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Mechanism of airway hyperresponsiveness to adenosine induced by

allergen challenge in actively sensitized Brown Norway rats
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1 We have explored the role of allergen sensitization and challenge in defining the response of the
airways of the Brown Norway (BN) rat to adenosine.

2 In naive animals or in rats sensitized to ovalbumin (OA) adenosine induced only weak
bronchoconstrictor responses. Challenge of sensitized animals with OA induced a marked airway
hyperresponsiveness to adenosine which was not seen with methacholine or bradykinin.

3 The augmented bronchoconstrictor response to adenosine was not affected by acute bivagotomy
or atropine nor mimicked by an i.v. injection of capsaicin. It was, however, blocked selectively by
disodium cromoglycate methysergide or ketanserin and reduced in animals treated sub-chronically
with compound 48/80.

4 The augmented response to adenosine was associated with increases in the plasma concentrations
of both histamine and 5-hydroxytryptamine (5-HT), which were attenuated by pretreatment with
disodium cromoglycate, and degranulation of mast cells in the lung.

5 Parenchymal strips from lungs removed from sensitized rats challenged with OA gave augmented
bronchoconstrictor responses to adenosine relative to strips from sensitized animals challenged with
saline. Responses were inhibited by methysergide and disodium cromoglycate.

6 These data demonstrate a marked augmentation of the bronchoconstrictor response to adenosine
in actively sensitized BN rats challenged with OA. The augmented response is primarily a
consequence of mast cell activation, leading to the release of 5-HT, which in turn induces
bronchoconstriction. Our data further suggest the involvement of a discrete lung-based population
of mast cells containing and releasing mainly 5-HT and brought into play by prior exposure to

allergen.
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Introduction

The heightened sensitivity of asthmatics to a range of stimuli
(immunological, physical and/or pharmacological) that
ordinarily are without effect in normal subjects is a defining
characteristic of asthma (Woolcock, 1997). The phenomenon,
termed bronchial (or airway) hyperresponsiveness, results in
facilitation of bronchospasm and contributes to the airway
obstruction characteristic of asthma (Cockcroft, 1997;
Brusacco et al., 1998; Cheung et al., 1999; O’Connor et al.,
1999). The phenomenon is particularly well exemplified by
the bronchoconstrictor response to adenosine which is
prominent in asthmatic patients and generally not present
in control subjects (Cushley ez al., 1983). The mechanism of
adenosine-induced bronchoconstriction in asthmatic patients
has been well explored and an intermediary role for the mast
cell is established (Phillips & Holgate, 1995; Jacobson & Bai,
1997, Marquardt, 1997; Polosa & Holgate, 1997; Feoktistov
et al., 1998; Forsythe & Ennis, 1999). Increasing evidence
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implicates the adenosine A,g receptor as the site through
which activation of the mast cell occurs (Feoktistov et al.,
1998; Fozard & Hannon, 1999). The reason for the striking
up-regulation of the response in the asthmatic airways
remains, however, unknown.

Bronchoconstriction to adenosine has been demonstrated in
a number of animal models. The mechanism varies widely
between species involving activation of Ajz receptors in the
guinea-pig (Thorne & Broadley, 1994; Kehoe & Broadley,
1996; Thorne et al., 1996), A, receptors on airway smooth
muscle cells in the rabbit (Ali et al., 1994b; El-Hashim et al.,
1996; Nyce & Metzger, 1997) and a combination of A,, Asp
and Aj receptors in the BDE rat (Pauwels & Van Der Straeten,
1987; Pauwels & Joos, 1995; Meade et al., 1996), the only
strain which responds consistently to adenosine (Pauwels et
al., 1995). For a variety of reasons, none of these models can
be considered to reflect closely the clinical response to
adenosine in asthmatics (Fozard & Hannon, 2000).

The aim of this study was to establish a new experimental
animal model of bronchoconstriction to adenosine designed to
mimic the effects seen in asthmatic subjects. Based on the
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marked up-regulation of the response to adenosine in allergic
asthmatics, our strategy was to explore the role of allergen
sensitization and subsequent challenge with allergen in
defining the response of the airways to adenosine. The BN
rat was chosen for these studies since this strain can be readily
and reproducibly sensitized to allergen and manifests both
early and late bronchoconstrictor responses to allergen
challenge, the latter being associated with a selective
pulmonary eosinophilic cell infiltrate (Pauwels et al., 1979;
1985; Elwood et al., 1992; 1993; Peers et al., 1993; Renzi et al.,
1993; 1996; Schneider & Issekutz, 1996; Haczku er al., 1996;
1997). In the event, we were able to demonstrate a marked
augmentation of the bronchoconstrictor response to adenosine
in sensitized rats challenged with allergen. To define the
mechanistic basis of this response was the aim of our studies.

