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1 The aim of this study was to investigate the relationship between airway reactivity, leukocyte
in¯ux and nitric oxide (NO), in conscious guinea-pigs after aerosolized lipopolysaccharide (LPS)
exposure.

2 Inhaled histamine (1 mM, 20 s), causing no bronchoconstriction before LPS exposure
(30 mg ml71, 1 h), caused bronchoconstriction at 0.5 and 1 h (P50.02) after LPS exposure. This
airway hyperreactivity (AHR) recovered by 2 h. In contrast, 48 h after LPS exposure, the response
from a previously bronchoconstrictor dose of histamine (3 mM, 20 s) was attenuated (P50.01) i.e.
airway hyporeactivity (AHOR).

3 Investigation of the cellular content of bronchoalveolar lavage ¯uid (BALF) from these animals
revealed a rapid (0.5 h: 691 fold increase) and progressive neutrophil in¯ux after LPS exposure
(24 h: 36.3+2.36106 cells per sample), that subsided 48 h later. Macrophages and eosinophils also
time-dependently increased (0.5 h: 4.6+0.4 and 0.1+0.05; 48 h: 31.0+6.0 and 1.8+0.36106 cells
per sample, respectively) after LPS, compared to vehicle exposure (24 h: neutrophils, eosinophils and
macrophages: 0.28+0.19, 0.31+0.04 and 4.96+0.436106 cells per sample, respectively).

4 The combined NO metabolites in BALF, after vehicle (1 h), or LPS (1 h: AHR and 48 h:
AHOR) exposure, were respectively increased (41%, P50.01), decreased (47%, P50.01) and further
increased (80%, P50.001), compared with naõÈ ve animals.

5 Inhaled No-nitro-L-arginine methyl ester (L-NAME: 1.2 and 12 mM, 15 min), reduced BALF NO
metabolites 2 h later, but did not cause AHR to histamine (P40.05). When L-NAME inhalation
followed LPS, AHR was prolonged from 1 h to at least 4 h (P50.01).

6 In summary, aerosolized LPS inhalation caused neutrophil and macrophage airways in®ltration,
and an early development of AHR followed 48 h later by AHOR to histamine. AHR and AHOR
coincided with a respective reduction and elevation in airways NO (metabolites). Thus, NO may aid
recovery from AHR, as inhibition of its production prolongs AHR. However, NO de®ciency alone is
not responsible for LPS-induced AHR.
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Introduction

Exposure of asthmatic subjects (Alving et al., 1993) or atopic

guinea-pigs (Iijima et al., 1998) to inhaled antigen, and
exacerbations in patients with chronic obstructive pulmonary
disease (COPD) (Bhowmik et al., 1998; Corradi et al., 1999),
lead to an increase in levels of exhaled nitric oxide (NO).

Lipopolysaccharide (LPS) induces widespread tissue expres-
sion of inducible nitric oxide synthase mRNA (Liu et al.,
1993). Aerosolized LPS inhalation also produces airways

in®ltration of predominantly neutrophils and macrophages
and airway hyperreactivity (AHR) (Folkerts et al., 1988;
Vrugt & Aalberes, 1993; Toward & Broadley, 1999).

NO is a second messenger molecule, synthesized from the

conversion of L-arginine to L-citrulline by a group of
haemoproteins known as nitric oxide synthases (NOS)
(Schini-Kerth & Vanhoutte, 1995). In normal lungs, NO is
synthesized by two constitutive NOS (cNOS) isoforms

expressed in nonadrenergic noncholinergic neurones (nNOS),
vascular endothelial cells (eNOS) and airway epithelial cells
(nNOS and eNOS) (Gaston et al., 1994). These isoforms,

regulated by intracellular Ca2+ calmodulin concentration, are
also localized in platelets, neutrophils and mast cells (Nathan,
1992) and generate picomolar levels of NO (Moncada, 1992).

By contrast, a third in¯ammatory and inducible NOS (iNOS)
isoform is Ca2+-independent and produces nanomolar levels
of NO (Moncada, 1992). Regulated at the transcriptional

level in response to pro-in¯ammatory cytokines, e.g.
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interleukin 1-b (IL-1b) and tumour necrosis factor-a (TNF-a)
or LPS, activity of the iNOS gene is dependent on nuclear
factor-kB (NF-kB) promoter binding (Lowenstein et al.,

1993; Xie et al., 1994). Consequently, the iNOS isoform can
be induced in a variety of cells, including epithelial, smooth
muscle and in¯ammatory (e.g. macrophages and eosinophils)
cells (Barnes & Belvisi, 1993).

The lipophilic free radical NO passes readily into smooth
muscle to activate soluble guanylate cyclase, resulting in
increased guanosine 3',5' cyclic monophosphate (cyclic GMP)

to induce bronchodilation (Schulz & Triggle, 1994). NO may
also have a role in leukocyte adhesion to endothelial cells and
vascular permeability (Kubes et al., 1991). Schuiling et al.,

(1998) suggested that an over-production of NO in atopic
guinea-pigs, presumably iNOS mediated, bene®ts recovery
from AHR. However, in in¯ammatory conditions NO can

quickly react with superoxide anion, resulting in the cytotoxic
formation of peroxynitrite which promotes tissue damage and
AHR (Nijkamp & Folkerts, 1995; Giaid et al., 1998). Thus,
NO appears to be capable of exerting contradictory e�ects on

airway reactivity.
Since LPS can induce expression of NOS mRNA and has

the ability to cause cell in®ltration and AHR, the aim of this

study was to investigate the relationships between airway
reactivity, cell in¯ux and NO production in the conscious
guinea-pig after an acute LPS challenge. The stable NO

decomposition products, nitrate (NO3) and nitrite (NO2),
were assayed from lavage ¯uid taken from the lung to allow a
surrogate indication of NO synthesis (Kanazawa et al., 1998).

