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ABSTRACT: The in vivo role of nitric oxide in inflammatory cell migration, vascular
permeability and the development of hyperresponsiveness to methacholine (MCh) was
studied in rats 24h following ovalbumin (OVA) challenge.

The NO synthase (NOS) inhibitors NG-mono-methyl-L-arginine (L-NMMA; nonsel-
ective), aminoguanidine (two-fold inducible NOS-selective), Nv-nitro-L-arginine methyl
ester (L-NAME; 2000-fold endothelial cell NOS-selective) or S-methyl-L-thiocitrulline
(100-fold neuronal NOS-selective) were administered (100 mg.kg-1 s.c.) to OVA-sensi-
tized Piebald-Virol-Glaxo rats on 3 consecutive days during which they were challeng-
ed with allergen (1% OVA). Responses to inhaled MCh were measured in
anaesthetized animals 24 h after OVA challenge. Cellular inflammation and vascular
permeability were assessed using bronchoalveolar lavage (BAL) fluid collected 30 min
after administration of Evans blue (50 mg.kg-1 i.v.).

OVA challenge in sensitized animals induced hyperresponsiveness to MCh, in-
flammatory cell influx and increased leakage of Evans blue into the BAL fluid (n=9,
p<0.001). Aminoguanidine was effective in inhibiting the allergen-induced cellular
influx and microvascular leakage (n=9, p<0.001) without altering responses to MCh.
This effect was reserved by L-arginine. L-NAME (n=5, p<0.01) and S-methyl-L-thio-
citrulline (n=6, p<0.001) further potentiated the allergen-induced hyperresponsiveness
without altering cellular inflammation. L-NMMA attenuated both the OVA-induced
cellular influx and Evans blue leakage (n=8, p<0.001) as well as further potentiating the
hyperresponsiveness to MCh (p<0.05).

From these studies, it is suggested that, in allergic Piebald-Virol-Glaxo rats, nitric
oxide production by inducible nitric oxide synthase plays a role in the migration of
inflammatory cells and increase in vascular permeability following allergen challenge,
whereas nitric oxide produced by the constitutively expressed neuronal nitric oxide
synthase limits hyperresponsiveness to methacholine.
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Nitric oxide plays a key role as a regulator of multiple
biological functions including vasodilation, neurotrans-
mission and mediation of the immune and inflammatory
responses against intracellular pathogens [1]. NO has been
recognized as an important immunomodulatory and cyto-
toxic mediator of inflammatory responses in the lungs.
It is produced in the lungs from the endogenous amino
acid L-arginine by the enzyme NO synthase (NOS),
which exists in several isoforms. Of the three isoforms of
NOS, two are constitutively-expressed (cNOS), endothe-
lial cell NOS (eNOS) and neuronal NOS (nNOS). These
are present under basal conditions and are activated by
an increase in intracellular calcium ions, forming a small
amount of NO which contributes to local physiological
regulation. The third form of NOS is an inducible form
(iNOS) which is thought to be involved in inflammatory
diseases of the airways and in host defence against infec-
tion. Activation of iNOS upon stimulation with proin-
flammatory cytokines such as tumour necrosis factor-a,
interleukin-1b (IL-1b), interferon gamma and/or endo-
toxin results in production of large amounts of NO, the

production continuing for many hours and having wide-
spread effect. Production of NO by iNOS has been shown
to be involved in bronchial vascular dilation and leakage
[2, 3] as well as in amplifying and perpetuating the T-
helper cell 2-mediated inflammatory response in vitro [4].

Chronic asthma, especially in adults, is thought to be the
clinical expression of chronic inflammation, resulting from
chronic exposure to environmental factors, including aller-
gens. Following allergen exposure in sensitized indivi-
duals, an acute deterioration in lung function occurs within
15±30 min, with spontaneous recovery within 1±2 h. This
is frequently followed by a late-phase reaction, with a sec-
ondary fall in lung function, influx of inflammatory cells,
especially eosinophils, and an increase in airway respon-
siveness to stimuli such as methacholine (MCh).

Clinical studies have detected increased levels of NO in
the exhaled air of asthmatics [5, 6] and increased ex-
pression of iNOS in bronchial epithelial cells from these
patients [7]. Data such as these have raised hopes that
exhaled NO may be useful as a noninvasive marker of
chronic inflammation in the airways that could be used to
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monitor the response to anti-inflammatory treatments,
such as inhaled steroids.

Previous studies in rats have shown Nv-nitro-L-arginine
methyl ester (L-NAME) to inhibit the lipopolysaccharide-
induced airway hyporesponsiveness normally observed
9±12 h following bacterial exposure [8]. Under physio-
logical conditions, endogenous NO inhibits microvascu-
lar permeability; however, when iNOS is expressed, the
increased production of NO enhances this leakage [9]. In
Brown Norway rats, aminoguanidine has been shown to
increase IL-1b-induced bronchial responsiveness to bra-
dykinin but not to acetylcholine, without having any
effect on IL-1b-induced neutrophilia [10]. Further studies
have demonstrated L-NAME to produce no effect on the
total or differential cell count in sensitized rats 6 or 24 h
following allergen challenge with ovalbumin (OVA) but
to cause significant inhibition at 48 h [11]. Despite many
studies, the role of NO in allergic inflammation is still
unknown and the functional role of the different NOS
isoenzymes remains controversial.