A part of the results was presented to the Joint Meeting of
the British and Portuguese Pharmacological Societies in
April, 1999 (Hannon et al., 1999a,b).

Methods
Animals

Male BN rats weighing 200-300 g were supplied by
Biological Research Laboratories (Fiillinsdorf, Switzerland).
They were kept at an ambient temperature of 22 +2°C under
a 12 h normal phase light-dark cycle and fed on NAFAG®
pellets supplied by Nahr und Futtermittel AG, Gossau,
Switzerland. Drinking water was freely available. All
experiments were carried out with the approval of the
Veterinary Authority of the City of Basel (Kantonales
Veterinaeramt, Basel-Stadt).

Sensitization and challenge with allergen

The procedure is based on that described by Tarayre et al.
(1992). OA (20 ug ml~") was mixed (30 min on ice) in a
blender (Polytron, Kinematica Ltd.) with aluminium hydro-
xide (20 mgml~") and injected (0.5 ml per animal s.c.)
coincidentally with Acullulare pertussis adsorbat vaccine
(0.2 ml per animal i.p.; diluted 1:4 with saline 0.9%
w v~"). Injection of OA, together with adjuvant, was
repeated 14 and 21 days later. Sensitized animals were used
in experiments between days 28 and 35.

For challenge with OA, animals were briefly anaesthetized
(4% isofluran) in an anaesthetic chamber. OA or vehicle
(saline, 0.2 ml per animal) was administered intratracheally
and the animals allowed to recover.

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 (12 mg kg ').
No experiment lasted longer than 90 min, during which time
surgical anaesthesia was maintained without the need for
supplementary anaesthesia. Body temperature was main-

tained 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.). From measurements of airflow
and transpulmonary pressure, airway resistance (Rp, cm
H,O 17" s7") 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)).

In vivo studies: experimental protocols

Bronchial hyperresponsiveness to adenosine induced by OA
challenge in actively sensitized BN rats: Dose-response
relationship, time course and selectivity with respect to
methacholine and bradykinin Bronchoconstrictor responses
to adenosine (0.3 and 1 mg kg~! i.v.), methacholine (3 and
10 ug kg~ 'i.v.) and bradykinin (30 and 100 ug kg~ 'i.v.) were
established sequentially in groups of actively sensitized animals
challenged intratracheally with vehicle or OA. The interval
between the two adenosine doses was 15 min. Fifteen minutes
after the second adenosine dose, methacholine was adminis-
tered with a 2 min interval between doses. Finally, after a
further restabilization period of 15 min, bradykinin was given
with a 15 min interval between doses. OA was given i.t. at doses
of 0.03, 0.3 or 3 mg kg~! and the sequence of bronchocon-
strictor agents was started 3 or 24 h after OA challenge.
Vehicle-challenged animals received saline (0.2 mli.t.) 3 or 24 h
before the start of the bronchoconstrictor agonist sequence.

Effects of bilateral vagotomy
to adenosine (1 mg kg~'i.v.), methacholine (3 and 10 ug kg~
i.v.) and 5-HT (3 and 10 pug kg™' i.v.) were established in
groups of actively sensitized animals challenged with OA.
Fifteen minutes after the single dose of adenosine, methacho-
line was administered with a 2 min interval between doses.
After a further 15 min, 5-HT was given with a 2 min interval
between doses. OA was given i.t., at a dose of 0.3 mg kg~' and
the sequence of bronchoconstrictor agents was started 3 h
later. Bilateral vagotomy or a sham intervention was effected
10 min prior to the start of the agonist sequence.