The competitive analogue of L-arginine, L-NAME (No-nitro-
L-arginine methyl ester) was also used as a non-selective NOS
inhibitor of NO synthesis. The LPS- and L-NAME -induced
variations in NO production were correlated with changes in

airway reactivity and leukocyte in¯ux into the airways by
methods previously used in this laboratory (Danahay &
Broadley, 1997). Preliminary ®ndings from these studies have

been presented to the British Pharmacological Society
(Toward & Broadley, 1999; 2000).

Method

Animals

Groups of six male Dunkin-Hartley guinea-pigs (Halls,
Sta�s., U.K.), weighing 300 ± 400 g were used throughout.
Animals received food and water ad libitum, and lighting was

maintained in the room (22+28C) on a 12 h cycle. This work
complied with the guidelines for the care and use of
laboratory animals according to the Animals (Scienti®c

Procedures) Act 1986 and Glaxo-Wellcome policy.

Measurement of respiratory function

Whole body plethysmography of the conscious guinea-pig
was used to monitor airway function, recorded as speci®c

airways conductance (sGaw). The method was as described
by Gri�ths-Johnson and co-workers (1988), although a
computerised data acquisition system replaced the original
oscilloscope and angle resolver (Danahay & Broadley, 1997).

Animals were ®tted with a face mask and placed in a
restrainer which was then slid into the plethysmography
chamber. As the animal breathed, a computer with a Biopack

data acquisition system, ran AcqKnowledge software which
acquired and stored data referring to the air¯ow across a
pneumotachograph (Mercury FIL). The resulting change in

box volume (pressure) was simultaneously measured.
Changes in air ¯ow and box pressure were measured by
two pressure transducers, UP1 and UP2, respectively. The

resultant waveforms could then be rapidly analysed by
comparing the gradients of the ¯ow and the box pressure
waves at a point where ¯ow tended towards zero, i.e. in the
®rst 30 ms of expiration. A function of these parameters,

correcting for ambient pressure and the weight of the animal,
determines a value for sGaw. A minimum of ®ve breaths
were analysed for each animal at each timepoint. Before each

experiment the animals were handled and familiarized with
the equipment to reduce stress.

Figure 1 The e�ect of a single exposure (60 min) to nebulized lipopolysaccharide (LPS: 30 mg ml71), or the LPS vehicle (pathogen-
free saline) on the airway function of conscious guinea-pigs. Each point represents the mean+s.e.mean (n=6±36) change in sGaw
expressed as a percentage of the baseline sGaw values (sGaw (sec71 cmH2O

71): saline=0.40+0.02; LPS=0.38+0.02). Negative
values represent bronchoconstriction. Signi®cance of di�erences from baseline values were determined by analysis of variance (single
factor), followed by a Student's paired t-test indicated as *P50.05 or **P=0.02.

British Journal of Pharmacology vol 131 (2)

LPS on airway reactivity, NO and cell influxT.J. Toward & K.J. Broadley272



Inhalation exposures

LPS exposures Animals were exposed for 1 h to a nebulized

solution of LPS (30 mg ml71) or the LPS vehicle (0.9%
pathogen-free saline) in a sealed chamber (62063006
420 mm). A Wright nebulizer, supplied with air at a pressure
of 20 lb. p.s.i., was used to deliver the aerosol at a rate of

0.5 ml min71. sGaw was measured twice prior to exposure
(baseline) and then at regular intervals (0, 15, 30 min and
hourly) after the exposure.

Spasmogen exposures Airway reactivity to nebulized hista-
mine (1 mM, 20 s) was assessed 24 h before and at various

times after exposure to LPS or the LPS vehicle, each time in
a separate group of animals. This dose of spasmogen,
delivered as a nose-only exposure, caused a small threshold

bronchoconstriction. To examine airway hyporeactivity, or
any residual bronchodilator e�ect at 48 h after exposure to
LPS, a higher dose of histamine (nose-only, 3 mM, 20 s) was
used, which produced a signi®cant bronchoconstriction.

Measurements of sGaw were taken before and at 0, 5 and
10 min after exposure to spasmogen.

L-NAME exposures In other animals, unchallenged, or 2 h
after exposure to LPS or vehicle, nebulised L-NAME (1.2 or
12 mM, 15 min) was delivered as a whole body exposure

(chamber: 30061806180 mm). These inhaled doses of L-
NAME were based upon those used by others to inhibit
nitric oxide production without any signi®cant e�ect on

cardiovascular parameters (Nijkamp et al., 1993; Schuiling et
al., 1998), however, the aerosol characteristics (particle size,
¯ow rates) may not be identical. Measurements of sGaw were
taken throughout the experiment and airway reactivity to

histamine (nose-only, 1 mM, 20 s) was assessed 24 h before
and at 105 min after exposure to L-NAME (4 h after
exposure to LPS or vehicle). No animal appeared to be in

any respiratory distress during this exposure regime or any of
the other procedures described.