It was hypothesized that different NOS enzymes may be
involved in regulating different aspects of the late-phase
components of the allergic inflammatory response. The
purpose of this study was to investigate the effect of four
NOS inhibitors, NG-mono-methyl-L-arginine (L-NMMA;
nonselective), aminoguanidine (two-fold iNOS-selective),
L-NAME (2,000-fold eNOS-selective) and S-methyl-L-
thiocitrulline (100-fold nNOS-selective), on lung function,
inflammatory cell influx and the leakage of Evans blue into
the bronchoalveolar lavage (BAL) fluid of sensitized and
allergen-challenged Piebald-Virol-Glaxo (PVG) rats.

Methods

An in vivo animal model of allergic inflammation was
used allowing study of the various components of the
inflammatory response including inflammatory cell migra-
tion, microvascular permeability and hyperresponsiveness
using the forced oscillation technique. This technique al-
lows bronchoconstrictor responses to be separated into
parenchymal and airway components, and thereby deter-
mination of the site of action of spasmogens in the allergic
inflammatory response.

Animals

Male PVG rats weighing 200±280 g (Research Centre,
Institute for Child Health Research, Perth, Australia),
housed in a clean animal house environment, kept on an
OVA-free diet and with ad libitum access to water and food
were studied at 10 weeks of age. The study protocol was
approved by the Institutional Animal Ethics Committee.

Sensitization procedure

Animals were actively sensitized on day 0 via a single
i.p. injection of OVA (100 mg in phosphate-buffered saline
(PBS) pH7.2) along with the immunoglobulin E (IgE)-
selective adjuvant ricin (50 ng). The animals were placed
in a Plexiglass chamber 10±14 days after sensitization, at
the peak of their IgE response [12, 13], and challenged

with aerosolized OVA (1%) for 30 min. The aerosols
were generated by an ultrasonic nebulizer (De Vilbiss
Ultra-NebTM 2000; Sunrise Medical, Somerset, PA, USA),
the outlet of which was connected to the chamber. The
output of the nebulizer was 0.5 mL.min-1 and the mean
particle size was 3.5 mm (manufacturer's specifications).

Pretreatment with nitric oxide synthase inhihitors

The NOS inhibitors (L-NMMA, L-NAME, aminogua-
nidine or S-methyl-L-thiocitrulline) were administered s.c.
at a dose of 100 mg.kg-1 to OVA-sensitized PVG rats on 3
consecutive days (fig. 1). The first and second doses were
given 23 h and 1 h prior to allergen challenge respecti-
vely. The last dose was given 23 h after OVA challenge, 1
h prior to administration of anaesthesia. Measurement of
lung function, and cellular influx and Evans blue concen-
tration in the BAL fluid was assessed 24 h after allergen
challenge in sensitized animals.

Four groups of naive animals received either L-arginine
(or the inactive enantiomer D-arginine), L-NAME or a
similar volume of saline s.c. at a dose of 100 mg.kg-1 on 3
consecutive days, the last dose being given 1 h prior to
anaesthesia and measurements.

Animal preparation

The animals were anaesthetized by i.m. injection of
xylazine (12 mg.kg-1) and ketamine (40 mg.kg-1) 24 h after
OVA challenge and prepared for measurement of lung
function. They were placed in the supine position and a
femoral vein cannulated with polyethylene tubing for the
intravenous injection of drugs. Tracheostomy was per-
formed and a metal cannula (length 10 mm, inside dia-
meter (ID) 2 mm) inserted into the trachea. The animals
were mechanically ventilated (Harvard Rodent Ventilator
Model 683; Harvard Apparatus, South Natick, MA, USA)
at a frequency of 90 breaths.min-1 with a tidal volume of 2
mL. During mechanical ventilation, a sigh (double tidal
volume) was delivered every 5 min to prevent atelectasis.
The end-expiratory pressure was set at 2.5 cmH2O. The
thorax was opened by means of midline sternotomy and
the ribs were widely retracted. Muscle relaxation was
achieved with pancuronium bromide (0.2 mg.kg-1, i.v.) and
maintenance doses of anaesthetic and muscle relaxant were
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Fig. 1. ± Pretreatment protocol time-bar. Sensitized Piebald-Virol-Glaxo
rats were pretreated with nitric oxide synthase inhibitors (NG-mono-
methyl-L-arginine, Nv-nitro-L-arginine methyl ester aminoguanidine or S-
methyl-L-thiocitrulline) on 3 consecutive days (100 mg.kg-1 s.c.) (*),
during which time they were challenged with the allergen (1% ovalbumin
(OVA)). The first and the second doses of the drugs were administered 23
and 1 h prior to the OVA challenge, respectively. The last dose was given
23 h after OVA challenge, 1 h prior to measurements of lung function,
cellular influx and Evans blue concentration in the bronchoalveolar
lavage fluid being made.
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administered i.v. every 45 min. The electrocardiogram and
cardiac frequency were monitored continuously using limb
leads connected to a standard electrocardiograph (78342A;
Hewlett Packard Co., Boise, ID, USA).