Bronchoconstrictor responses
1

Effects of atropine Bronchoconstrictor responses to adeno-
sine (I mg kg=' i.v.), 5-HT (3-30 ug kg=' i.v.) and metha-
choline (3—30 ug kg™' i.v.) were established in groups of
actively sensitized animals challenged with OA. Fifteen
minutes after the single dose of adenosine, 5-HT was
administered with a 2 min interval between doses. After a
further 15 min, methacholine was given with a 2 min interval
between doses. OA was given i.t., at a dose of 0.3 mg kg™'
and the sequence of bronchoconstrictor agents initiated 3 h
later. Atropine (10 ug kg=—') was given i.v. 5 min prior to the
start of the agonist sequence.
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Effect of capsaicin Bronchoconstrictor responses to adeno-
sine (1 mg kg~'1.v.) or capsaicin (100 pug kg~'1i.v.) and 5-HT
(3-30 pug kg=! i.v.) were established in groups of actively
sensitized animals challenged with OA. Fifteen minutes after
the single dose of adenosine or capsaicin, 5-HT was
administered with a 2 min interval between doses. OA was
given i.t., at a dose of 0.3 mg kg~' and the sequence of
bronchoconstrictor agents initiated 3 h later.

Effect of disodium cromoglycate Bronchoconstrictor re-
sponses to adenosine (1 mgkg™' iv.) and 5-HT (3-
30 ug kg=' iv.) were established in groups of actively

sensitized animals challenged with OA. Fifteen minutes after
the single dose of adenosine, 5-HT was administered with a
2 min interval between doses. OA was given i.t., at a dose of
0.3 mg kg=' and the sequence of bronchoconstrictor agents
initiated 3 h later. Disodium cromoglycate (20 or
40 mg kg~') was given i.v. 5 min prior to the start of the
agonist sequence.

Effects of methysergide and ketanserin Bronchoconstrictor
responses to adenosine (1 mg kg=' i.v.), methacholine (3—
30 ug kg=' iv.)) and 5-HT (3-30 ug kg=' i.v.) were estab-
lished in groups of actively sensitized animals challenged with
OA. Fifteen minutes after the single dose of adenosine,
methacholine was administered with a 2 min interval between
doses. After a further 15 min, 5-HT was given with a 2 min
interval between doses. OA was given i.t., at a dose of
0.3 mg kg=' and the sequence of bronchoconstrictor agents
initiated 3 h later. Methysergide (10 ug kg=") or ketanserin
(50 pg kg=") was given i.v. 5 min prior to the start of the
agonist sequence.

Depletion studies with compound 48/80 Actively sensitized
BN rats were depleted of their resident mast cell mediator
stores by repeated administration of compound 48/80
according to the schedule described by Reeves et al. (1997).
Animals were given compound 48/80 at a dose of
1.2 mg kg=' day~' ip. for 4 days and on the fifth day
measurement of lung function performed. Control animals
were given equivalent volumes of saline. On day 5, animals
were challenged with OA (0.3 mg kg~' i.t.) and 3 h later a
sequence of bronchoconstrictor agonists initiated. Animals
were given a bolus i.v. injection of adenosine (1 mg kg~') and
15 min later a dose-response curve to 5-HT (3—-30 ug kg~ 'i.v.)
was performed, the interval between doses being 2 min. After a
further 5 min, a dose-response curve to methacholine (3—
30 ug kg~! i.v; interval between doses 2 min) was obtained,
followed 5 min later by a dose-response curve to compound
48/80 (0.1-3 mg kg~ ' i.v; interval between doses 2 min).

Measurement of histamine and 5-HT in plasma

Animals were anaesthetized with sodium pentothal
(70 mg kg~ i.p.), and polyethylene catheters placed in both
the left carotid artery (for blood collection) and right jugular
vein (for drug administration). After set-up the animals were
left for a stabilization period of at least 20 min. The details of
the subsequent experimental interventions are given in the
Results section. Blood samples (approximately 1 ml) were
taken into 1.5 ml potassium ethylenediaminetetraacetate
(EDTA) coated plastic collection tubes and chilled on ice.

Samples were immediately centrifuged (1700 x g, 30 min, 4°C;
Omnifuge 2.0, Heraeus Sepratech, CH) and the overlying
plasma aspirated and stored at —30°C prior to assay. The
concentrations of histamine and 5-HT in the plasma were
assessed by colorimetric assay using commercial Kkits
(Immunotech).

Histology

Mast cell degranulation following adenosine administration
Animals were anaesthetized with sodium pentothal
(70 mg kg=' i.p.) and a cannula inserted into the left jugular
vein. After set-up the animals were left for a stabilization
period of at least 10 min. The details of the experimental
interventions are given in the Results section. Samples of lung
tissue (left lobe) and skin were removed and placed in 10%
phosphate-buffered neutral formalin. After 3 days fixation,
the tissues were dehydrated and embedded in paraffin. The
blocks were cut at 3 um and each section stained with toluene
blue. Mast cells were counted and the extent of degranulation
scored blind according to the following scale: 0=essentially
intact mast cells with no, or only marginal, degranulation;
1=mast cell showing unequivocal signs of degranulation;
2 =degranulated mast cell with no cell body visible (for full
details, see Fozard et al., 1996). The aim was to score a
minimum of 100 mast cells per tissue section. However, in
two of the 16 animals tested this was not possible and thus
the relative percentages are presented.