Bronchoalveolar lavage

Within 20 min of assessing post-exposure airway reactivity to
histamine, the animals underwent a bronchoalveolar lavage

(BAL). The guinea-pigs were overdosed with pentobarbitone
sodium (400 mg kg71, i.p., Euthatal) and the trachea
cannulated. A 1% solution of EDTA (1 ml 100 g71 body

weight) was ¯ushed through the cannula into the lungs, and
recovered 3 min later. This was repeated and a total cell
count (cells ml71) of the pooled BAL ¯uid was determined

using a haemocytometer (Neubauer). A Cytospin smear
(Shandon Centrifuge: 1000 r.p.m., 7 min) of the sample was
di�erentially stained (Leishman's: 1.5% in methanol, 6 min),

and a minimum of 500 cells (macrophages, eosinophils and
neutrophils) were counted.

Measurement of nitric oxide (NO) production

The remaining BAL sample was then centrifuged
(1200 r.p.m., 6 min), the supernatant removed and frozen

(7208C). A spectrophotometric assay was used to determine
the decomposition products of NO (nitrite and nitrate) based
on the Griess reaction, as described by Grisham et al. (1996).

Brie¯y, 100 ml samples of the BAL ¯uid were incubated
(378C) for 30 min with HEPES bu�er (50 mM, pH 7.4), FAD
(5 mM), NADPH (0.1 mM), distilled water (290 ml) and nitrate
reductase (0.2 U ml71) for nitrate conversion to nitrite. In an

identical set of tubes, nitrate reductase was omitted for
determining nitrite only. Any unreacted NADPH in the
solution (500 ml) was then oxidised by incubating (258C) for
10 min with potassium ferricyanide (1 mM). The samples
were then incubated (258C) with 1 ml of the Griess reagent
(NED: 0.2% (w v71), sulfanilamide: 2% (w v71), solubilized
in double distilled water: 95% and phosphoric acid: 5%

(v v71)), for 10 min and the absorbance measured at 543 nm.
To maintain standard conditions, all the samples to be
compared were assayed at the same time. The linear limit of

detection for the assay was 1 mM.

Drugs and solutions

Lipopolysaccharide (LPS: Escherichia coli O26:B6), histamine
diphosphate salt, No-nitro-L-arginine methyl ester (L-NAME)

Figure 2 The responsiveness of the airways to a nose-only exposure
to histamine (Hist); (a: Hist, 1 mM, 20 s) before and 1 h after
exposure (60 min) to nebulized vehicle (saline), (b: Hist, 1 mM, 20 s)
before and 1 h after exposure (60 min) to nebulized LPS, (c: Hist,
3 mM, 20 s) before and 48 h after exposure (60 min) to nebulized
LPS, in conscious guinea-pigs. Each point represents the mean+
s.e.mean (n=6) change in sGaw expressed as a percentage of the
baseline sGaw values (sGaw (sec71 cmH2O

71): (a) before=
0.44+0.02 and after=0.36+0.02; (b) before=0.30+0.02 and
after=0.31+0.02; (b) before=0.32+0.01 and after=0.35+0.01).
Negative values represent bronchoconstriction. Signi®cance from
baseline sGaw was determined by analysis of variance (single factor),
followed by a Student's paired t-test denoted as *P50.05, **P=0.02,
***P50.01 and ****P50.001. Airway reactivity to Hist (3 mM),
before and after vehicle exposure (saline) was not signi®cantly
di�erent (P40.05, data not shown).
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hydrochloride, ¯avin adenine dinucleotide (FAD) disodium
salt, N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulphonic acid]
(HEPES) free acid, nicotinamide adenine dinucleotide

phosphate (NADPH: reduced form), potassium ferricyanide,
ethylenediaminetetraacetic acid (EDTA) disodium salt,
naphthyleneethylenediamine (NED), sulphanilamide and
phosphoric acid were purchased from Sigma (Poole, Dorset,

U.K.), Euthatal from Rhone Meriux (Harlow, Essex, U.K.)
and Aspergillus nitrate reductase (NADPH: nitrate oxidor-
eductase, EC 1.6.6.2) from Boehringer Mannheim (Indiana-

polis, U.S.A.). Unless otherwise indicated, all solutions were
made up in sterile saline (0.9% NaCl: Baxter Healthcare,
U.K.).

Data analysis

To reduce inter-subject variability, changes in sGaw from the
baseline sGaw values taken before a procedure, are presented
as a percentage of the baseline value. Absolute values of

baseline sGaw are stated in the ®gure legends. Changes in
airway function, BAL ¯uid cell count and the concentration
of NO metabolites were compared using analysis of variance,

followed by the appropriate paired or unpaired Student's t-
test. Di�erences were considered statistically signi®cant when
P50.05.