Measurement of respiratory mechanics

Lung input impedance (ZL) was measured using an
adaptation of the low-frequency forced oscillation techni-
que, in which pressure is measured at either end of the
wave tube [14]. Briefly, measurements were made by
applying loudspeaker-generated small-amplitude oscilla-
tory signals of 0.5±20 Hz through a 114-cm-long 1.45-
mm-ID polyethylene wave tube during a 6-s apnoeic
period. A three-way tap was used to switch the animal
from the respirator to a loudspeaker-in-box system at end-
expiration. The pressure in the loudspeaker was adjusted
to 2.5 cmH2O to keep the transpulmonary pressure con-
stant during measurements. Two identical pressure trans-
ducers (ICS model 33NA002D; ICSensors Inc., Milpitos,
CA, USA) were used to measure the pressures at the
loudspeaker and at the tracheal cannula end of the wave
tube. ZL was calculated as described by PETAÂ K et al. [14].
In order to separate airway and tissue mechanics, a model
containing frequency-independent airway resistance (Raw)
and inertance (Iaw) in series with a constant-phase tissue
model including frequency-dependent tissue resistance
(G) and tissue elastance (H) was fitted to the ZL spectra by
minimizing the differences between the measured and
modelled impedance [15]. Impedances coinciding with
cardiac frequency and its harmonics were omitted from the
model fitting since cardiac activity caused a low signal-to-
noise ratio at these frequency components.

Study protocol

Following an equilibration period of 15 min, baseline
was established by means of four to six ZL measure-
ments. Cumulative doses of MCh (2±16 mg.mL-1) were
administered by inhalation for 90 s, using a jet nebulizer
(LC PLUS; Pari-Werk GmbH, Starnberg, Germany) driven
by compressed air (5 L.min-1) and connected to the input
port of the ventilator. Impedance spectra were ensemble-
averaged at baseline, whereas individual ZL curves were
fitted at 1-min intervals after MCh administration. Peak
responses in G at each dose were used for further analysis.
Responses were measured as the percentage increase
above the values obtained using saline. Evans blue (50
mg.kg-1) was administered by i.v. injection, over a 2-min
period immediately after construction of MCh dose/
response curves. At the end of the experiment, 1.0 mL
of blood was collected via cardiac puncture for the estima-
tion of OVA-specific serum antibody titres.

Bronchoalveolar lavage

Animals were sacrificed and the chest opened 30 min
after administration of Evans blue. BAL was performed via
the tracheal cannula using three 8 mL aliquots of PBS
containing lignocaine hydrochloride (0.35%) and bovine
serum albumin (0.2%). Routinely >90% of the lavage fluid

was recovered from the lungs. The recovered fluid was
centrifuged for 10 min at 2506g at 48C and the cell pellet
resuspended in 1.0 mL sterile PBS. The total cell count
was determined by adding 20 mL of the cell suspension to
20 mL trypan blue and counting the cells using a light
microscope and a Neubauer haemocytometer (BDH Lab-
oratory Supplies, Poole, Dorset, UK). The differential cell
count was carried out on cytospin preparations using Leish-
man's staining solution and counting 200 cells at random
under 100-fold magnification. The cells were identified by
means of standard morphology.

The amount of Evans blue in the lavage fluid super-
natant was quantified by measuring the absorbance at 630
nm using a spectrophotometer (Microplate AutoReader,
model EL311; Bio-Tek Instruments Inc., Winooski, VT,
USA). The concentration of dye was extrapolated from a
standard curve (1±10 mg.mL-1).

Serum antibody measurements

OVA-specific IgE titres were measured by enzyme-
linked immunosorbent assay (ELISA) according to the
method of VAN HALTEREN et al. [16]. Briefly, microtitre
plates (Falcon flexible assay plate 3912; Becton Dickin-
son, Bedford, MA, USA) were coated with mouse antirat
IgE in PBS (1 mg.mL-1) overnight at 48C. Doubling dilu-
tions of standards and samples were added and incubated
at room temperature (RT) for 3 h. Digoxigenin-conju-
gated OVA was added (1:1,000) and incubated for 1 h at
RT, followed by sheep antidigoxigenin peroxidase con-
jugate (1:1,000) for 1 h at RT. The peroxidase substrate
3,3',5,5' tetramethylbenzidine (TMB) was used for colour
development and the plates were read spectrophotome-
trically at 450 nm with an ELISA plate reader (Automated
Microplate Reader, model EL311; Bio-Tek Instruments
Inc.). Titres are expressed as reciprocal log2 litres.