In vitro studies: lung parenchymal strip

Naive (non-sensitized) rats, or rats sensitized to OA, as
described above, were challenged either with vehicle or OA,
0.3 mg kg—' 3 h prior to death by exposure to carbon dioxide.
The lungs were perfused in situ via a cannula inserted into the
pulmonary artery with 60 ml of modified Krebs’ solution of
the following composition (mM): NaCl, 118; KCl, 4.8; MgSO,,
1.2; CaCly, 2.5; KH,POy,, 1.2; NaHCO3, 25; glucose, 11. The
lungs were removed and four slices (10—12 mm long, 3 mm
thick) were cut from the major lobe. Tissues were set up for
recording isotonic tension in 10 ml organ baths containing
modified Krebs’ solution at 37°C bubbled with 95% 0O,/5%
CO,. Resting tension was maintained at 1g. After a
stabilization period of 1 h, during which time the tissues were
repeatedly washed, a supramaximal concentration of betha-
nechol (0.1 mM) was added. After repeated washing during 1—
1.5 h, a single concentration of adenosine (0.1, 0.3 or 1 mMm)
was added to the bath followed 1 h later, after repeated
washing, by establishment of a dose-response curve to 5-HT
(100 nM—0.1 mMm) and, a further 1 h later, a curve to
bethanechol (100 nM—0.1 mM). Tension changes were ex-
pressed relative to the maximal response to bethanechol. In
some experiments methysergide (10 nM), or disodium cromo-
glycate (0.03 mMm) were included in the Krebs’ solution from
15 min prior to establishment of the response to adenosine
(0.1 mMm) for the duration of the experiment.

Materials
Aluminium hydroxide was from Merck, Germany. Acullulare

pertussis adsorbat vaccine was from the Vaccinal and
Serotherapic Institute of Bern, Switzerland. Pentothal
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(thiopentalum natricum) and Forene (isofluran, 100%) was
obtained from Abbott, Switzerland. Norcuron (vecuronium
bromide) was from Organon Teknika, Holland. Ovalbumin
was obtained from Fluka, Switzerland. Bradykinin acetate
was from Bachem, Switzerland. Bethanechol (carbamyl-f-
methyl-choline chloride), capsaicin, ketanserin tartrate,
methacholine chloride, disodium cromoglycate, compound
48/80 (condensation product of N-methyl-p-methoxypheny-
lethylamine with formaldehyde), S5-hydroxytryptamine creati-
nine sulphate and adenosine hemisulphate were obtained
from Sigma, Switzerland. All compounds were made up
freshly in 0.9% w v—' NaCl on the day of the experiment.

Data analysis

All data are presented as means +s.e.means. Statistical analysis
was performed on raw data by means of Student’s r-test for
paired data or analysis of variance with post hoc pairwise
multiple comparison procedures, using SigmaStat for Win-
dows, version 2.03. A P value <0.05 was considered significant.

Results

Bronchoconstrictor and cardiovascular responses to
adenosine in BN rats: Comparison between naive animals
and animals actively sensitized to OA with and without
allergen challenge

The results are presented in Figure 1. Adenosine (0.1—
10 mg kg~' i.v., interval between doses 20 min) induced only
weak bronchoconstrictor responses in both naive and actively
sensitized animals and there were only minor differences in
responses between the two groups. In contrast, 3 h following
intratracheal (i.t.) challenge of actively sensitized animals
with OA (0.3 mg kg™'), responses to adenosine were
enhanced at all doses tested. Enhancement was selective for
the airways since neither the fall in blood pressure nor the
bradycardia induced by adenosine was increased in the
challenged animals (Figure 1).

H Naive + Vehicle (n=4)

@ Sensitised + Vehicle {(n=4)

Bronchial hyperresponsiveness to adenosine induced by
OA challenge in actively sensitized BN rats:
Dose-response relationship, time course and selectivity
with respect to methacholine and bradykinin

In these experiments, OA was given i.t. at doses of 0.03, 0.3 or
3 mg kg~' and the sequence of bronchoconstrictor agents
initiated 3 or 24 h after OA challenge. Vehicle-challenged
animals received saline, 0.2 mli.t., 3 or 24 h before the start of
the bronchoconstrictor agonist sequence. There were no
changes in basal airway resistance following any of the doses
of OA or at either time point. The results are shown in Figure 2.

