-
duced bronchodilation. To further elucidate the mech-
anism by which NO is released from iNANC nerve
terminals, the effects of L-NAME on the reflex bron-
chodilation mediated by iNANC neurons was determin-
ed. To induce sustained bronchoconstriction, serotonin
(20±80 mg.kg-1.min-1) was infused continuously after the
administration of atropine (2 mg.kg-1) and propranolol
(2 mg.kg-1). During the resulting bronchoconstriction,
capsaicin aerosol (0.1% (w/v)) was administered and the
amount of bronchodilation was measured. The effect of
L-NAME, D-NAME (100 mg.kg-1, i.v., n=5) or hexame-
thonium (2 mg.kg-1, n=5) on the bronchodilation induc-
ed by capsaicin was determined. Capsaicin aerosols (1.5
mL.min-1) were generated by an ultrasonic nebulizer
(TUR-3200, Nihon Kohden) and were administered for
five tidal breaths.

Drugs

Capsaicin, L-NAME, D-NAME, serotonin creatinine, at-
ropine sulphate and propranolol were obtained from Sigma
Chemical Co., St Louis, MO, USA, and pentobarbital sod-
ium from Abbot Laboratories, North Chicago, IL, USA.

Statistical analysis

Values for PC200 are expressed as geometric means (GM)
and geometric standard errors of means (GSEM). Values of
PC200 obtained before and after treatment with hexam-
ethonium or L-NAME were analysed by the Student's
paired t-test. A level of p<0.05 was considered to be
statistically significant. Multiple comparison analysis of
variance techniques were used to compare the effect of L-
NAME in the hexamethonium-treated animals, and to
compare the effect of L-NAME or hexamethonium on
capsaicin-induced bronchodilation.

Results

Figure 1 shows the reproducibility of the serotonin
dose±response curve before and after saline vehicle treat-
ment. PC200 values before and after treatment were not
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significantly different at 0.313 mg.mL-1 (GSEM 1.14) and
0.269 mg.mL-1 (GSEM 1.15) respectively.

Effect of L-NAME and/or hexamethonium on airway
responsiveness to serotonin aerosol

Table 1 shows the RL and mean systemic blood pres-
sure values. As shown in figure 2a, mean airway respon-
siveness to serotonin was significantly enhanced by the
administration of hexamethonium. L-NAME also increas-
ed airway responsiveness to serotonin significantly (fig.
2b). By contrast, D-NAME had no effect on airway res-
ponse to serotonin, suggesting that the effect of L-NAME
was due to the inhibition of NO synthesis (fig. 2c).
Although pretreatment with hexamethonium increased
mean airway responsiveness to serotonin, no further in-
crease was induced by hexamethonium plus L-NAME
(fig. 2d).

Effect of L-NAME or hexamethonium on capsaicin in-
duced bronchodilation

Table 2 shows the RL and mean systemic blood pres-
sure values before and after serotonin infusion. Inhalation

of capsaicin decreased RL during the sustained broncho-
constriction induced by the continuous serotonin in-
fusion in animals treated with systemic atropine and
propranolol (fig. 3). Hexamethonium (fig. 3a) or L-
NAME (fig. 3b) significantly inhibited the bronchodila-
tion induced by capsaicin. By contrast, D-NAME had no
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Fig. 2. ± Effect of L-Nv-nitro-L-arginine methyl ester (L-NAME), D-
NAME and/or hexamethonium (HEXA) on mean airway responsiveness
to serotonin aerosol in cats. Airway responsiveness is expressed as the
concentration of serotonin needed to cause 200% increase in pulmonary
resistance (PC200). Data are expressed as geometric means and geo-
metric standard errors of means. a) Hexamethonium (n=5); b) L-NAME
(n=5); c) D-NAME (n=3); and d) L-NAME after hexamethonium (n=5).
Con: control. *: p<0.05; **: p<0.01.
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Fig. 1. ± Dose±response curves to serotonin before (s) and after vehicle (saline) treatment (*) in five cats. After the recovery of lung function to base-
line values from the first serotonin dose±response curve, saline was administered by continuous infusion for 30 min. Fifteen minutes after discontinua-
tion of saline infusion, a further serotonin dose±response curve was measured.