Results

Effect of exposure to LPS on airway function

Exposure to nebulized LPS (30 mg ml71, 60 min) caused an
immediate bronchoconstriction lasting 30 min (Figure 1).
However, this was no di�erent from the response after an

exposure to the LPS vehicle (pathogen-free saline, 60 min).
There was a small but signi®cant bronchodilation with the
LPS exposed group at 18, 19 and 24 h after challenge, which

was not seen with the saline exposed group.

Airway responsiveness to inhaled spasmogen after
exposure to LPS

Inhalation of histamine (1 mM, 20 s) prior to LPS exposure

failed to produce a signi®cant bronchoconstriction. However,
0.5 h after exposure to LPS, there was a signi®cant (P50.05)
bronchoconstriction to histamine, indicating AHR (Figures
2b and 3). There was also AHR to inhaled histamine (1 mM,

20 s) at 1 h after LPS, a lack of bronchoconstriction before
exposure being converted to a signi®cant (P50.05) bronch-
oconstriction afterwards (Figure 3). At 2 h, there was a non-

signi®cant (P40.05) bronchoconstriction, but at 4 and 24 h
the AHR had subsided. Exposing guinea-pigs to a higher
dose of inhaled histamine (3 mM, 20 s) before LPS exposure

Figure 3 The peak responses of the airways to nose only exposures to histamine (Hist: 1 and 3 (48 h only) mM, 20 s) before and
after exposure to nebulized LPS (30 mg ml71) or vehicle in conscious guinea-pigs. Each point represents the mean+s.e.mean (n=6)
of the individual peak change in sGaw from baseline (BL) sGaw values expressed as a percentage of the BL, after a nose-only
exposure to Hist. Airway reactivity to Hist was assessed at 0.5 (BL sGaw (sec71 cmH2O

71): before=0.34+0.01 and after=
0.39+0.03), 1 (BL sGaw: before=0.31+0.03 and after=0.31+0.02), 2 (BL sGaw: before=0.27+0.01 and after=0.26+0.02), 4
(BL sGaw: before=0.33+0.01 and after=0.30+0.02), 24 (BL sGaw: before=0.44+0.04 and after=0.48+0.04), 48 (BL sGaw:
before=0.32+0.01 and after=0.35+0.01) hours after exposure to LPS and at 1 h (BL sGaw: before=0.46+0.04 and
after=0.36+0.02) after exposure to saline. Negative values represent bronchoconstriction. Signi®cance of di�erences between the
before and after exposure response to Hist were determined by analysis of variance (single factor), followed by a Student's paired t-
test denoted as *P50.05, **P50.01. Airway reactivity to Hist, before and after vehicle exposure, or 4 and 24 h after LPS exposure
was not signi®cantly di�erent from baseline sGaw values (P40.05).
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caused a signi®cant bronchoconstriction (756.9+5.0%
decrease from baseline sGaw values). The same dose, 48 h
after LPS, produced a signi®cantly (P50.01) reduced

bronchoconstriction (735.9+6.7% decrease from baseline
sGaw values) compared to the pre-exposure response to
histamine, indicating airway hyporeactivity (Figure 2c).
Exposure to the LPS vehicle did not alter the airway

responsiveness to histamine at 1 h after challenge (Figure 2a).

Effect of exposure to L-NAME on airway function

Exposure to nebulised L-NAME (1.2 or 12 mM, 15 min), in
unchallenged animals, or 2 h after an exposure to LPS caused

an immediate bronchoconstriction (unchallenged: 12 mM L-
NAME=720.6+8.4%; LPS: 1.2 mM L-NAME=720.3+

2.2%, 12 mM L-NAME=723.7+7.3% decrease from BL
sGaw) which recovered to baseline sGaw values 30 min later
(data not shown). This immediate bronchoconstriction was

not signi®cantly (P40.05) di�erent, however, from that
observed after saline exposure alone (Figure 1). There were
no other changes in airway function that signi®cantly
deviated from the baseline sGaw values.

Airway responsiveness to inhaled spasmogen after
exposure to LPS followed by L-NAME

When exposure to nebulized LPS was followed 2 h later by L-
NAME, a dose-dependent increase in reactivity to inhaled

histamine was observed at 4 h after the LPS (L-NAME:
1.2 mM=78.6+5.2, 12 mM=716.1+5.1 peak per cent
change from BL sGaw: Figure 4a,b, respectively). This

contrasts with the lack of AHR to histamine, 4 h after
exposure to LPS alone (Figure 3). The airway response to
inhaled histamine was not signi®cantly (P40.05) di�erent
before or 105 min after a 15 min exposure to L-NAME with

(data not shown), or without (Figure 4c) prior exposure to
vehicle 2 h earlier. There was no statistically signi®cant
di�erence between starting baseline values of sGaw for any of

the groups of animals studied (Figures 2, 3 and 4).