At the 3 h time point a marked dose-dependent augmenta-
tion of the response to adenosine was noted following each
dose of allergen. Responses to methacholine and bradykinin
were little changed although the responses to the smaller
doses of both agents were significantly increased following
the 3 mg kg=' dose of OA.

At the 24 h time point the sensitivity of the airways to
adenosine, was similar to that of control animals following
each dose of OA. Responses to the higher dose of
methacholine (10 ug kg=') were inhibited dose-dependently
with increasing OA dose (significant at 3 mg kg=! OA).
Responses to bradykinin were little changed 24 h following
OA (0.03 and 3 mg kg~") but were significantly augmented
following 0.3 mg kg~ '.

From these studies, 0.3 mg kg~' of OA given i.t., 3 h prior
to testing was considered a suitable paradigm to explore the
mechanism of the airway hyperresponsiveness to adenosine
induced by allergen challenge in actively sensitized BN rats.

Effects of allergen challenge on bronchial responsiveness
to adenosine administered locally to the airways in
actively sensitized BN rats

The sensitivity of the airways to i.t. administration of
adenosine was established in actively sensitized BN rats 3 h
following challenge with OA (0.3 mg kg~!, i.t.) or vehicle
(saline, 0.2 ml, i.t.). A dose response curve to adenosine (3, 10
and 30 mg kg~") was constructed using one dose per animal
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Figure 1 Comparison of the bronchoconstrictor and cardiovascular (mean arterial blood pressure, MABP; heart rate, HR) effects
of adenosine in non-sensitized (naive), Brown Norway rats challenged 3 h previously with vehicle (saline, 0.2 ml, i.t.) or animals,
actively sensitized to ovalbumin (OA) challenged 3 h previously with vehicle (saline, 0.2 ml, i.t.) or OA (0.3 mg kg~! i.t.). Results
are expressed as means ts.e.mean of the number (n) of animals shown in parentheses. *P<0.05, **P <0.01, ***P<0.001 that the
value is significantly different from the equivalent value in either the naive or actively sensitized vehicle-challenged animals.
#P <0.05 that the value is significantly different from the equivalent value in the actively sensitized, vehicle-challenged animals.
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Figure 2

Increases in airway resistance induced by intravenous administration of adenosine, methacholine and bradykinin starting 3 h

(upper panel) or 24 h (lower panel) post intratracheal instillation of ovalbumin (OA; 0.03, 0.3, or 3 mg kg~ '), or vehicle (saline, 0.2 ml),
in actively sensitized Brown Norway rats. Results are expressed as means +s.e.mean of the number (7) of animals shown in parentheses.
*P<0.05, **P<0.01, ***P<0.001 indicates significant difference between the OA-treated and equivalent vehicle-treated group.

to avoid tachyphylaxis. The results are presented in Figure 3.
They demonstrate a marked augmentation of the broncho-
constrictor response to adenosine following OA challenge and
are thus qualitatively similar to those obtained when
adenosine was given i.v. (see Figure 1).

Role of nerve activation in the augmented
bronchoconstrictor response to adenosine induced
by OA challenge in actively sensitized BN rats

Bilateral vagotomy The results are shown in Figure 4A. When
carried out 10 min prior to starting the agonist sequence,
bilateral vagal section had no effect on the bronchoconstrictor
responsiveness to adenosine, methacholine or 5-HT.

Atropine The results are shown in Figure 4B. The dose of
atropine used (10 pug kg=' i.v.) was defined in preliminary
experiments as just supramaximal for blockade of the
bronchoconstrictor responses to methacholine. Atropine was
without effect on the bronchoconstrictor response to adenosine

augmented following OA challenge. Similarly, responses to 5-
HT were unchanged following atropine. In contrast, the
bronchoconstrictor response to methacholine was markedly
and significantly reduced following the antagonist.