Drugs and materials

L-arginine, L-NMMA, L-NAME, aminoguanidine, S-
methyl-L-thiocitrulline, acetyl-b-methylcholine chloride
(MCh), OVA (grade V), ricin, Evans blue, trypan blue
and Leishman's stain were obtained from Sigma Chemical
Company (St Louis, MO, USA). Mouse (monoclonal)
antirat IgE was supplied by Biosource (Camarillo, CA,
USA), digoxigenin-3-O-methylcarbonyl-e-aminocaproic
acid-N-hydroxysuccinimide ester, sheep antidigoxigen-in-
peroxidase Fab fragments from Roche Diagnostia (Basel,
Switzerland) and TMB Peroxidase Substrate and Solution
B from Kirkegaard & Perry Laboratories (Gaithersburg,
MD, USA). Bovine serum albumin was from CSL (Park-
ville, Victoria, Australia) and RPMI 1640 from Gibco BRL
(Glen Waverley, Victoria, Australia). Ketamine (Keta-
mil1) was purchased from Troy Laboratories (Smithfield,
New South Wales, Australia), xylazine (Rompun1) from
Bayder (Pymble, New South Wales, Australia), pancuro-
nium bromide (Pancuronium1) from Astra Pharmaceu-
ticals (North Ryde, New South Wales, Australia) and
pentobarbitone sodium (Lethabarb1) from Virbac (Peak-
hurst, New South Wales, Australia). The NOS inhibitors
were freshly dissolved in sterile saline on the morning of
each experiment.
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Statistical analysis

Comparisons for the total and differential cell counts, as
well as Evans blue concentration in the BAL fluid and
serum antibody levels between different treatment groups,
were made using one-way analysis of variance (ANOVA)
with Student-Newman-Keuls correction for multiple com-
parisons. The effect of pretreatment on MCh response was
assessed by calculating the provocative concentration of
MCh producing a 150 (PC150) or 250% (PC250) increase
in G above baseline in naive or allergic animals res-
pectively, by linear interpolation on a semilogarithmic
MCh dose/response curve. Aerosolized MCh produces
predominantly a tissue response [14]; thus only tissue
mechanics were used in the statistical analysis. Compar-
isons between groups were made on log-transformed data
using ANOVA. All results are expressed as mean�SEM. A
p-value of <0.05 was regarded as statistically significant.

Results

In naive animals cumulative concentrations of inhaled
MCh (2±16 mg.mL-1) induced a dose-dependent increase
in G with a PC150 of 7.84�0.62 mg.mL-1 (table 1), and was
associated with a corresponding dose-dependent increase
in H. The changes in Raw and Iaw were less marked.

The effect of nitric oxide synthase inhibition in naive
animals

Baseline lung mechanics. In naive, nonsensitized animals,
pretreatment with L-NAME, L-arginine or its inactive en-
antiomer D-arginine (100 mg.kg-1 s.c.) produced no effect
on baseline airway or tissue lung mechanics. There was no
significant difference in body weight between the groups.

Response to methacholine. Pretreatment of naive animals
with L-arginine or D-arginine did not alter the tissue
responses to inhaled MCh (table 1). L-NAME (100 mg.kg-1

s.c.) potentiated responses to MCh, inducing a greater
than two-fold shift to the left of the MCh dose/response
curve and reducing the PC150 to 3.59�1.06 mg.mL-1

(p<0.05) (table 1). With L-NAME pretreatment, the res-
ponse at the maximal concentration of spasmogen (16
mg.mL-1) was significantly increased above baseline
(p<0.001) (table 2). This effect was reversible with con-
current administration of L-arginine (results not shown).

Inflammatory cell migration. L-arginine induced an in-
crease in the total number of inflammatory cells recovered
from the lungs of naive animals (n=6, p<0.001), and this
was associated with increased numbers of macrophages
(p<0.001), lymphocytes (p<0.001) and neutrophils (p<
0.001) in the lavage fluid (table 3). Pretreatment of naive
animals with L-NAME or D-arginine had no effect on the
cellular content of the BAL fluid.

Microvascular permeability. L-Arginine pretreatment sig-
nificantly increased the concentration of Evans blue in the
lavage fluid of naive animals from 1.87�0.05 mg.mL-1 to
2.81�0.19 mg.mL-1 (n=6, p<0.001) (fig. 2). Pretreatment
with D-arginine or L-NAME produced no effect on vas-
cular permeability.

The effect of NOS inhibitors in allergic animals

Sensitization of animals with OVA resulted in an
increase in OVA-specific serum IgE levels from a mean
titre of 2.75�0.22 log2

-1 to 7.32�0.29 log2
-1 (p<0.001,

n=9). Pre-treatment with NOS inhibitors (100 mg.kg-1 s.c.)
produced no effect on serum IgE levels.

