British Journal of Pharmacology (2002) 136, 111-119

© 2002 Nature Publishing Group Al rights reserved 0007-1188/02 $25.00 '@

Airway hyperresponsiveness to adenosine induced by

www.nature.com/bjp

lipopolysaccharide in Brown Norway rats

'B. Tigani, 'J.P. Hannon, 'C. Rondeau, 'L. Mazzoni & *'J.R. Fozard

'Research Department, Novartis Pharma AG, CH-4002 Basel, Switzerland

1 We have explored the effects of bacterial endotoxin (lipopolysaccharide; LPS) on the response of
the airways of Brown Norway (BN) rats to adenosine. Comparisons have been drawn with the
effects on responses to methacholine and 5-hydroxytryptamine.

2 In vehicle-challenged animals, adenosine, given i.v. was only a weak bronchoconstrictor. In
contrast, 1 h following intratracheal administration of LPS, 0.3 mg kg~!, bronchoconstrictor
responses to adenosine were markedly and selectively enhanced. At this time point, there were no
significant changes in leukocyte numbers, eosinophil peroxidase and myeloperoxidase activities or
protein concentrations in bronchoalveolar lavage (BAL) fluid. Twenty-four hours after challenge,
the sensitivity of the airways to both adenosine and methacholine was reduced relative to the
earlier time point and there were substantial increases in each marker of inflammation in BAL
fluid.

3 The bronchoconstrictor response to adenosine was blocked selectively by methysergide, disodium
cromoglycate and the broad-spectrum adenosine receptor antagonist, 8-SPT, but not by DPCPX or
ZM 243185, selective antagonists for the A; and A,a receptors, respectively.

4 Thus, the response to adenosine augmented following LPS is mast cell mediated and involves a
receptor which can be blocked by 8-SPT but not by selective A; or A, receptor antagonists. It thus
bears similarity to the augmented response to adenosine induced by allergen challenge in actively
sensitized BN rats. Exposure to LPS could be a factor along with allergen in determining the

increased sensitivity of the airways of asthmatics to adenosine.
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Introduction

The markedly enhanced sensitivity of the airways of
asthmatic patients to adenosine is one of the most consistent
aspects of the condition (Phillips & Holgate, 1995; Meade et
al., 2001). The mechanism of adenosine-induced broncho-
constriction in asthmatic patients has been well explored and
an intermediary role for the mast cell is established (Phillips
& Holgate, 1995; Marquardt, 1997; Fozard & Hannon, 2000;
Meade et al., 2001). The reason for the striking up-regulation
of the response in the asthmatic airways remains, however,
unknown.

We have previously shown a marked and selective
augmentation of the bronchoconstrictor response to adeno-
sine following allergen challenge in actively sensitized, Brown
Norway rats (Fozard & Hannon, 2000; Hannon et al., 2001).
The response occurs against a background of mild pulmonary
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inflammation and is mast cell mediated. It can be blocked by
8-SPT, a broad spectrum adenosine receptor antagonist, but
appears not to be mediated by any of the four recognized
cloned adenosine receptor subtypes (Hannon er al., 2001;
2002).

In order to define the role and specificity of the
inflammatory stimulus which results in hyperreactivity of
the airways to adenosine, we have investigated the con-
sequence of inducing non-allergic inflammation with lipopo-
lysaccharide (LPS) on the bronchoconstrictor response to
adenosine in non-sensitized BN rats. Our data show a
marked and selective augmentation of the bronchoconstrictor
response to adenosine following LPS challenge. The
augmented response shows similarities to the response to
adenosine up-regulated following allergen challenge in
actively sensitized animals in being mast cell mediated and
showing similar antagonist pharmacology.

Preliminary findings from these studies have been presented
to the British Pharmacological Society (Fozard et al., 2000).
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Methods

Animals

Male Brown Norway (BN) rats (Iffa-Credo, L’Arbresle,
France) weighing 250—-300 g were used throughout. Groups
of up to five animals were housed in sawdust lined drawer
cages and kept at an ambient temperature of 22 +2°C under
12 h normal phase light—dark cycles. All experiment were
carried out according to Swiss federal regulations for animal
protection.

LPS exposure

Rats were anaesthetized (4% isofluran) in an anaesthetic
chamber, until surgical anaesthesia was achieved. LPS or
vehicle (saline, 0.2 ml per animal) was administered intra-
tracheally (i.t.) and the animals allowed to recover. Animals
were taken for measurement of lung function or broncho-
alveolar lavage (BAL) fluid analysis at various time intervals
after challenge.