Capsaicin  Capsaicin releases tachykinins from sensory
nerves (Holtzer, 1991; Fox, 1995). If activation of these
neurones is important to the action of adenosine, capsaicin
should mimic the effects of adenosine. The comparative
effects of capsaicin at a high dose previously shown to
activate strongly the bronchopulmonary sensory fibres
(Yamawaki et al., 1993; Hong et al., 1998), and adenosine
on the airways and cardiovascular system of sensitized BN
rats challenged with OA are shown in Figure 5. In contrast to
adenosine (1 mg kg=' i.v.), which induced a substantial
bronchoconstrictor response, a dose of 100 ug kg=!, capsai-
cin had minimal effects on airway resistance. Capsaicin did,
however, induce a biphasic change in blood pressure
accompanied by an increase in heart rate consistent with
the release of sensory neuropeptides.

British Journal of Pharmacology vol 132 (7)
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Figure 3 Changes in airway resistance and mean arterial blood pressure (MABP) induced by intratracheal (i.t.) administration of
adenosine 3 h post i.t. instillation of ovalbumin (OA, 0.3 mg kg~") or vehicle (saline, 0.2 ml) in actively sensitized Brown Norway
rats. Results are expressed as means+s.e.mean of the number (7) of animals shown in parentheses. *P <0.05, **P<0.01 that the
value is significantly different from the equivalent value in the vehicle-challenged groups.
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Figure 4 Effect of bilateral section of the vagus nerves (bivagotomy; A) and atropine (10 ug kg~'; B) on bronchoconstrictor
responses to adenosine, methacholine and 5-HT in actively sensitized Brown Norway rats challenged 3 h previously with ovalbumin
(OA, 0.3 mg kg~ ). Bivagotomy was carried out 10 min before, and atropine was given i.v. 5 min prior to, the start of the injection
sequence. Results are expressed as means+s.e.mean of the number (#) of animals shown in parentheses. **P<0.01, ***P<0.001
indicates significant difference between vehicle- and corresponding atropine-treated animals.

Role of the mast cell in the augmented bronchoconstrictor
response to adenosine induced by O A challenge in actively
sensitized BN rats

To evaluate the role of the mast cell in the bronchocon-
strictor response to adenosine, the effects of the mast cell
stabilizing agent, disodium cromoglycate, and the 5-HT,

receptor antagonists, methysergide and ketanserin, were
determined. The effects of adenosine in animals depleted of
their mast cells by sub-chronic treatment with compound 48/
80 were also evaluated.

Disodium cromoglycate The results are shown in Figure 6.
Disodium cromoglycate, given i.v. 5 min prior to the start of
the agonist sequence at doses previously shown to block mast

British Journal of Pharmacology vol 132 (7)



J.P. Hannon et al

Airway hyperresponsiveness to adenosine 1515

>

N8 o MReem 8 o epemeg B

Kiway Rosistancess
o (amHOr ")
—Vr-

1 3 10 30
Adenosine
(mg kgtiv)

\‘———
NN EEnees

—

5-HT (ug kg iv.)

E o eppmnp 8

§ o e

Aruay Rewisance

o EmHOP YY)

100 3 10 30
Capsaicin ’—‘i
(ngkgiv) 2 minutes 5-HT (ug kgt iv)

Figure 5 Bronchoconstrictor and cardiovascular effects of capsaicin (100 ug kg~
challenged 3 h previously with ovalbumin (OA, 0.3 mg kg~'): Comparison with adenosine (I mg kg~

1250 - B
MR Adenosine series (n=4)
] Capsaicin series (n=4)

1000
»
Q
T

g 7504
G
@
1¥3

e J
s
0

§ 500 |
B
©
g
<
<

250

04

toot

1 100 10 30
Adenosine Capsaicin 5-HT
(mgkg'iv) (ugkg'iv.) (Mg kgtiv.)

i.v.) in actively sensitized Brown Norway rats
"iv.). (A) Representative

experimental records. (B) Bronchoconstrictor responses to capsaicin and adenosine expressed as means +s.e.mean of the number ()

of animals shown in parentheses.

1000 - )
R Vehicle (n=8)
1 DSCG 20 mg kg-1 (n=4)
DSCG 40 mg kg1 (n=4
800 [ g kg-! (n=4)
i
0, ]
T
£ 6004
L
[0}
(3]
o
ol
R
$ 4004
o
g
g
<C
< 200
1 3 10 30
Adenosine 5-HT
(mg kg iv.) (ug kg iv.)