Table 1. ± The effect of nitric oxide synthase inhibitors on
responses to inhaled methacholine (MCh) in naive and
sensitized rats

Pretreatment Challenge exp
n

PC150

mg.mL-1
PC250

mg.mL-1

Naive
Saline Saline 8 7.84�0.62 -
D-Arginine Saline 5 7.09�1.01 -
L-Arginine Saline 6 8.95�1.52 -
L-NAME Saline 6 3.59�1.06+ -
Sensitized
Saline Saline 8 - 13.55�1.26
Saline OVA 9 - 8.77�0.99++

D-Arginine OVA 5 - 7.75�0.94
L-Arginine OVA 4 - 8.73�2.30
L-NMMA OVA 8 - 6.95�1.24*
L-NAME OVA 5 - 4.98�0.57*
Aminoguanidine OVA 9 - 10.39�1.37
S-methyl-L-
thiocitrulline OVA 6 - 3.10�0.75***

Data are presented as mean�SEM. PC150 and PC250: provoca-
tive concentrations of MCh producing 150 and 250% increases
in frequency-dependent tissue resistance; exp: experiments; L-
NAME: Nv-nitro-L-arginine methyl ester; L-NMMA: NG-mono-
methyl-L-arginine; OVA: ovalbumin. +: p<0.05 versus naive
animals pretreated with saline; ++: p<0.01 versus sensitized
animals pretreated with saline; *: p<0.05; **: p<0.01; ***:
p<0.001 versus sensitized animals pretreated with saline and
challenged with OVA.

Table 2. ± The effect of nitric oxide synthase inhibitors on
maximal response to inhaled methacholine (MCh) (16
mg.mL-1) in naive and sensitized rats

Pretreatment Challenge n Raw %BL G %BL H %BL

Naive
Saline Saline 8 19�9 227�11 125�13
D-Arginine Saline 5 27�15 279�27 97�12
L-Arginine Saline 6 27�7 240�23 119�15
L-NAME Saline 6 39�16 336�15+++ 140�6+
Sensitized
Saline Saline 8 22�12 232�23 119�6
Saline OVA 9 47�16+ 346�19+++ 134�8++

D-Arginine OVA 5 59�13 347�26 129�30
L-Arginine OVA 4 54�16 300�33 118�6
L-NMMA OVA 8 30�11 425�23* 170�20*
L-NAME OVA 5 72�26 476�35** 168�11*
Aminoguani-
dine OVA 9 34�13 314�21 129�13

S-methyl-L-
thiocitrulline OVA 6 38�22 538�41*** 173�9**

Data are presented as mean percentage increase ablove baseline
(%BL)�SEM. Raw: airway resistance; G: frequency-dependent
tissue resistance; H: tissue elastance; exps: experments; L-
NAME: Nv-nitro-L-arginine methyl ester; L-NMMA: NG-mono-
methyl-L-arginine; OVA: ovalbumin. +: p<0.05; ++: p<0.01; +++:
p<0.001 versus saline pretreatment; *:p<0.05; **: p<0.01; ***:
p<0.001 versus sensitized animals pretreated with saline and
exposed to OVA.
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Baseline lung mechanics. In sensitized animals, the base-
line Raw was increased from 57�6 cmH2O.s.L-1 in saline-
challenged animals to 75�2 cm cmH2O.s.L-1 24 h after
OVA challenge (p<0.01, n=9). Pretreatment with L-argi-
nine, D-arginine or any of the NOS inhibitors produced no
further change in Raw in sensitized and allergen-challenged
animals. The baseline tissue parameters G and H were not
affected by OVA challenge in sensitized animals or by any
drug pretreatment (results not shown).

Hyperresponsiveness to methacholine. Exposure of sen-
sitized animals to a single aerosol challenge of OVA pro-
duced a significant increase in frequency-dependent tissue
responsiveness (G) to MCh 24 h later (table 1). The MCh
dose/response curve was shifted to the left compared with
sensitized animals exposed to an aerosol of saline, re-
ducing the PC250 from 13.55�1.26 mg.mL-1 to 8.77�0.99
mg.mL-1 (table 1). The peak tissue G response at the
highest dose of MCh (16 mg.mL-1) was increased from
232�23 to 346�19% above baseline after OVA challenge
(table 2).

L-NMMA, L-NAME and S-methyl-L-thiocitrulline fur-
ther potentiated the OVA-induced hyperresponsiveness in
sensitized animals, causing a significant leftward shift of
the MCh dose/response curve and reducing the PC250 to
6.95�1.24 mg.mL-1, 4.98�0.57 mg.mL-1 and 3.10�0.75
mg.mL-1, respectively (table 1). Furthermore, the peak G
response at 16 mg.mL-1 was further potentiated from
346�19% above baseline to 425�23% with L-NMMA,
476�18% with L-NAME and 538�11% with S-methyl-L-
thiocitrulline (table 2). Parenchymal responses to inhaled
MCh were not influenced by pretreatment with L-argi-
nine, D-arginine or aminoguanidine (tables 1 and 2).