Leukocyte infiltration

There was a substantial increase in the number of neutrophils
retrieved from the BAL ¯uid 30 min after the LPS exposure,

with a progressive further increase up to 24 h. At 48 h after
LPS exposure the recoverable neutrophil population sub-
sided. Macrophages increased progressively up to 48 h after
the LPS challenge, which was accompanied by a small

increase in the number of eosinophils (Figure 5).
Compared with naõÈ ve animals, there was a signi®cantly

increased macrophage and eosinophil population in the BAL

¯uid, 105 min after exposure to nebulized L-NAME only
(Figure 6). In animals exposed to vehicle followed by L-
NAME, there was a signi®cantly elevated number of

macrophages and eosinophils recovered in the BAL ¯uid at
4 h after vehicle exposure, compared to vehicle alone.
Exposure to nebulized L-NAME after LPS further increased
the number of macrophages recovered in the BAL ¯uid at 4 h

after LPS exposure, compared with the e�ect of LPS alone.
However, the neutrophil in¯ux into the lungs was not
increased by L-NAME and L-NAME did not cause a

signi®cant (P40.05) change to the LPS-induced increases in
either neutrophil or eosinophil populations at 4 h.

Effect of exposure to LPS on nitric oxide metabolites
recovered from BAL fluid

The changes in the spectrophotometrically determined
concentrations of the individual NO metabolites (nitrate
and nitrite) were synchronous. However, lower levels of
nitrate were analysed, due to the rate limiting nitrate

reductase conversion to measurable nitrite (Figure 7). There-
fore, to describe changes in the assayed NO metabolites, the
combined nitrate and nitrite levels are referred to.

After the LPS exposure, the concentration of NO metabo-
lites signi®cantly decreased in the BAL ¯uid during the period
of AHR (1 and 2 h) (Figure 7). However, 1 h after vehicle

exposure the concentration of NO metabolites signi®cantly
increased, compared with naõÈ ve animals. The NO metabolites
concentration in BAL ¯uid at 4 h after the LPS
exposure, was not signi®cantly di�erent (P40.05) to that

Figure 4 The e�ect of L-NAME (a: 1.2 mM, b & c: 12 mM) on the
responsiveness of the airways to a nose-only exposure to histamine
(Hist; 1 mM, 20 s): (a and b) before and 4 h after exposure to
nebulized LPS, 105 min after nebulized L-NAME; (c) before and
105 min after exposure to nebulized L-NAME only, in conscious
guinea-pigs. L-NAME was administered by inhalation (15 min), 2 h
after the LPS exposure (60 min, a and b), or to naõÈ ve animals (c).
Each point represents the mean+s.e.mean (n=6) change in sGaw
expressed as a percentage of the baseline (BL) sGaw values (BL
sGaw (sec71 cmH2O

71): (a) before=0.40+0.02 and after=
0.38+0.02; (b) before=0.43+0.04 and after=0.39+0.01; (c)
before=0.34+0.01 and after=0.32+0.01). Negative values represent
bronchoconstriction. Airway reactivity to Hist, before and after
nebulized vehicle exposure (saline) and L-NAME (1.2 or 12 mM,
15 min) was not signi®cantly di�erent (P50.05, data not shown).
Signi®cance of di�erences between the before and after L-NAME
exposure response to Hist was determined by analysis of variance
(single factor), followed by a Student's paired t-test denoted as
*P=0.02, **P50.01.
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recovered at 1 h after the vehicle exposure. At 24 h, there was
no signi®cant di�erence (P40.05) in NO metabolite con-
centration between naõÈ ve, LPS or vehicle exposed groups.

During the period of hyporeactivity (48 h after LPS
exposure), the concentration of NO metabolites signi®cantly
increased (P50.001) above the vehicle control.

Figure 5 Di�erential cell (macrophage, eosinophils, neutrophils) counts of bronchoalveolar lavage (BAL) ¯uid removed from
guinea-pigs before (naõÈ ve) and after exposure (60 min) to nebulized LPS (30 mg ml71: 0.5, 1, 2, 4, 24 and 48 h), or vehicle (saline: 1
and 24 h). Each point represents the mean+s.e.mean (n=6) of the di�erential cells per sample (6106). Signi®cance of di�erences in
the cells retrieved after LPS exposure were compared with cells at 1 h after vehicle exposure and determined by analysis of variance
(single factor), followed by a Student's unpaired t-test indicated as *P50.05, **P50.01 and ***P50.001.

Figure 6 Di�erential cell counts in bronchoalveolar lavage (BAL) ¯uid removed from naõÈ ve guinea-pigs and after exposure to:
nebulized (15 min) L-NAME only (12 mM, 105 min after exposure); nebulized (60 min) LPS only (30 mg ml71, 4 h after exposure);
LPS and nebulized (15 min, 2 h after LPS exposure) L-NAME (1.2 mM and 12 mM, 4 h after LPS exposure); nebulized (60 min)
vehicle only (saline, 1 h after exposure); or vehicle and nebulized (15 min, 2 h after vehicle exposure) L-NAME (1.2 mM and 12 mM,
4 h after vehicle exposure). Each point represents the mean+s.e.mean (n=6) of the di�erential cells per sample (6106). Signi®cance
of di�erences from naõÈ ve (+P50.05, ++P50.01 and +++P50.001), from 1 h after vehicle control (**P50.01 and ***P50.001),
or from 4 h after LPS exposure (#P50.001) was determined by analysis of variance (single factor), followed by a Student's unpaired
t-test.
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Exposure to nebulized L-NAME (1.2 or 12 mM, 15 min) in
unchallenged animals, or 2 h after an exposure to vehicle,
caused a signi®cant reduction in the BAL ¯uid NO

metabolites 105 min later, compared to concentrations in
naõÈ ve animals, or at 1 h after vehicle (Figure 8). Similarly, L-
NAME exposure after LPS signi®cantly decreased the

concentration of NO metabolites in the BAL ¯uid at 4 h,
compared to concentrations at 4 h after LPS exposure alone,
or in naõÈ ve animals. With or without prior exposure to LPS

or vehicle 2 h earlier, L-NAME exposure attenuated the
production of NO metabolites in animals 105 min later, to
levels below that recovered from the BAL ¯uid during the