Bronchoalveolar lavage (BAL) fluid collection and
analysis

Animals were challenged with LPS or vehicle (saline 0.2 ml,
i.t.) and killed 1 or 24 h later with pentobarbitone
(250 mg kg~' i.p.). The lungs were lavaged using three 4 ml
aliquots of solution A (Hanks’ balanced salt solution x 10,
100 ml; ethylenedaminetetraacetic acid 100 mm, 100 ml; 4-(2-
hydroxyethyl)-1-piperazineethanesulphonic acid 1 M, 10 ml;
double-distilled H,O 790 ml). The recovered solution was
pooled (representative mean recovery 11.3+0.1 ml, n=>55)
and the total volume of recovered fluid adjusted to 12 ml by
addition of solution A.

The methods for the determination of total leukocyte
numbers and differential cell counts, eosinophil peroxidase
activity and protein concentration in the bronchoalveolar
lavage fluid have recently been described in detail (Beckmann
et al., 2001). In brief, leukocyte numbers and differential cell
counts were obtained using an automatic cell analysing
system (Cobas Helios 5Diff, Hoffmann-La Roche, Axon Lab,
Switzerland). Myeloperoxidase activity was measured in a
photometric assay based on the oxidation of O-dianiside
dihydrochloride by myeloperoxidase in the presence of
hydrogen peroxide. Eosinophil peroxidase activity was
measured in a photometric assay based on the oxidation of
O-phenylenediamine by eosinophil peroxidase in the presence
of hydrogen peroxide. Protein concentrations were measured
in a photometric assay based on the reaction of protein with
an alkaline copper tartrate solution and Folin reagent.

TNFo was measured as follows: 50 ul of the samples and
standards, in duplicate, were added to TNF« antibody coated
wells; 50 ul of biotinylated anti-TNFo (biotin conjugate)
solution was pipetted into each well except the chromogen
blanks. The plates were incubated for 90 min at room
temperature and then washed four times. We then added
100 ul of streptavidin—HPR to each well, except the
chromogen blanks. After incubation for 45 min at room
temperature the wells were washed four times and 100 ul of
stabilized chromogen were added to each well. The plates
were incubated for a further 30 min in the dark at room

temperature. The absorbance of each well was read at
450 nm.

Measurement of lung function

Animals were anaesthetized with sodium pentothal
(70 mg kg~"' i.p.) and a tracheotomy performed. Heparinized
polyethylene catheters were inserted into the left carotid
artery for recording mean arterial blood pressure (MABP)
and into the left jugular vein for drug administration. To
suppress spontaneous respiration animals were given an
intramuscular injection of vecuronium bromide (Norcuron,
12 mg kg="). No experiment lasted longer than 90 min,
during which time surgical anaesthesia was maintained
throughout the experiment without the need for supplemen-
tary anaesthesia. Body temperature was maintained at 37°C
with a heated pad controlled by a rectal thermistor.

Animals were ventilated (7 ml kg=!, 1 Hz) via the tracheal
cannula with a mixture of air and oxygen (50:50, v v~ ').
Ventilation was monitored at the trachea by a pneumotacho-
graph (Fleisch 0000, Zabona, Switzerland) in line with the
respiratory pump and connected to a differential pressure
transducer (MP 4514871, Validyne, U.S.A.). Coincident
pressure changes within the thorax were measured via an
intrathoracic cannula, using a differential pressure transducer
(MP 4524, Validyne, U.S.A.) as described by Amdur & Mead
(1958). From measurements of airflow and transpulmonary
pressure, airway resistance (Ry, cm H,O 17" s) was calculated
after each respiratory cycle by use of a digital electronic
pulmonary monitoring system (PMS, Mumed, London,
U.K.). Mean arterial blood pressure and heart rate (HR)
by derivation was recorded from the carotid artery by means
of a pressure transducer (P23Dd, Gould, U.S.A.).

Experimental protocols

Effect of methysergide Bronchoconstrictor responses to
adenosine (0.3, 1 and 3 mg kg~'1i.v.), methacholine (3, 10
and 30 ug kg~'iv.) and 5-HT (3, 10 and 30 ug kg~ 'i.v.)
were established in groups of animals challenged i.t. 1h
previously with vehicle (saline 0.2 ml) or LPS (0.3 mg kg~ ).
The interval between adenosine doses was 15 min. Fifteen
min after the last adenosine dose, methacholine was
administered with a 2 min interval between doses. Finally,
after a further restabilization period of 15 min, 5-HT was
given with a 2 min interval between doses. Methysergide, at a
dose just supramaximal for blockade of 5-HT, receptors in
vivo (30 ug kg~'; Fozard, 1982), or vehicle (saline) was given
i.v. 5 min prior to the start of the agonist sequence.