Inflammatory cell migration. Exposure of sensitized ani-
mals to OVA resulted in a greater than six-fold increase in
the number of inflammatory cells present in the BAL fluid
(n=9, p<0.001) (table 3) as a result of increased numbers of
eosinophils (p<0.001), lymphocytes (p<0.001), macro-
phages (p<0.001) and neutrophils (p<0.001) (table 3).

Pretreatment with L-arginine further increased the OVA-
induced inflammatory cell influx (n=4, p<0.05) (table 3),
predominantly as a result of macrophage influx (p<0.05)
into the BAL fluid (table 3). D-arginine produced no
effect (table 3).

Aminoguanidine was effective in attenuating the aller-
gen-induced cellular influx, reducing the total cell count
from 4.16�0.196106 cells.mL-1 to 0.75�0.086106 cells.

mL-1 (n=9, p<0.001) (table 3) and significantly inhibiting
the influx of eosinophils (p<0.001), lymphocytes (p<
0.001), macrophages (p<0.001) and neutrophils (p<0.001)
into the lavage fluid (table 3). This effect was reversible
with concurrent administration of L-arginine, increasing
the total cell count to 3.53�0.586106 cells.mL-1 in amino-
guanidine-pretreated animals (n=6, p<0.001). L-NMMA
pretreatment produced similar effects to those of amino-
guanidine, significantly reducing the cellular influx asso-
ciated with allergen exposure (n=8, p<0.001) (table 3) and
suppressing the number of eosinophils (p<0.01), lym-
phocytes (p<0.001) macrophages (p<0.001), and neutro-
phils (p<0.01) (table 3).

Pretreatment with L-NAME or S-methyl-L-thiocitrulline
produced no effect on OVA-induced influx of inflamma-
tory cells into the BAL fluid (table 3) or the differential
cell count in these animals (table 3).

Table 3. ± The effect of nitric oxide synthase inhibitors on total and differential cell counts in naive and sensitized rats

Pretreatment Challenge Total Macrophage Lymphocyte Eosinophil Neutrophil

Naive
Saline Saline 0.62�0.02 0.40�0.02 0.18�0.01 0 0.03�0.01
D-Arginine Saline 0.60�0.03 0.43�0.02 0.15�0.03 0 0.02�0.01
L-Arginine Saline 1.85�0.22+++ 1.24�0.15+++ 0.34�0.04+++ 0 0.17�0.06+++

L-NAME Saline 0.75�0.07 0.52�0.04 0.17�0.03 0 0.06�0.02
Sensitized
Saline Saline 0.64�0.04 0.44�0.02 0.18�0.04 0 0.02�0.01
Saline OVA 4.16�0.19+++ 1.59�0.10+++ 2.15�0.15+++ 0.16�0.03+++ 0.26�0.03+++

D-Arginine OVA 3.99�0.21 1.52�0.09 2.06�0.10 0.14�0.01 0.26�0.03
L-Arginine OVA 5.26�0.41* 2.27�0.62* 2.75�0.86 0.09�0.05 0.15�0.06
L-NMMA OVA 1.14�0.23*** 0.52�0.11*** 0.32�0.06*** 0.05�0.01** 0.09�0.02**
L-NAME OVA 4.49�0.42 2.19�0.44 1.94�0.22 0.10�0.01 0.26�0.05
Aminoguanidine OVA 0.75�0.08*** 0.32�0.03*** 0.33�0.06*** 0.04�0.004*** 0.07�0.02***
S-methyl-L-thiocitrulline OVA 4.27�0.51 2.00�0.25 2.03�0.32 0.12�0.02 0.13�0.05

Data are presented as mean�SEM. L-NAME: Nv-nitro-L-arginine methyl ester; L-NMMA: NG-mono-methyl-L-arginine; OVA: oval-
bumin. +++: p<0.001 versus saline pretreatment; *: p<0.05; **: p<0.01; ***: p<0.001 versus sensitized animals challenged with OVA.
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Fig. 2. ± Effect of nitric oxide synthase inhibitors on microvascular
permeability in naive rats. Concentration of Evans blue in the bron-
choalveolar lavage fluid of naive animals pretreated with saline (n=8), L-
arginine (L-Arg; n=6), D-arginine (D-Arg; n=5) or Nv-nitro-L-arginine
methyl ester (L-NAME; n=6). Data are expressed as mean�SEM. ***:
p<0.001 versus saline pretreatment.
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Microvascular permeability. Exposure of sensitized ani-
mals to OVA produced a greater than two-fold increase in
the concentration of Evans blue in the BAL fluid, which
increased from 1.95�0.02 mg.mL-1 in sensitized animals
exposed to saline to 4.36�0.21 mg.mL-1 after OVA expo-
sure (n=9, p<0.001) (fig. 3). L-arginine pretreatment prod-
uced a further increase in the concentration of Evans blue
dye in the lavage fluid to 5.83�0.27 mg.mL-1 (n=4,
p<0.05) which was not evident in D-arginine-pretreated
animals.