Figure 7 Nitric oxide (NO) production, determined as the individual and combined metabolites (NO2 and NO3) recovered from
guinea-pig bronchoalveolar lavage (BAL) ¯uid before (naõÈ ve) and after exposure (60 min) to nebulized LPS (30 mg ml71: 1, 2, 4, 24,
48 h), or the vehicle (saline: 1 and 24 h). Each point represents the mean+s.e.mean (n=6) of the NO metabolite concentration.
Signi®cant di�erences in the NO metabolites were determined by analysis of variance (single factor), followed by a Student's
unpaired t-test. Compared with: 1 h after saline exposure (*P=0.02, **P50.01 and ***P50.001) and naõÈ ve animals (+P50.01 and
++P50.001).

Figure 8 Nitric oxide (NO) production, determined as the individual and combined metabolites (NO2 and NO3) recovered from
guinea-pig bronchoalveolar lavage (BAL) ¯uid before (naõÈ ve) and after exposure to: nebulized (60 min) LPS only (30 mg ml71, BAL:
4 h after exposure); nebulized (15 min) L-NAME only (12 mM, BAL: 105 min after exposure); LPS and nebulized L-NAME
(15 min, 2 h after LPS exposure, 1.2 mM and 12 mM, BAL: 4 h after LPS exposure); nebulized vehicle only (saline, BAL: 1 and 24 h
after exposure); or vehicle and nebulized L-NAME (15 min, 2 h after vehicle exposure, 1.2 mM and 12 mM, BAL: 4 h after vehicle
exposure). Each point represents the mean+s.e.mean (n=6) of the NO metabolites concentration. Signi®cance of di�erences in the
NO metabolites between naõÈ ve animals (+P50.05, ++P50.01 and +++P50.001), 1 h after vehicle control (*P50.05 and
***P50.001) and 4 h after LPS (#P50.01, ##P50.001) exposed animals were determined by analysis of variance (single factor),
followed by a Student's unpaired t-test.
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period of LPS induced-AHR (1 ± 2 h after LPS alone)
(compare Figures 7 and 8).

Discussion

Epidemiological studies have shown that the degree of AHR,
an increased responsiveness of the airways to non-speci®c

stimuli, correlates with the severity of COPD and asthma
(Rijcken et al., 1997). These respective neutrophilic and
eosinophilic in¯ammatory diseases are also associated with an
elevated pulmonary production of NO, measured in exhaled

air and as NO metabolites in BAL ¯uid (Kanazawa et al.,
1998). Animal models have been developed to study antigen-
induced airway hyperreactivity (Sanjar & Morley, 1990;

Johnson & Broadley, 1999). However, there are few in vivo
models that simulate AHR associated with a neutrophilic
condition, as in COPD. Most studies have utilized anaes-

thetized animals to determine lung function, which may
in¯uence vagal tone or sensory re¯exes. In the present study,
lung function was examined in conscious animals. Using a
similar method, Iijima et al. (1998) have demonstrated in

antigen-exposed atopic guinea-pigs, an increase in exhaled
NO during the early and late airway response. Schuiling et al.
(1998), in contrast, proposed that a de®ciency in NO

contributes to the AHR after the early asthmatic response
and a recovery in NO production aids the reversal of AHR
after the late asthmatic response. However, Alving et al.,

(1993) compared the production of NO in air exhaled
through the nose or the mouth and suggested that in normal
human airways, NO production is restricted to the nasal

mucosa. In asthmatics, the level of exhaled NO produced
during oral breathing was increased 2 ± 3 fold, indicating
lower airway involvement. Since the guinea-pig is an
obligatory nose-breather (Finney & Firsberg, 1994), airway-

produced NO in expired air may be masked by a nasal
production. Consequently, NO (metabolites) determination in
BAL ¯uid in the current study, although invasive and

restricted to a single time point, allows a more accurate
indication of airway NO synthesis (Kanazawa, et al., 1998).
The aqueous environment in the lung with an acidic pH can

in¯uence the spontaneous autoxidation product of NO
(Grisham et al., 1996). Consequently, we assayed for the
two prominent oxidized metabolites formed from NO (NO2

and NO3), although the physiological pathway for the
autoxidation of NO to these derivatives is unclear (Moncada,
1992).
In the present study, inhalation of LPS caused an early

development of AHR to histamine. From 2 ± 24 h after the
exposure, airway reactivity was restored. However, 48 h after
LPS exposure, the airways expressed a decreased responsive-

ness, or hyporeactivity, to histamine. Young & Nicholls
(1997) have documented a similar biphasic change in airway
reactivity to methacholine after exposure to LPS. Isolated

tracheal spirals from guinea-pigs exposed to LPS have also
been shown to exhibit hyperreactivity (Young & Nicholls,
1996) and hyporeactivity (Folkerts et al., 1988) to histamine
and carbachol. This suggests that the LPS-induced changes in

airway reactivity are not speci®c to histamine and in common
with asthmatics and COPD patients, non-speci®c stimuli
(histamine, methacholine or cold air) can be used to assess