Effect of disodium cromoglycate Bronchoconstrictor re-
sponses were established to 5-HT (30 ug kg='i.v.) and,
5 min later, adenosine (I mg kg~'i.v.) in groups of animals
challenged i.t. 1h previously with LPS (0.3 mgkg™").
Disodium cromoglycate, at a dose previously shown to block
mast cell degranulation in rats in vivo (20 mg kg~', Hannon
et al., 1995; 2001), or vehicle (saline) was given i.v. 5 min
prior to the start of the agonist sequence.

Effects of adenosine receptor antagonists One hour following
LPS, (0.3 mg kg~'), animals were given a bolus i.v. injection
of either the broad spectrum adenosine A;, Aja, Ao
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receptor antagonist, 8-SPT (40 mg kg~), the adenosine A,
receptor selective antagonist, DPCPX (100 ug kg="), the
adenosine A, receptor selective antagonist, ZM 241385
(30 ug kg™"), or their respective vehicles. The animals were
given adenosine 5 min later (3 mg kg='i.v.) and a dose—
response curve to 5-HT (3-30 ug kg='i.v.) was performed
15 min later, the interval between doses being 2 min. After a
further 5 min, a dose—response curve to an adenosine
receptor agonist corresponding to the selectivity of the
antagonist used was established. To this end, NECA was
used in conjunction with 8-SPT, CPA with DPCPX and
CGS 21680 with ZM 241385.

Materials

Hanks’ balanced salt solution (10x), and 4-(2-hydro-
xyethyl)-1-piperazineethane sulphonic acid were from Gibco
BRL, U.K. Ethylenedaminetetraacetic acid (pH 7.4) from
Merck, Germany; Pentothal (thiopentalum natricum) and
Forene (Isofluran 100%) were obtained from Abbott,
Switzerland; Norcuron (vecuronium bromide) was from
Organon Teknika, Holland; Methacholine chloride, diso-
dium cromoglycate, 5-hydroxytryptamine creatinine sul-
phate, atropine  sulphate, adenosine  hemisulphate,
lipopolysaccharide (from Salmonella typhosa) and Bovine
Serum albumin (fraction V) were obtained from Sigma,
Switzerland. 1,3-dipropyl-8-cyclopentyl xanthine (DPCPX);
8-p-(sulphophenyl) theophylline (8-SPT) 5'-N-ethyl carboxa-
mido adenosine (NECA), 2-[p-(2-carboxyethyl)phenylamino]-
5-N-ethyl carboxamidoadenosine (CGS 21680) and N¢-
cyclopentyladenosine (CPA) and 2-chloro-N°-(3-iodobenzy-
l)adenosine-5'-N-methyl-carboxamide (2-CI-IB-MECA) were
obtained from Resecarch Biochemicals International, U.S.A.
4-(2-(7-amino-2-(2 -furyl) (1,2,4) triazolo (2,3-a)(1,3,5) tria-
zin-5-yl amino)ethyl)phenol (ZM 241385) was a gift from
AstraZeneca Pharmaceuticals, U.K.). Methysergide was
synthesized at Novartis Pharma AG, Basel, Switzerland.
The adenosine agonists and antagonists (with the exception
of 8-SPT) were dissolved in 50% DMSO in distilled water
and diluted immediately before use in 0.9 % w v—' NaClL
All other compounds were made up in 0.9% w v~' NaCl

Data analysis

All data are presented as means+s.e.mean. Statistical
analysis was performed on raw data by means of Student’s
t-test for unpaired data or analysis of variance with post hoc
pairwise multiple comparison procedures, using SigmaStat
for Windows, version 2.03. A P value <0.05 was considered
significant.

Results

Bronchial hyperresponsiveness to adenosine induced by
LPS in BN rats: Dose—response relationship, time course
and selectivity with respect to methacholine

A series of bronchoconstrictor responses to adenosine (0.3
and 1 mg kg~' i.v.) and methacholine (3 and 10 ug kg='i.v.)
were established in groups of animals challenged intratrache-

ally with vehicle or LPS. The interval between the two
adenosine doses was 15 min, and 15 min after the second
dose, methacholine was administered with a 2 min interval
between doses.

