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ABSTRACT: To elucidate the role of endogenous nitric oxide (NO) in allergen- (AIB)
and hyperventilation-induced bronchoconstriction (HIB), the effects of an NO synthase inhibitor, NG-nitro-L-arginine methyl ester (L-NAME), on AIB and HIB were
studied in guinea-pigs.
In the AIB group, 21 anaesthetized guinea-pigs, actively sensitized with 1% ovalbumin, were challenged with aerosolized 0.1% ovalbumin solution under mechanical
ventilation. In the HIB group, 14 guinea-pigs were challenged with hyperventilation
(tidal volume of 12 mL·kg-1 at 150 breaths·min-1 with 21% O2 and 5% CO2 dry gas)
for 5 min. In both groups, lung resistance (RL) was measured using a pressure–volumesensitive body plethysmograph, with or without L-NAME pretreatment (8 mg·kg-1 i.v.
followed by 2 mg·kg-1·min-1 i.v.). The NO precursor, L-arginine was injected at a rate
of 15 mg·kg-1·min-1 after L-NAME injection (10 mg·kg-1) in the AIB group.
The results were as follows. In the AIB group, the maximal RL change was significantly potentiated by pretreatment with L-NAME. This potentiating effect of LNAME was reversed by L-arginine. In the HIB group, the pretreatment with L-NAME
had no effect on increases in RL.
These findings suggest that endogenous nitric oxide may play an important role in
the modulation of allergen-, but not hyperventilation-induced bronchoconstriction in
guinea-pigs.
Eur Respir J 1998; 12: 1318–1321.

Airway hyperresponsiveness and bronchoconstriction are
induced by a wide variety of agents in bronchial asthma
[1]. Allergen-induced bronchoconstriction (AIB) is mediated by chemical mediators derived from mast cells [2],
while hyperventilation-induced bronchoconstriction (HIB)
is reported to be associated with tachykinin release [3].
BARNES and coworkers [4] reported that nitric oxide (NO)
increases bronchial inflammation because the exhal-ed
NO concentration in asthmatic patients was higher than
that of healthy people. NO is released from a number of
cells in the lung [5, 6] and may act to modulate pulmonary
response to bronchoconstrictor agents, partly as a neurotransmitter of inhibitory nonadrenergic, noncholinergic
nerves in airways [7].
The pathophysiological significance of endogenous NO
remains controversial. NIJKAMP et al. [8] reported that endogenous NO may act as a bronchodilator [8, 9], because
the nitric oxide synthase (NOS) inhibitor which inhibits
endogenous NO production by competition with the NO
precursor, L-arginine, increases histamine-induced bronchoconstriction in guinea-pigs. NG-Nitro-L-arginine methyl
ester (L-NAME), an NOS inhibitor, potentiated the tracheal response to histamine in vitro [8], but did not change
the responsiveness to leukotriene D4, serotonin or cholinergic agonists [10]. Although tachykinin has been thought
to be an important bronchoconstrictor factor in HIB, the
pathophysiological role of endogenous NO in HIB as a
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potential bronchodilator is still unknown. The purpose of
the present study was to elucidate the role of NO in AIB
and HIB in guinea-pigs.
Materials and methods
Anaesthesia and measurement of pulmonary resistance
Thirty-five male Hartley-outbred guinea-pigs (Kyudo
Co., Saga, Japan) weighing 390–490 g were anaesthetized
intraperitoneally with sodium pentobarbital (50 mg·kg-1).
All animals were then ventilated with a constant-volume
ventilator (Rodent ventilator model 683; Harvard Apparatus, Mills, MA, USA) delivering a tidal volume of 8
mL·kg-1 at a frequency of 60 breaths·min-1 via a tracheal
cannula. A polyethylene catheter was inserted into the left
jugular vein for the administration of intravascular medication. The animals were then placed in a pressure–volume-sensitive body plethysmograph. Lung resistance (RL)
was measured according to the method of SORKNESS et al.
[11]. In brief, changes in transpulmonary pressure were
measured using a Gould P231D transducer (Gould Instruments, Cleveland, OH, USA) connected to a water-filled
oesophageal cannula. Tidal airflow was measured with a
pneumotachograph (Fleish 0000; Fleish, Lausanne, Switzerland) coupled with a Validyne MP45-16 Differential Pressure Transducer (Validyne Corp., Northridge, CA,
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USA). Tidal volume was obtained via electronic integration of the flow signal (Pulmonary Mechanics Analyzer,
Model 6; Buxco Electronics, Sharon, CT, USA). RL signals of pressure and flow were monitored on a Nihon
Koden four-channel recorder and were also delivered to
an analogue computer (Pulmonary Mechanics Analyzer,
Model 6; Buxco) to determine breath-by-breath values for
the entire breath, using a covariance method (Buxco Program 3).