Figure 6 Effect of disodium cromoglycate (DSCG, 2040 mg kg~
given i.v. Smin prior to the start of the injection sequence) on
bronchoconstrictor responses to adenosine and 5-HT in actively
sensitized Brown Norway rats challenged 3 h previously with
ovalbumin (OA, 0.3 mg kg™!). Results are expressed as means+
s.e.emean of the number (1) of animals shown in parentheses.
**P<0.01, **P<0.001 indicates significant difference between
vehicle- and corresponding disodium cromoglycate-treated animals.

cell degranulation in rats in vivo (20—40 mg kg—'; Hannon et
al., 1995), induced a marked and dose-dependent inhibition
of the bronchoconstrictor response to adenosine. In contrast,
neither the bradycardia nor the hypotension in response to
adenosine was affected (data not illustrated). Bronchocon-
strictor responses to 5-HT were not significantly altered by
pretreatment with disodium cromoglycate (Figure 6).

Methysergide and ketanserin The results are shown in
Figure 7. Both methysergide and ketanserin, given i.v.
S min prior to the start of the agonist sequence at doses
just supramaximal for blockade of 5-HT, receptors in vivo (10
and 50 ug kg='; Fozard & Leach, 1968; Fozard, 1982;
respectively), induced essentially complete blockade of both
the bronchoconstrictor response to adenosine and 5-HT,
whereas responses to methacholine remained unchanged. The
cardiovascular responses to adenosine and methacholine were
not altered by pretreatment with either drug. Predictably, and
consistent with the selectivity of methysergide and ketanserin
for 5-HT, receptors, the hypotensive effects of 5-HT were
increased following the antagonists (data not illustrated).

Sub-chronic treatment with compound 48/80 Compound 48/
80 was administered i.p., to actively sensitized BN rats at a
dose of 1.2mgkg'day™' on 4 consecutive days; the
compound induced mild scratching and the animals appeared
sedated in comparison to vehicle-treated animals. On day 5,
animals were challenged with OA (0.3 mg kg~' i.t.) and 3 h
later a sequence of bronchoconstrictor agonists was started.
The results are presented in Figure 8. Pretreatment with
compound 48/80 resulted in a significant (ca. 65%)
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Figure 7 Effect of methysergide and ketanserin (10 and 50 ug kg ™', respectively; given i.v. 5 min prior to the start of the injection
sequence) on bronchoconstrictor responses to adenosine, methacholine and 5-HT in actively sensitized Brown Norway rats
challenged 3 h previously with ovalbumin (OA, 0.3 mg kg~ "). Results are expressed as means+s.e.mean of the number (1) of
animals shown in parentheses. *P<0.05, **P<0.01, ***P<0.001 indicates significant difference between vehicle- and the
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Figure 8 The effect of subacute treatment with compound 48/80 (1.2 mg kg~' day~' i.p., for four consecutive days) on responses

to adenosine, 5-HT, methacholine and compound 48/80 with respect to airway resistance, mean arterial blood pressure (MABP) and
heart rate (HR) elicited 3 h following ovalbumin (OA, 0.3 mg kg~") challenge in actively sensitized Brown Norway rats. Results are
expressed as means+s.e.mean of the number (1) of animals shown in parentheses. *P<0.05, **P<0.01, ***P<0.001 indicates
significant difference between vehicle- and compound 48/80- pretreated animals.
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suppression of the bronchoconstrictor response to adenosine
and to the 0.3 mgkg™' dose of acutely administered
compound 48/80; in contrast, airway responses to 5-HT or
methacholine were not significantly affected. The falls in
blood pressure induced by the three lowest doses of
compound 48/80 were also inhibited significantly in the
pretreated animals (Figure 8).

Plasma histamine and 5-HT concentrations following
adenosine administration: Effects of disodium
cromoglycate and methysergide

The experiments were carried out in actively sensitized
animals challenged with vehicle (saline, 0.2 ml, i.t.) or OA
(0.3 mg kg=', i.t.) 3 h prior to blood sampling. In each group
a blood sample was taken from the carotid artery to give the
baseline value. Five minutes later animals were given either
adenosine (1 mg kg~") or vehicle (saline, 1 ml kg~") by bolus
i.v. injection and 1 min later a second blood sample was
taken. The results are presented in Figure 9.

Injection of vehicle had no effect on the plasma histamine
concentrations in either group. In contrast, in actively
sensitized animals challenged either with vehicle or OA,
adenosine induced marked and significant increases in the
plasma levels of histamine (> 10 fold; P<0.001, respectively).
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Figure 9 Changes in histamine (upper panel) or 5-HT (lower panel)
plasma concentrations induced by intravenous injection of vehicle
(VEH; saline, 0.2 ml) or adenosine (ADO, 1 mgkg™") in actively
sensitized Brown Norway rats challenged 3 h previously with either
vehicle (saline, 0.2 ml) or ovalbumin (OA, 0.3 mg kg™!). Each
column represents the means+s.e.mean of data from eight animals.
*P<0.05, ***P<0.001 indicates significant difference between
vehicle- and corresponding adenosine-treated animals.