Aminoguanidine significantly inhibited the allergen-
induced increase in microvascular leakage with the con-
centration of Evans blue in the BAL fluid (2.12�0.14
mg.mL-1) being significantly lower than that in the
sensitized-OVA-challenged group (p<0.001) (fig. 3). This
effect was counteracted by the concurrent administration of
L-arginine (5.03�0.64 mg.mL-1; n=6 p<0.001). L-NMMA
produced a similar effect to aminoguanidine (2.33�
0.25 mg.mL-1; n=8, p<0.001), whereas L-NAME (4.64�
0.40 mg.mL-1) and S-methyl-L-thiocitrulline (4.62�0.41
mg.mL-1) were without effect.

Discussion

The results of the present study are consistent with the
suggestion that NO produced by iNOS contributes to the
inflammatory cell influx and increased epithelial perme-
ability seen 24 h after allergen challenge in sensitized rats,
whereas NO produced by the constitutively expressed
nNOS acts to inhibit the hyperresponsiveness to methacho-
line. These data demonstrate the importance of NO in the
pulmonary response to allergen challenge in sensitized
animals and highlight the local nature of the influence of
NO.

Before considering the implications of the present data,
several technical details of the approach used need to be
examined. The ability of the constant-phase model to give
an accurate description of the tissue mechanics and enable

the airway and parenchymal components of the total
impedance spectra to be separated has been demonstrated
in several species, including the rat, under control and
constricted conditions [14, 17, 18]. The predominance of
parenchymal over airway responses to inhaled MCh in
naive animals has previously been reported, the aerosol
delivery of MCh inducing a greater increase in G than in
Raw [14]. In the present study using the forced oscillation
technique, the maximal concentration of inhaled MCh
used produced small increases in Raw (47�16%) and a
366�19% increase above baseline in G after OVA ex-
posure in sensitized animals. Thus, this technique is
ideally suited for examining parenchymal or tissue res-
ponses to inhaled MCh. Peripheral airways, including
lung tissue are an important site for the development of
bronchial hyperresponsiveness and an important site of
airflow obstruction in asthmatics [19±21]. The doses used
in this study were chosen to avoid significant systemic
effects of MCh, which can complicate the interpretation
of changes in lung mechanics.

Interpretation of the present data is critically depen-
dent on the relative selectivity of the NOS enzyme inhi-
bitors used. In the rat, S-methyl-L-thiocitrulline exhibits
>100-fold selectivity for rat nNOS (50% inhibitory con-
centrations (IC50)= 0.3 mM) compared to the inducible
enzyme iNOS (IC50=34 mM) and 17-fold selectivity for rat
nNOS in neuronal tissue compared to rat eNOS in vascular
endothelium, suggesting that S-methyl-L-thiocitrulline may
be selective for nNOS in vivo [22]. L-NAME is reported to
be very selective for cNOS, especially eNOS, with an
IC50 of 0.5 mM compared to >1,000 mM for iNOS [23,
24]. No separate data are available for nNOS. L-NMMA
is nonselective, with IC50 values of 0.7, 3.9 and 0.65 mM
for eNOS, iNOS and nNOS, respectively [25]. Amino-
guanidine was the least specific of the agents used with an
IC50 of 250 mM for iNOS compared to 526 mM for eNOS
[26, 27]. No data are available regarding its selectivity for
nNOS. Although the relative selectivity of these agents is
not absolute, there is a marked degree of internal consis-
tency in the present data.