Allergen-induced bronchoconstriction group
The protocol for the allergen challenge is shown in figure 1. Active sensitization by 1% ovalbumin inhalation for
30 min was performed on days 0 and 7. Allergen challenges
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using inhalation of 0.1% ovalbumin for 30 s were conducted on day 14. In the control group (n=7), normal saline
was initially injected (1 mL·kg-1) 1 min before allergen
challenge, followed by continuous infusion (4 mL·kg-1·h-1)
throughout the experiments. In the L-NAME group (n=7),
L-NAME diluted with saline was injected (8 mg·kg-1 i.v.
followed by 2 mg·kg-1·min-1 i.v.) instead of saline. To assess whether or not L-arginine could reverse the effect of
L-NAME, L-arginine was continuously infused at a rate of
15 mg·kg-1·min-1 during the experiments from 1 min after
L-NAME (10 mg·kg-1) injection, followed by allergen challenges (L-arginine group; n=7) 5 min later.
Hyperventilation-induced bronchoconstriction group
The protocol for the hyperventilation challenge is also
shown in figure 1. Hyperventilation challenges (tidal volume of 12 mL·kg-1 at 150 breaths·min-1 with 21% O2 and
5% CO2 dry gas) were performed for 5 min with and without pretreatment with L-NAME, using the same doses as
the allergen challenge protocol. Normal saline (control
group; n=7) or L-NAME (L-NAME group; n=7) was given
1 min before the challenge. According to the method of
RAY et al. [3], each guinea-pig received propranolol (1
mg·kg-1 i.v.) 6 min before the challenge to minimize potential changes in bronchoconstrictor response resulting
from changes in the levels of circulating catecholamines.
No change in RL resulted from this infusion.
Drugs
The following drugs were used for the experiments: sodium pentobarbital (Dainippon Pharmaceutical Co., Osaka,
Japan), propranolol hydrochloride (Sumitomo Pharmaceuticals, Osaka), L-NAME, L-arginine hydrochloride and ovalbumin (Sigma Chemical Co., St Louis, MO, USA).
Statistical analysis
RL values are expressed as median and range. Because
most of the data were not normally distributed, statistical
analysis was performed using the nonparametric Kruskal–
Wallis test for differentiation among the groups in the
AIB. When this test indicated significant differences, each
pairing was examined by means of the Mann–Whitney Utest. In HIB, the Mann–Whitney U-test for two groups was
used. A p-value <0.05 was taken as statistically significant.
Results
There were no significant differences in baseline RL
before each challenge between the groups (the median values of RL ranged 0.177–0.195 cmH2O·mL-1·s-1).
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Fig. 1. – Protocols of a) allergen and b) hyperventilation challenges.
Sensitization with 1% ovalbumin (OA; inhalation for 30 min) was performed on days 0 and 7. The challenges were conducted on day 14. A:
control group (n=7); B: NG-nitro-L-arginine methyl ester (L-NAME)
group (n=7); C: L-NAME + L-arginine group (n=7). VT: tidal volume; fR:
respiratory frequency.

Effect of L-NAME and L-arginine on allergen-induced
bronchoconstriction
The time course of the increase in RL in allergen challenge is shown in figure 2. The values of baseline RL were
0.188 (0.175–0.228) in the control group, 0.180 (0.175–
0.200) in the L-NAME group and 0.195 (0.178–0.220)
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The time course of the increase in RL in hyperventilation challenge is shown in figure 3. The values of baseline
RL were 0.177 (0.165–0.213) in the control group and
0.193 (0.175–0.200) cmH2O·mL-1·s-1 in the L-NAME group.
There were no significant differences in the increase in
RL between the two groups. L-NAME pretreatment did
not potentiate the maximal increase in RL in HIB, which
was 0.575 (0.495–0.830) in the control group and 0.688
(0.400–1.255) cmH2O·mL-1·s-1 in the L-NAME group.
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Fig. 2. – Time course of increase in lung resistance (RL) values after
0.1% ovalbumin inhalation (
) for 30 s in guinea-pigs. Animals were
pretreated with saline (control group:
, n=7), NG-nitro-L-arginine
, n=7) or L-NAME and L-arginine (Lmethyl ester (L-NAME group:
arginine group:
, n=7). Data are expressed as median and range. B:
baseline. *: p<0.05, **: p<0.01, +: p<0.005 compared with the control
group; †: p<0.05 compared with the L-NAME group.

cmH2O·mL-1·s-1 in the L-arginine group. There were no
significant differences among these three groups. Although RL was significantly increased after challenges in all
groups, pretreatment with L-NAME potentiated AIB significantly (from 2–10 min after challenge) compared with
controls. However, this effect was reversed by L-arginine.
There were significant differences in the RL values from
5–10 min after challenge between the L-NAME and Larginine groups. Although a maximal RL change in the
control group (0.513 (0.275–1.613) H2O·mL-1·s-1) was significantly potentiated by pretreatment with L-NAME to
2.065 (1.105–3.895), L-arginine significantly reduced this
potentiation of maximal change to 1.003 (0.338–1.763)
cmH2O·mL-1·s-1 (p<0.03).