Table 1. ± Effects of Nv-nitro-L-arginine methyl ester (L-
NAME), D-NAME, and/or hexamethonium on baseline pul-
monary resistance (RL) and mean systemic blood pressure

RL

cmH2O.L-1.s
Blood pressure

mmHg

Control 15.1�1.5 92�5
Hexamethonium 14.9�2.1 85�5*
Control 15.2�1.7 90�4
L-NAME 14.7�1.6 100�6**
Control 15.0�1.6 92�6
D-NAME 15.3�1.7 94�5
Control 15.3�1.7 93�5
Hexamethonium 14.8�1.5 86�5*
+ L-NAME 15.2�1.5 98�6

Values are expressed as mean�SEM. *: p<0.05; **: p<0.01 versus
control value. (1 mmHg=0.133 kPa.)
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effect on the bronchodilation induced by capsaicin,
suggesting that the effect of L-NAME was due to the
inhibition of NO synthesis (fig. 3c).

Discussion

Inhibition of NO synthase by L-NAME significantly
increased airway responsiveness to serotonin in the pres-
ence of atropine and propranolol, indicating that NO
mediates the attenuation of airway responsiveness. Gang-
lion blockade by hexamethonium, which is reported to
block activation of iNANC neurons [5, 6, 16], significantly
increased airway responsiveness to serotonin in the pres-
ence of atropine and propranolol, indicating that iNANC
activation decreases airway responsiveness. In addition, in
cats pretreated with hexamethonium, the failure of L-
NAME to increase airway hyperresponsiveness was con-
sistent with the hypothesis that NO is released mainly from
iNANC nerve terminals.

Inhaled serotonin was chosen to assess airway respon-
siveness in the present study. It has been reported that
inhaled serotonin causes a neural reflex which regulates
airway responsiveness. Thus, vagotomy reduced the bron-
choconstriction evoked by serotonin in dogs [15], how-
ever, it enhanced the bronchoconstriction in cats pretreated
with atropine and propranolol [14]. It is assumed that the
parasympathetic component in vagal nerve enhances the
response to serotonin and the iNANC component reduces
the response, because dog airway is not innervated by
iNANC. It was also confirmed that the ganglionic blocker
hexamethonium enhances the bronchoconstriction evoked

by inhaled serotonin in cats. These results indicated that
inhaled serotonin causes vagally mediated neural reflex.

In guinea-pigs, inhibition of NO synthesis by L-NAME,
enhanced airway responsiveness in vivo and in vitro [21,
22]. Because epithelial denudation diminished the effects
of L-NAME, the investigators concluded that the NO
responsible for regulating airway responsiveness may be
released from airway epithelial cells. However, the results
of the present study suggest that the origin of NO is
iNANC neurons because L-NAME did not cause further
increase in the airway responsiveness after the inhibition of
iNANC neurons by hexamethonium. The reason for this
discrepancy is assumed to be due to species differences. In
cats, the airways from trachea to bronchiole are innervated
with a rich supply of iNANC neurons [8]. Activation of
these neurons causes potent bronchodilation of the entire
airway in vivo [5, 6, 16]. In guinea-pigs the in vivo studies
failed to demonstrate iNANC-mediated bronchodilation
[3, 23, 24] presumably because the guinea-pig airways
beyond the main bronchi are innervated with rich ex-
citatory NANC neurons [25±27]. It is suggested that
iNANC neurons do not play a key role in the regulation of
airway responsiveness in guinea-pigs.

Consistent with previous reports [28, 29], inhalation of
capsaicin caused a marked bronchodilation during the
bronchoconstriction induced by continuous infusion of
serotonin in the presence of atropine and propranolol. This
bronchodilation is considered to be mediated by iNANC
neurons because it is evoked after blockade of adrenergic
and cholinergic receptors. Furthermore, this iNANC-me-
diated bronchodilation is thought to be part of a reflex
mechanism because ganglion blockade completely abol-
ished the effect of capsaicin. L-NAME also completely
abolished the capsaicin-induced bronchodilation, suggest-
ing that the neurotransmitter involved in the iNANC reflex
mechanism is NO.