In a first series of experiments, LPS was given i.t. at doses
of 0.1, 0.3 or 1 mg kg~' and the sequence of bronchocon-
strictor agents was started 1h later. Vehicle-challenged
animals received saline, 0.2 mli.t., 1 h before the start of
the bronchoconstrictor agonist sequence. There were no
significant changes in basal airway resistance following any
of the doses of LPS (data not illustrated). The bronchocon-
strictor effects of adenosine were weak in BN rats challenged
with saline. In contrast, responses to adenosine were
markedly increased following all doses of LPS. Responses
to methacholine were not significantly altered (Figure 1).

In a second series of experiments, animals were challenged
with LPS (0.3 mg kg=') or vehicle (saline, 0.2 ml) and the
sequence of bronchoconstrictor agents started 1, 3 or 24 h
after LPS (1 h after saline) — the results are shown in Figure
2. At the 1h time point, responses to adenosine were
significantly enhanced by LPS, whereas those to methacho-
line were unaffected. At the 3 h time point, responses to
adenosine had returned to those of control animals.
Responses to methacholine were again unaffected by the
LPS challenge. At the 24 h time point, significant bronchial
hyporesponsiveness to both spasmogens was evident (Figure
2). From these studies, 0.3 mg kg~! of LPS administered i.t.
1 h prior to testing was considered a suitable paradigm to
explore the mechanism of the augmented response to
adenosine induced by LPS challenge in BN rats.

The effect of 2-CI-IB-MECA, a selective agonist at
adenosine Aj; receptors (Fredholm er al, 2001), was
investigated in animals treated 3 h previously with LPS,
0.3 mg kg~ '. In three animals, 2-CI-IB-MECA given i.v. at a
dose of 0.2 mgkg=' was devoid of bronchoconstrictor
activity. The compound did, however, lower blood pressure
(by 58+8%) confirming that activation of Aj; receptors
occurs at the dose used (Van Schaick ez al., 1996; Hannon et
al., 2002).
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Figure 1 Increases in pulmonary resistance induced by intravenous
administration of adenosine and methacholine starting 1 h post
intratracheal instillation of lipopolysaccharide (LPS; 0.1, 0.3 or
1 mg kg="), or vehicle (saline, 0.2 ml), in Brown Norway rats.
Results are expressed as means+s.e.means of the number (1) of
animals shown in parentheses. *P<0.05 indicates a significant
difference between the LPS-treated and equivalent vehicle-treated

group.
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Bronchial hyperresponsiveness to adenosine induced by
LPS in BN rats: selectivity with respect to the
cardiovascular effects

Bronchoconstrictor and cardiovascular responses to i.v.
injections of adenosine (0.3, 1 and 3 mgkg~'; 20 min
interval between doses) were established in groups of
animals challenged intratracheally (i.t.) 1 h previously with
vehicle (saline, 0.2ml) or LPS (0.3 mgkg™'). These
experiments were the control experiments for the study with
methysergide shown in Figure 5. In confirmation of the data
presented in Figure 1, bronchoconstrictor responses to
adenosine were significantly enhanced in animals treated
with LPS (Figure 3). Enhancement was selective for the
airways since neither the fall in blood pressure (with the
exception of the lowest dose) nor the bradycardia induced by
adenosine was increased in the LPS-treated animals (Figure
3). There were no significant changes in baseline airway
resistance, blood pressure or heart rate following LPS (data
not illustrated).
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Figure 2 Increases in pulmonary resistance induced by intravenous
administration of adenosine and methacholine starting 1, 3 or 24 h
post intratracheal instillation of lipopolysaccharide (LPS;
0.3 mg kg~'), or vehicle (saline, 0.2 ml), in Brown Norway rats.
Results are expressed as means+s.e.means of the number (1) of
animals shown in parentheses. *P<0.05 indicates a significant
difference between the equivalent LPS-and vehicle-treated groups.
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Figure 3 Comparison of the bronchoconstrictor and cardiovascular
(mean arterial blood pressure, MABP; heart rate, HR) effects of
adenosine in Brown Norway rats challenged intratracheally 1 h
previously with vehicle (saline, 0.2 ml) or LPS (0.3 mg kg~"'). Results
are expressed as means+s.e.means of the number (n) of animals
shown in parentheses. **P<0.01, ***P<0.001 that the value is
significantly different from the equivalent value in vehicle-challenged
animals.