In order to examine the effects of NOS inhibitors in the
present model of allergen-induced pulmonary inflamma-
tion and airway hyperresponsiveness, NOS inhibitors were
administered on 3 consecutive days at 100 mg.kg-1.day-1,
the last dose being administered 1 h prior to anaesthesia
and 23 h after allergen challenge. These doses were the
same as those previously reported by TSUKAGOSHI et al.
[10] in the rat. Similarly, the differential effects of amino-
guanidine and L-NAME at these doses were shown by
ANDERSSON et al. [28] in Sephadex-induced inflammation
in the rat lung. The present results show both aminoguan-
idine and L-NMMA to inhibit allergen-induced inflam-
matory cell influx and increase epithelial permeability in
sensitized animals 24 h after allergen challenge, whereas
the cNOS inhibitors produce no effect. The NOS sub-
strate, L-arginine increased both of these phenomena,
whereas D-arginine produce no effect confirming the role
of NO in producing them. The cNOS- and nNOS-
selective inhibitors, as well as the nonselective L-NMMA,
but not aminoguanidine potentiated MCh responsiveness
and L-arginine reduced it, strongly suggesting a role NO,
and in particular of that produced by nNOS, in opposing
this manifestation of the late-phase allergen response. The
present model measured these three components of the
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Fig. 3. ± Effect of nitric oxide synthase inhibitors on microvascular
permeability in sensitized rats. Concentration of Evans blue in the
bronchoalveolar lavage fluid of sensitized and ovalbumin (OVA)-chal-
lenged animals (n=9) pretreated with L-arginine (L-Arg; n=4), D-arginine
(D-Arg; n=5), aminoguanidine (AG; n=9), NG-mono-methyl-L-arginine
(L-NMMA; n=8), Nv-nitro-L-arginine methyl ester (L-NAME; n=5) or S-
methyl-L-thiocitrulline (S-MTC; n=6). Data are expressed as mean�SEM.
+++: p<0.001 versus sensitized animals challenged with saline; *: p<
0.05; ***: p<0.001 versus sensitized animals challenged with OVA.
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late-phase response to allergen challenge at the same time
in the same animal. Had nonselective doses of the NOS
isoenzyme inhibitors been used, the differential responses
reported in the present manuscript would not have been
seen.

In the present study, inhibition of nNOS by L-NAME in
naive nonallergic animals potentiated responsiveness to
MCh but L-arginine produced no effect. This pattern of
response would suggest that nNOS is constitutively ex-
pressed but not substrate-limited. The NO produced may
play a role in limiting parenchymal responses to the cholin-
ergic nervous system (as mimicked by the MCh challenge).
In addition, allergic animals show hyperresponsiveness to
MCh 24 h after OVA challenge. Under these circum-
stances, inhibition of nNOS further increases the parenchy-
mal response to the spasmogen and pretreatment with L-
arginine reduced this response. These results are in agree-
ment with published literature suggesting that dysfunction
of NO-mediated inhibitory nonadrenergic noncholinergic
neurotransmission exaggerates bronchoconstriction in a rat
model of inflammatory condition [29]. Furthermore, it sug-
gests that following allergen challenge nNOS becomes
substrate-limited possibly because the enzyme activity is
upregulated or because L-arginine is consumed elsewhere
(by increased iNOS activity for example).

Unlike the inhibition of cNOS and nNOS isoenzymes,
this study demonstrates that preferential iNOS inhibition
with aminoguanidine protects against allergen-induced
cellular influx and microvascular leakage without altering
responses to MCh. Pretreatment with aminoguanidine
completely inhibited the migration of eosinophils, lympho-
cytes, macrophages and neutrophils into the lungs of
sensitized animals after allergen challenge. These findings
are in agreement with published literature suggesting
aminoguanidine has beneficial effects in various experi-
mental models of inflammation [30, 31] and shock [32,
33]. Contrary to the results of this study in the rat, a recent
study by FEDER et al. [34] demonstrated in the mouse that
the selective iNOS inhibitor, L-N6-(1-Imminethyl) lysine
(L-NIL), was ineffective in reducing the allergen-induced
eosinophilia. This potential species difference in the regu-
lation of NO produced by iNOS suggests that in the rat an
additional NO-independent mechanism, which is absent
in the mouse may be involved in regulation of cellular
influx following allergen challenge.

eNOS is found predominantly in the vascular endothe-
lium and is thought to generate NO which acts to lower
blood pressure and inhibit the adhesion and activation of
platelets and polymorphonuclear granulocytes [35]. The
lack of effects of eNOS inhibition with L-NAME on
cellular influx and vascular permeability in the present
model was a surprising outcome and, since L- NAME has
been shown to be 2,000 times more selective for eNOS
than iNOS [24], these results would therefore suggest this
isoenzyme to be selectively involved in the regulation of
vascular tone and not in cell recruitment or plasma
exudation. Furthermore, the present results are in agree-
ment with recently published literature in rats suggesting
L-NAME has no effect on the cellular migration at 6 or 24
h after allergen challenge [11]. However, in that study L-
NAME was effective in abolishing the allergen-induced
eosinophilia 48 h after allergen exposure. Similarly, IIJIMA

et al. [36] also demonstrated a significant inhibitory effect
of L-NAME on late-phase allergen-induced eosinophil

influx and airway microvascular permeability in guinea-
pigs, suggesting a role for cNOS in inflammatory cell
trafficking 48 h after allergen challenge.

In summary, the present findings are consistent with the
notion that nitric oxide production by inducible nitric oxide
synthase plays a role in the migration of inflammatory cells
and increase in vascular permeability 24 h following aller-
gen challenge, whereas nitric oxide produced by neuronal
nitric oxide synthase limits hyperresponsiveness to metha-
choline. These findings highlight the complexity of the nit-
ric oxide synthase system and suggest that any therapeutic
strategy for human asthma targeting nitric oxide would
need to be thoroughly investigated.
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