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Fig. 3. – Time course of increase in lung resistance (RL) values after
hyperventilation challenge. Animals were pretreated with saline (control group:
, n=7) or NG-nitro-L-arginine methyl ester (L-NAME
group:
, n=7). B: baseline. Data are expressed as median and range.

In the present study, L-NAME, an NOS inhibitor, potentiated AIB, but not HIB. In addition, the NO precursor,
L-arginine, attenuated the potentiation of AIB induced by
the NOS inhibitor. These results indicate that endogenous
NO may have a protective effect on AIB, but not on HIB.
The effect of L-NAME on pulmonary circulation may be
small, because administration of the drug itself did not
influence the baseline RL values.
Several studies have supported these results. NIJKAMP et
al. [8] reported that endogenous NO had a protective
effect on histamine-induced bronchoconstriction in guineapigs. They also observed that NO was constitutively synthesized by NOS in the bronchial epithelium. Recently,
RICCIARDOLO et al. [12] reported that endogenous NO reduced
bronchoconstriction caused by inhaled bradykinin in subjects with mild asthma. Their study also showed that the
inhibition of the NOS pathway potentiated bronchoconstriction caused by inhaled methacholine. PERSSON et al. [9]
showed that an NOS inhibitor augmented AIB, and the
inhalation of NO reversed the increase in insufflation
pressure. The present study with L-arginine confirms, the
role of endogenous NO in the protection of AIB. In vitro
and in vivo, L-NAME competitively inhibits NOS, an
effect which can be reversed by the addition of L-arginine
[13]. NIJKAMP et al. [8] reported that L-arginine inhibited the
potentiation of histamine-induced bronchoconstriction by
L-NAME in guinea-pigs.
There have also been several controversial reports.
BARNES and coworkers [4] showed that the concentrations of
exhaled NO were higher in asthmatic patients than in normal controls, and suggested that NO may have proinflammatory effects. A pathophysiological role of endogenous NO in asthma, however, remains to be elucidated.
BARNES and coworkers [4] reported that NO is produced by
inducible NOS (iNOS) during the late asthmatic response, because steroid inhalation can decrease the concentration of NO in asthmatic subjects. iNOS is tonically
activated, independently of Ca2+ and under the transcriptional control of pro-inflammatory cytokines, such as interferon-gamma (IFN-γ), interleukin-1β (IL-1β) and tumour
necrosis factor-alpha (TNF-α). Pulmonary iNOS has been
described in endothelial and epithelial cells and in macrophages of inflamed airways, and its induction results in
the production of high (micromolar) levels of NO. However, BOER et al. [14] suggested that contractile agonists,
such as histamine, enhanced the production of constitutive
NOS (cNOS), and not iNOS. cNOS, in the airways, is
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basally expressed in neuronal, endothelial and epithelial
cells and its activation is dependent on an agonist- or
depolarization-induced increase in intracellular Ca2+ concentration, causing the production of small (picomolar)
amounts of NO.
The NO produced by allergen challenge may originate from constitutive NO synthase, since the increase in
NO is an immediate reaction, while the inducible enzyme
needs a few hours to be induced [15]. Although the present findings do not provide a conclusive explanation for
the potentiation of allergen-induced immediate bronchoconstriction by the NOS inhibitor, an allergen or allergeninduced mediator such as histamine and bradykinin may
activate the constitutive NOS pathway in this experiment.
In HIB, RAY et al. [3] reported that tachykinin was an
important bronchoconstrictor in guinea-pigs, because the
response was blocked by pretreatment with capsaicin and
was increased by phosphoramidon, an inhibitor of neutral
endopeptidase, which is a degrading enzyme for tachykinin. Previous studies also reported that during hyperventilation challenge, histamine did not increase in either
the bronchoalveolar lavage or blood of guinea-pigs [16–
18]. The present study shows that, in contrast to allergen
challenge, the NOS inhibitor had no protective effect on
HIB, indicating that NO does not act in HIB; for this reason, L-arginine was not administered for HIB. These findings suggest that tachykinins such as substance P and
neurokinin A are important bronchoconstrictors, while endogenous NO is less important as a bronchodilator during
hyperventilation challenge, in contrast to AIB.
In conclusion, NG-nitro-L-arginine methyl ester, a nit- ric
oxide synthase inhibitor, potentiated allergen-induced
bronchoconstriction, but not hyperventilation-induced bronchoconstriction. Furthermore, the nitric oxide precursor Larginine attenuated the potentiation of allergen-induced
bronchoconstriction induced by the nitric oxide synthase
inhibitor. These results indicate that endogenous nitric
oxide may have a protective effect on allergen-induced
bronchoconstriction, but not on hyperventilation-induced
bronchoconstriction. Further study will be needed to clarify the origin of the nitric oxide and a pathophysiological
significance of endogenous nitric oxide release in asthma.
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