Effects of treatment with LPS on markers of
inflammation in the BAL fluid

BN rats were challenged with LPS (0.3 mg kg~'i.t.) and
killed 1 h or 24 h later. Vehicle-challenged animals (saline,
0.2 ml i.t.) were killed 1 h later. The lungs were lavaged
and the BAL fluid differential cell counts, eosinophil
peroxidase and myeloperoxidase activities and the protein
and TNFo concentrations determined, the results are
presented in Figure 4. One hour following LPS there were
no signs of pulmonary inflammation as monitored by
leukocyte numbers, eosinophil peroxidase and myeloperox-
idase activities or protein concentrations in the BAL fluid.
TNFa concentrations were, however, markedly increased.
At 24 h, significant increases in the numbers of eosinophils
(2.4 fold), macrophages (2.1 fold) and neutrophils (56
fold), the activities of eosinophil peroxidase and myeloper-
oxidase (5 and 7 fold, respectively) and the concentrations
of protein (1.5 fold) and TNFo (2.6 fold) were evident
(Figure 4).
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Figure 4 Effect of intratracheal instillation of lipopolysaccharide
(LPS, 0.3 mgkg™") or vehicle (saline, 0.2 ml) on the number of
inflammatory cells, the eosinophil peroxidase (EPO) and myeloper-
oxidase (MPO) activities and the protein and TNFo concentrations in
BAL fluid of Brown Norway rats. Animals were killed either 1 or
24 h following LPS administration; vehicle-treated animals were
given saline and killed 1 h after treatment. Histograms represent the
mean values (ts.e.means) from 10 animals per group. *P<0.05,
**P<0.01, ***P<0.001 indicates a significant difference from the
equivalent value in the vehicle-treated group.
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Effects of methysergide and disodium cromoglycate on the
augmented bronchoconstrictor response to adenosine
induced by LPS

A role for mast cells in the bronchoconstrictor response to
adenosine augmented following LPS challenge was explored
by evaluating the effects of methysergide, a 5-HT, receptor
antagonist, and disodium cromoglycate, a mast cell stabiliz-
ing agent, on the response.

The design of the experiment with methysergide included 5-
HT as a control bronchospasmogen. Sensitivity to 5-HT was
unaffected by challenge with LPS, 0.3 mg kg=', 1h pre-
viously. Pretreatment with methysergide (30 pug kg='i.v.)
induced similar, marked blockade of the bronchoconstrictor
responses to both adenosine and 5-HT. In contrast, responses
to methacholine were slightly, but significantly, enhanced
(Figure 5). Disodium cromoglycate (20 mg kg~' i.v.) had no
effect on the bronchoconstrictor response to 5-HT, but
induced a marked and significant inhibition of the response
to adenosine (Figure 6).

Effects of adenosine receptor antagonists on the
augmented response to adenosine induced by LPS
challenge in BN rats

The broad-spectrum adenosine receptor antagonist 8-SPT
(40 mg kg~'1i.v.) induced significant inhibition of the aug-
mented bronchoconstrictor response to adenosine in LPS-
challenged animals. In contrast, bronchoconstrictor responses
to 5-HT were similar in both 8-SPT and vehicle-treated
animals. Testifying to the non-selectivity of 8-SPT, both the
bradycardia and hypotension induced by adenosine were
blocked by 8-SPT as were the cardiovascular effects of
NECA (Figure 7).
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Figure 5 Effect of methysergide (30 ug kg~' given i.v. 5 min prior
to the start of the injection sequence) on bronchoconstrictor
responses to adenosine, methacholine and 5-HT in Brown Norway
rats treated intratracheally 1 h previously with lipopolysaccharide
(LPS, 0.3 mg kg~ '). Results are expressed as means-+s.e.means of
the number (n) of animals shown in parentheses. *P<0.05,
**P<0.01, ***P<0.001 indicates significant difference between
animals given LPS plus the vehicle for methysergide (saline) and
animals given the vehicle for LPS plus the vehicle for methysergide.
#P<0.05, ##P<0.01, ##P<0.001 indicates significant difference
between LPS-challenged animals given methysergide and the
corresponding saline-treated control value.
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Figure 6 Effect of disodium cromoglycate (DSCG, 20 mg kg™!

given i.v. 5min prior to the start of the injection sequence) on
bronchoconstrictor responses to 5-HT and adenosine in Brown
Norway rats treated with lipopolysaccharide (LPS, 0.3 mg kg™ ").
Results are expressed as means+s.e.means of the number (1) of
animals shown in parentheses. ***P<0.001 indicates significant
difference between vehicle- and corresponding DSCG-treated ani-
mals.