The authors' group has previously demonstrated that the
iNANC-mediated relaxation of airways induced by elec-
trical stimulation of the vagus nerve can be classified into
two components, and that at at least two neurotransmitters
are involved in the iNANC-mediated relaxation observed
in vivo [13] and in vitro [8, 10]. The reason other neuro-
transmitters than NO do not appear to play a role in the

Table 2. ± Effects of serotonin infusion on baseline pul-
monary resistance (RL) and mean systemic blood pressure

RL cmH2O.L-1.s Blood pressure mmHg

Control 15.8�2.0 94�6
Serotonin 42.3�5.6** 90�7

Values are expressed as mean�SEM. *: p<0.05; **: p<0.01 versus
control value.
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Fig. 3. ± Effect of a) hexamethonium (HEXA; n=5), b) Nv-nitro-L-arginine methyl ester (L-NAME; n=5) or c) D-NAME (n=3) on the bronchodilation
induced by inhalation of capsaicin (CAP) aerosol during sustained bronchoconstriction induced by serotonin infusion in cats. Atropine and propranolol
were administered (i.v.) prior to treatment with the drugs. Data are represented by the mean�SEM of values. BASE: baseline. *: p<0.05; **: p<0.01.
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reflex bronchodilation is unclear. One possible explanation
is that the threshold for releasing NO is different from the
threshold for release of other transmitters. In fact, in the
bronchiole, single electrical field stimulation with short
pulse duration evoked initial fast and L-NAME-sensitive
relaxation, but did not evoke the second component of
iNANC-mediated relaxation, indicating that the threshold
for activation of the initial component is different from that
of the second component [8]. It is possible that NO can be
released preferentially according to the amplitude of the
efferent nerve reflex activation.

In human airways, no evidence has been found for
inhibitory adrenergic innervation and the iNANC system
was reported to be the principal inhibitory system for the
smooth muscles [4]. Relaxation mediated by iNANC
neurons has been also demonstrated in vivo in healthy
subjects and can be activated by inhalation of capsaicin
[28, 29] or sulphur dioxide [30], or by laryngeal stimu-
ation [31]. Although the iNANC system seems to be
important in airway disease, its precise role remains un-
certain. In asthmatic subjects, it has been reported that the
iNANC system may play a crucial role in nocturnal asthma
because iNANC-mediated relaxation was reduced in the
early morning [32]. However, other investigators have
found no difference in the amplitude of iNANC-mediated
relaxation between healthy and asthmatic subjects and
have concluded that the contribution of the iNANC system
to the pathogenesis of asthma was not important [29].
Further in vivo investigation is required to elucidate the
precise role of iNANC in airway disease.

NO is produced by a variety of cells within the res-
piratory tract, including epithelial and inflammatory cells.
It has been reported that an inducible isoform of NO syn-
thase (iNOS) is expressed in epithelial cells after exposure
to cytokines such as tumour necrosis factor-a, interleukin-
1b, and interferon-c [33]. The iNOS has a much greater
capacity to produce NO than the constitutive NOS (cNOS),
and may be involved in airway inflammation. Also, ex-
haled NO has been shown to be increased in inflammatory
airway diseases [34, 35]. These observations suggest that
NO derived from iNOS may facilitate airway inflamma-
tion. Further study is necessary to elucidate the interaction
of NO derived from iNOS with NO released from iNANC
neurons and the resulting effect on airway hyperrespon-
siveness.

In this study, hexamethonium significantly decreased
blood pressure, and L-NAME significantly increased the
blood pressure. The possibility that the changes in blood
pressure might influence the present results could not be
entirely excluded. In rats, L-NAME caused significant in-
creases in blood pressure, however it did not increase
airway responsiveness [36]. It has been also reported that
raising systemic blood pressure with phenylephrine did not
potentiate vagally-induced bronchoconstriction [27]. In
addition, L-NAME increased blood pressure, but it did not
affect airway permeability [37, 38]. These observations
suggest that the increase in blood pressure caused by L-
NAME did not cause airway hyperresponsiveness by itself.

In summary, results of this study suggest that nitric
oxide is released from inhibitory nonadrenergic noncho-
linergic nerve terminals in the airways of the cat. Nitric
oxide appears to be released by a reflex mechanism and
suppresses airway responsiveness to inhaled serotonin
aerosol. Absence of nitric oxide-induced bronchodilation

may be involved in the induction of airway hyperrespon-
siveness. Further investigation is needed to elucidate the
pathophysiological role of nitric oxide in airway disease.
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