AHR (Postma & Kerstjens, 1998).
Many studies have documented the prominence of the

neutrophil after an administration of LPS, either via systemic

or inhaled routes (Snella & Rylander, 1985; Brigham &
Meyrick, 1986; Lefort et al., 1998). However, few have

documented the time-course of leukocyte in®ltration into the
lungs and correlated this with changes in airway reactivity
after LPS inhalation. In the present study, there was a rapid

in¯ux of neutrophils into the airways 30 min after LPS
exposure, which persisted for 24 h. This ®nding is in
agreement with Brigham & Meyrick (1986), who noted a 3
fold increase in the number of neutrophils in the airways,

15 min after the start of an LPS infusion. Although delayed
in comparison, there was also a time-dependent increase in
the macrophage and eosinophil population recovered from

the BAL ¯uid. The di�erence in cell population recovered in
BAL ¯uid from naõÈ ve animals and at 1 or 24 h after saline
was probably due to a slight bronchoconstriction at 1 h after

saline exposure, which would reduce airway calibre and
reduce lavage reclamation. The mechanism for the LPS-
induced neutrophilic in¯ammation is likely to be initially

orchestrated from chemotactic factors, such as TNF-a and
interlukin-8 (IL-8), released into the airways by resident
macrophages (Snella & Rylander, 1985), epithelial cells and
lymphocytes (Brigham & Meyrick, 1986; Kuo et al., 1997).

Kips et al. (1992) showed in rats exposed to LPS, that
inhibition of TNF-a reduces the neutrophil in¯ux and AHR.
The early synthesis of TNF-a in response to LPS (Goncalves

de Moraes et al., 1996) activates other pro-in¯ammatory
mediators including deleterious cytotoxins (proteases and
superoxides), arachidonic acid metabolites, nuclear transcrip-

tion factors (e.g. NF-kB) and cell adhesion molecules
(Brigham & Meyrick, 1986; Albelda et al., 1994; Barnes &
Adcock, 1997). Bronchial biopsies from patients with COPD

show similar in¯ammatory processes and sputum samples
have elevated TNF-a, IL-8 and proteolytic enzyme levels
(Barnes, 1998). In the present study, the LPS-induced AHR
resolved at 4 h, well before the peak cell in¯ux occurred

(neutrophils at 24 h, eosinophils and macrophages at least
48 h). This infers that either: cell in¯ux into the airways and
AHR are discrete symptoms; or that protective mechanism(s)

mask the underlying AHR that persists with the cell
in¯ammation. AHR to histamine did not occur at 1 h after
a saline challenge, although it caused a similar direct

bronchoconstriction to the LPS challenge. Thus, the AHR
is not related to this common transient bronchoconstriction
and it was not considered necessary to examine for AHR at
subsequent times after the saline challenge.

Exposure to saline initially increased NO release, possibly
activated from the `shear stress' to epithelial cells, which
would oppose the transient saline-induced bronchoconstric-

tion with a cyclic GMP-dependent smooth muscle relaxation
(Schulz & Triggle, 1994). By contrast, exposure to LPS
initially inhibited NO synthesis and the reduced NO levels

coincided with the period of AHR. This is opposite to the
observation of an elevated level of expired NO following
antigen exposure (Iijima et al., 1998). During the recovery

from AHR there was an increase in NO production, followed
by a return to levels found in naõÈ ve animals. NO metabolites
in BAL ¯uid were then further enhanced during the period of
hyporeactivity. This evidence suggests that an impaired cNOS

ability to produce NO contributes to the AHR immediately
after LPS exposure. Using a perfused airway preparation, De
Boer et al. (1996) also concluded that hyperreactivity after

the allergen-induced early asthmatic reaction was associated
with a NO de®ciency. De Boer et al. (1999) also
demonstrated that a limitation of the NOS substrate (L-

arginine) may underlie the reduced cNOS activity and
subsequent AHR after the early asthmatic reaction. The
current study also suggests that the period of airway
hyporeactivity coincides with an over-production of NO,
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possibly from NF-kB activation of the iNOS gene (Liu et al.,
1993). This is in agreement with Kips et al. (1995), who also
concluded that the LPS-induced hyporesponsiveness is NO-

mediated, the NO being synthesized from iNOS. At 105 min
after L-NAME inhalation the NO metabolites in BAL ¯uid
were reduced to levels equivalent to those observed during
the period of AHR (1 ± 2 h after LPS). A similar inhaled dose

of L-NAME was used by Nijkamp et al. (1993) who
demonstrated a signi®cant AHR to histamine in anaesthe-
tized guinea-pigs. However, in our model exposure to L-