The selective adenosine A; receptor antagonist, DPCPX
(100 pg kg="i.v.), had no effect on the augmented broncho-
constrictor response to adenosine, nor did it affect the
bronchoconstrictor responses to 5-HT (Figure 8). Clear
evidence that the dose of DPCPX was sufficient to block
the A; receptor comes from the observation that the
bradycardia induced both by adenosine and by the selective
adenosine A; receptor agonist, CPA, was markedly and
significantly suppressed in these animals.

The selective adenosine A,, receptor antagonist,
ZM 241385 (30 pug kg~ i.v.), had no effect on the broncho-
constrictor response to adenosine augmented following
treatment with LPS. Unexpectedly, bronchoconstrictor
responses to both the low and high doses of 5-HT were
significantly inhibited by ZM 241385. That the dose of
ZM 241385 was sufficient to establish adenosine A,5 receptor
blockade in these animals was demonstrated by the marked
inhibition of the hypotensive response induced by the
selective adenosine A, receptor agonist, CGS 21680 (Figure
9).

Discussion

The major finding of the present study is that administration
of LPS directly to the lungs of BN rats results in a marked
increase in the sensitivity of the airways to the bronchocon-
strictor effects of adenosine. The qualitative and quantitative
aspects of the change were dependent on the time after
challenge that the adenosine was administered. Thus,
responses to adenosine were increased markedly and
selectively 1 h after LPS administration irrespective of the
dose of LPS administered. Selectivity was evident on two
grounds: First, with respect to the effects on the airways,
since the effects of adenosine on blood pressure and heart
rate were minimally affected; second, with respect to the

British Journal of Pharmacology vol 136 (1)
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Figure 7 Effect of 8-SPT (40 mg kg~ ' given i.v. 5 min prior to adenosine) on responses to adenosine, 5-HT and NECA with
respect to pulmonary resistance, mean arterial blood pressure (MABP) and heart rate (HR) in Brown Norway rats 1 h post
intratracheal instillation of lipopolysaccharide (LPS, 0.3 mg kg™"'). Results are expressed as means+s.e.means of the number (1) of
animals shown in parentheses. **P<0.01, ***P<0.001 indicates significant difference between vehicle- and corresponding 8-SPT-
treated animals.
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Figure 8 Effect of DPCPX (100 ug kg~' given i.v. 5 min prior to adenosine) on responses to adenosine, 5-HT and CPA with
respect to pulmonary resistance, mean arterial blood pressure (MABP) and heart rate (HR) in Brown Norway rats 1 h post
intratracheal instillation of lipopolysaccharide (LPS, 0.3 mg kg™ '). Results are expressed as means+s.e.means of the number (1) of
animals shown in parentheses. * P <0.05, **P<0.01, ***P <0.001 indicates significant difference between vehicle- and corresponding
DPCPX-treated animals.
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Figure 9 Effect of ZM 241385 (30 ug kg ™' given i.v. 5 min prior to adenosine) on responses to adenosine, 5-HT and CGS 21680
with respect to pulmonary resistance, mean arterial blood pressure (MABP) and heart rate (HR) in Brown Norway rats 1 h post
intratracheal instillation of lipopolysaccharide (LPS, 0.3 mg kg~"'). Results are expressed as means+s.e.means of the number (1) of
animals shown in parentheses. *P <0.05, **P <0.01, ***P <0.001 indicates significant difference between vehicle- and corresponding

ZM 24138-treated animals.

effects on methacholine and 5-HT, which act directly on
bronchial smooth muscle (Hannon et al., 2001), and which
were unaffected by LPS. Such selectivity rules out a
pharmacokinetic interaction and/or a non-specific increase
in bronchial hyperresponsiveness as explanations for the
enhancement of the response to adenosine seen following
LPS. The augmentation was short-lived, being greatest 1 h
after challenge and absent at 3 h. LPS, 0.3 mg kg~ ' given 1 h
prior to adenosine, was chosen for the analysis of the
mechanisms contributing to the augmented response to
adenosine.

Airway inflammation is generally considered to be a
contributory factor to bronchial hyperresponsiveness (Cock-
croft, 1997, O’Connor et al., 1999). We therefore investigated
the markers of inflammation in the BAL fluid 1 h following
treatment with LPS, when the sensitivity to adenosine was
markedly increased. In fact, there were no signs of
inflammation at this time point as indicated by the leukocyte
cell numbers, eosinophil peroxidase and myeloperoxidase
activities or protein concentrations in the BAL fluid
although, as expected, the TNFa concentrations were
elevated. Thus, the present data suggest that LPS-induced
inflammation is not the cause of the selective increase in
sensitivity to adenosine, but, as noted below, may well
contribute to the non-selective decrease in sensitivity observed
at the 24 h time point.

It is difficult to make a case for TNFu being the cause of
the increase in responsiveness to adenosine. Although TNFa
has been implicated in airways hyperresponsiveness to 5-HT
in guinea-pigs (Uno et al., 1996) and acetylcholine in rats
(Kips et al., 1992), it appears to play no role in the airways

hyperreactivity to methacholine induced by LPS in mice
(Lefort et al, 1998). Importantly, bronchoconstrictor
responses to methacholine and 5-HT in the present studies
were unaffected at the time when BAL fluid TNFao
concentrations were elevated. Moreover, unlike for LPS
(see below) there are no reports of an effect of TNFa on mast
cell reactivity, which might result in augmentation of the
response to adenosine.

Since challenge with LPS induced minimal short-term
effects on the direct acting bronchoconstrictor agents,
methacholine and 5-HT, an up-regulation of an indirect
mechanism of action comes into focus as the mechanistic
basis of the augmented bronchoconstrictor responses to
adenosine. Our previous studies established a role for mast
cells in the response to adenosine augmented by allergen
challenge in actively sensitized BN rats (Hannon et al., 2001)
by demonstrating blockade with low doses of methysergide, a
selective 5-HT, receptor antagonist (Cohen et al., 1985), and
with disodium cromoglycate, an inhibitor of mast cell
degranulation (Bernstein & Bernstein, 1997). In the present
studies, methysergide at a low dose, selective for the 5-HT,
receptors which mediate the response to 5-HT on the airways
(Hannon et al., 2001), induced marked, quantitatively similar
and selective (vis-a-vis methacholine) blockade of adenosine
and 5-HT. Cromoglycate, used at a dose which in analogous
experiments into the mechanism of adenosine induced
potentiation following allergen, blocked both the broncho-
constrictor response and the associated mediator release
induced by adenosine (Hannon et al, 2001), blocked
selectively (vis-a-vis 5-HT) the bronchoconstrictor response
to adenosine. Together, these observations provide compel-
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ling evidence that the response to adenosine augmented
following LPS is mast-cell mediated.

An intriguing finding was the increased responsiveness to
methacholine in the presence of methysergide. A similar trend
was seen with a lower dose of methysergide, and also with
ketanserin in our earlier experiments to analyse the response
to adenosine augmented after allergen challenge (Hannon et
al., 2001). We have no explanation for the observation.

Again seeking to compare the response to adenosine in
animals challenged with LPS with that in sensitized animals
challenged with allergen, experiments were carried out to
define the receptor subtype(s) implicated in the response. The
broad-spectrum adenosine receptor antagonist, 8-SPT,
blocked the bronchoconstrictor response to adenosine with-
out affecting those to 5-HT. This observation is consistent
with the anti-bronchoconstrictor effect of 8-SPT being a
consequence of blockade of the receptor present on airway
mast cells through which adenosine induces mediator release.
However, neither DPCPX nor ZM 241385 was able to block
the response to adenosine despite clear evidence from
suppression of the cardiovascular effects of subtype-selective
agonists that the A; and A,s receptors were effectively
antagonized in these animals. 8-SPT has broadly similar
antagonist potencies at A, A,p and A,g receptors but has
only weak effects at rat A; receptors (Ji et al., 1994; Van
Galen et al., 1994). Our earlier studies established that the
dose of 8-SPT used in the present study (40 mg kg~"') does
not block Aj; receptor-mediated hypotension in the rat
(Fozard & Carruthers, 1993). Moreover, 2-CI-IB-MECA, a
selective Aj receptor agonist, induced no bronchoconstriction
in animals challenged with LPS despite clear evidence from
the fall in blood pressure that the A; receptors were being
activated. Taken together, the findings essentially rule out
involvement of the Aj; receptor. Blockade by 8-SPT despite a
lack of involvement of A;, A,s or Aj receptors resembles the
pharmacological profile of the augmented response to
adenosine seen following ovalbumin challenge in sensitized
BN rats. The receptor site mediating the latter response is
atypical in not having the characteristics of any of the four
recognized adenosine receptor subtypes (Hannon et al.,
2002). Our data suggest that a similar site mediates the
augmented response to adenosine following LPS challenge.