NAME with or without prior exposure to saline 2 h earlier
did not induce a signi®cant AHR to inhaled histamine. This
was probably because we used a shorter period of exposure

to L-NAME and assessed AHR 105 min later than Nijkamp
et al. (1993). Although the levels of NO (metabolites) were
signi®cantly reduced at the time of assessing airway reactivity

after L-NAME, it is possible that other anti-AHR mechan-
ism(s) compensate for the de®ciency of endogenous NO and
prevent AHR from occurring. Exposure to LPS followed by
L-NAME caused a signi®cantly increased bronchoconstric-

tion to histamine, prolonging the duration of AHR to 4 h.
This data suggests that a de®ciency of NO alone is not
responsible for the LPS-induced AHR and for AHR to

occur, other LPS generated AHR mediators are required.
However, the initial recovery from LPS-induced AHR is NO-
dependent. Whether the NO production is from a cNOS or

iNOS isoform is unknown, but implies that NO acts as a
functional antagonist to the exaggerated histamine-induced
bronchoconstriction.

Di�erent mechanisms may account for the LPS-induced
NO de®ciency promoting AHR. L-NAME increases mucus
production and inhibits mucociliary clearance (Barnes, 1999),
which could reduce airway calibre and thus potentiate the

airway resistance from a given bronchoconstrictor (Pare &
Hogg, 1989; Postma & Kersjens, 1998). However, iNOS
`knock-out' mice produce reduced oedema after LPS

exposure, which would increase airway calibre and thus
reduce airway resistance from a given bronchoconstrictor
(Kristof, et al., 1998). Also, histological examination of the

lungs from the present study showed no morphological
features to support a geometric reduction in airway calibre
(unpublished observations) and the rapid onset of AHR after
LPS exposure suggests a biochemical mechanism. Interest-

ingly, Folkerts et al. (1989) have demonstrated in isolated
tracheal spirals from guinea-pigs pre-treated with LPS, a
decreased prostaglandin E2 (PGE2) production by the

epithelial layer. The PGE2-induced second messenger,
adenosine 3',5' cyclic monophosphate (cyclic AMP), like the
NO-induced second messenger cyclic GMP, causes airway

smooth muscle relaxation (Hakonarson & Grunstein, 1998).
These two second messengers can act synergistically to
enhance their activity via a cyclic GMP inhibition of cyclic

AMP phosphodiesterase (Maurice & Haslam, 1990). Conse-
quently, a reduced NO and PGE2 production and respective
cyclic GMP and cyclic AMP formation after exposure to
LPS, could augment airway smooth muscle contractility to

histamine. This could also explain the antagonistic e�ects of

phosphodiesterase inhibitors on LPS-induced AHR (Uno et
al., 1998). The reaction of NO and superoxide products from
activated cells to form the toxic metabolite peroxynitrite is

unlikely to cause the AHR observed in the present study, as
NO synthesis is reduced. However, after sustained LPS
exposure, peroxynitrite may be detrimental.
The degree of cellular in®ltration into the airways is

determined by three main stages: rolling and ®rm adhesion to
the bronchial microvasculature, trans-endothelial and
-epithelial penetration and chemotactic migration (Hellewell,

1999). In the current study, L-NAME inhalation enhanced
macrophage and eosinophil in¯ux into the airways of
unchallenged and LPS, or saline challenged animals, but

slightly reduced the LPS-induced neutrophil in®ltration. NO
has been shown to inhibit leukocyte adherence to endothelial
cells and migration (Kubes et al., 1991; Bloom®eld et al.,

1997), which would explain the L-NAME-induced augmenta-
tion in eosinophil and macrophage in¯ux. Also, Kips et al.
(1995) found that L-NAME did not in¯uence the LPS-
induced increase of neutrophils in BAL ¯uid. However,

contrary to these ®ndings, in an IL-8-dependent mechanism,
the LPS-induced TNF-a production acts as a potent neutro-
phil chemotractant, which is potentiated by pre-treatment

with L-NAME (Kuo et al., 1997). Similarly, the role of NO in
vascular permeability is controversial and con¯icting results
have been reported. NOS inhibitors applied to the airway

surface increase plasma exudation, suggesting that basal
release of NO has an inhibitory e�ect on microvascular
leakage (Erjefalt et al., 1994). However, endogenous NO may

increase the exudation of plasma by increasing blood ¯ow to
leaky post-capillary venules (Kuo, et al., 1992). Li et al.
(1998) have also demonstrated that L-NAME inhibited an
LPS-induced increase in epithelial permeability. The role of

NO in in¯ammatory cell in®ltration into the airways is
complex as NO appears capable of contrarily in¯uencing the
three main stages by which in¯ammatory cells may in®ltrate

the airways. The in¯ammatory condition and the degree of
NO synthesis are likely to a�ect the regulation of these
processes, which may explain the discrepancies in the

reported role of NO in cell in¯ux into the airways.
In summary, this study demonstrates that aerosolized LPS

inhalation causes an acute AHR to histamine in conscious
guinea-pigs, which coincides with a de®ciency in cNOS

synthesised NO. The recovery of airway reactivity appears
to be associated with increased NO levels, although the NOS
isoform involved is unclear. The LPS-induced airway

hyporeactivity observed at 48 h was associated with over-
production of NO, most likely from an iNOS source.
Reduced NO production after LPS exposure may also

enhance the in¯ux of eosinophils and macrophages, but not
the predominant neutrophil in®ltration.
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