It should be noted that responses to 5-HT were reduced
after ZM 243185, which confirms a similar finding in our
earlier study to analyse the response to adenosine augmented
following allergen challenge (Hannon et al., 2002). We have
no explanation for the observation. Importantly, however,
the finding does not compromise the conclusion that Aja
receptors are not involved in the bronchoconstrictor response
to adenosine.

Our analysis of the mechanism by which adenosine is up-
regulated following allergen challenge in sensitized animals
suggested that ‘priming’ of a population of mast cells in the
lung by the allergen was the key event (Hannon et al., 2001).
In this context, it is of interest that a direct interaction
between LPS and mast cells has recently been described.
Thus, intradermal administration of LPS in rats was shown
to cause an inflammatory reaction characterized by increased
plasma exudation (Iuvone er al., 1998). Histological and
pharmacological examinations established that the effect was
mediated by mast-cell degranulation (Iuvone er al., 1999). A
direct effect of LPS on mast cells is supported by a further

study investigating the mechanisms involved in LPS-induced
injury to the neonatal rat colon. Doxantrazole, a non-
selective mast-cell stabilizer, dose-dependently reduced the
LPS-induced increase in the plasma concentration of mast
cell protease-1I, a marker of mast cell degranulation (Brown
et al., 1998). Finally, recent work on the signalling pathway
involved in LPS-induced cytokine expression in murine, bone
marrow-derived mast cells has revealed the presence of Toll-
Like Receptor-4 (TLR-4) expression on mast cells and
showed that the existence of functional TLR-4 was essential
for LPS-induced mast-cell degranulation (Supajatura et al.,
2001). Thus, LPS may induce an increase in sensitivity of a
discrete lung-based population of mast cells to adenosine in
an analogous way to allergen in actively sensitized animals
(Hannon et al., 2001). However, precise definition of the
mechanism(s) involved must await further experimentation.

Responses to adenosine began to decline 3 h after LPS
administration and had returned to control values or slightly
below at the 24 h time point. Reduced responsiveness at 24 h
was not specific to adenosine since responses to the direct
acting bronchospasmogen, methacholine, were reduced to a
similar extent. BAL fluid analysis at this time point indicated
a pronounced neutrophilic pulmonary inflammation. As
noted above, airway inflammation is generally considered a
contributory factor to bronchial hyperresponsiveness; our
findings would, therefore, appear to be anomalous. However,
similar hyporesponsiveness has been observed in guinea-pigs
(Folkerts et al., 1988) and rats (Pauwels et al., 1990; Kips et
al., 1995) = 12 h following LPS inhalation. Moreover, Kips
et al. (1995) provided a possible explanation for the
phenomenon. They showed that treatment of F344 rats with
LPS induced a significant hyporesponsiveness between 9 and
12 h after exposure, which was reversed by L-NAME, an
inhibitor of NO synthase. Induction of NO synthase and the
consequent over production of NO, a powerful bronchodi-
lator (Nijkamp & Folkerts, 1995), would provide a plausible
explanation for the non-selective decline in airway respon-
siveness induced by LPS in our study.

A marked increase in sensitivity to adenosine of the
airways of asthmatic patients is one of the most consistent
aspects of the condition (Phillips & Holgate, 1995; Meade et
al., 2001). The response provides a sensitive marker of disease
activity with a close relationship to the inflammatory process
(Phillips & Holgate, 1995; Van den Berge et al., 2001la;
2001b). We have previously pointed out the striking
similarities between the bronchoconstrictor response to
adenosine seen following allergen challenge in the actively
sensitized BN rat and that on the airways of asthmatics
(Fozard & Hannon, 2000; Hannon et al., 2001). The present
data suggest exposure to LPS may produce the same effect.
LPS is ubiquitous in the environment (Kline ef al., 1999) and
in particular is present in high concentrations in organic dusts
(Rylander et al., 1985) and in house dust (Siraganian et al.,
1979). It is also generated in the course of airway infections.
Exposure to LPS could be a factor which, along with
allergen, determines the increased sensitivity of the airways of
asthmatics to adenosine.
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excellent technical support.
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