Injection of vehicle did not change significantly the plasma 5-
HT concentrations in either group. Following injection of
adenosine the plasma 5-HT concentrations in the actively
sensitized animals challenged with vehicle did not change
significantly. In contrast, the plasma 5-HT concentrations in
animals challenged with OA were increased significantly by
3.4-fold following injection of adenosine (Figure 9).

In a second study the effect of pretreatment with disodium
cromoglycate or methysergide on the increases in plasma
histamine and 5-HT concentrations induced by adenosine in
actively sensitized animals challenged with OA was investi-
gated. The results are presented in Figure 10. In confirmation
of the data from the preceding experiment, adenosine
(1 mg kg~ i.v.) increased significantly the plasma histamine
and 5-HT concentrations. The increases in both mediators
were attenuated by treatment with disodium cromoglycate
(40 mg kg~' i.v.) given 5 min prior to adenosine. The net
increases in plasma histamine concentrations (i.e. values post-
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Figure 10 Changes in histamine (upper panel) and 5-HT (lower
panel) plasma concentrations from baseline (BL) induced by
adenosine (ADO; 1 mgkg~' iv.) in actively sensitized Brown
Norway rats challenged intratracheally 3 h previously with ovalbu-
min (OA, 03 mgkg™!). Animals were treated 5 min prior to
adenosine administration with intravenous injections of vehicle
(saline, 1 ml kg~'), disodium cromoglycate (DSCG; 40 mg kg~') or
methysergide (10 ug kg™'). Each column represents the means+s.e.-
mean of data from four animals. **P<0.01, ***P<0.001 indicates
significant difference between vehicle and corresponding animals
given adenosine. #P <0.05 indicates significant difference in histamine
or 5-HT release induced by adenosine in vehicle-treated and DSCG-
treated rats.
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adenosine minus pre-adenosine baseline values) were: vehicle
248.7 ng ml~';  disodium  cromoglycate  43.8 ng ml~!,
P <0.05; net increases in plasma 5-HT concentrations: vehicle
2.4 ng ml~'; disodium cromoglycate 1.1 ng ml~', P<0.05. In
contrast, neither the increases in histamine nor 5-HT induced
by adenosine were affected by pretreatment with methyser-
gide (10 pug kg=' i.v., given 5 min prior to adenosine) (Figure
10).

Mast cell degranulation induced by adenosine

The experiment was carried out in actively sensitized BN rats
challenged with vehicle (saline, 0.2 ml, 1it) or OA
(0.3 mg kg~ !, i.t.). Three hours later, animals were anaes-
thetized and given adenosine (1 mg kg—') or vehicle (saline,
0.2 ml) by bolus intravenous injection. Three to 5 min later
animals were killed and samples of lung and skin tissue
removed for histological processing. The results are presented
in Figure 11. Challenge with OA induced a small, but
significant, increase in the proportion of partially or fully
degranulated mast cells in lung, but not skin. Adenosine
(1 mg kg~!' i.v.) administered to vehicle challenged animals
had no effect on the degranulation status of mast cells in lung
or skin. In contrast, adenosine induced a significant increase
in the proportion of partially or fully degranulated mast cells
in the lungs of actively sensitized animals challenged 3 h
previously with OA; mast cells from skin were unaffected
(Figure 11).

In vitro studies on lung parenchymal strips

In an attempt to provide further evidence for the mast cells of
the lung being involved in the augmented response to
adenosine after allergen challenge, the constrictor responses

W Vehicle it. / Vehicle i.v. (n=4)
100+ 100+ e ine iv. (ne

Vehicle i.t. / Adenosine i.v. (n=4)
W OAit /Vehicleiv. (n=4)
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%

cells

Figure 11 The degranulation status of mast cells in lung and skin
3-S5 min following intravenous (i.v.) administration of adenosine
(1 mg kg~ ") or vehicle (saline, 0.2 ml) to actively sensitized Brown
Norway rats, 3 h following intratracheal (i.t.) administration of
ovalbumin (OA, 0.3 mgkg~!) or vehicle (saline, 0.2ml). %
cells =percentage of mast cell with a status defined according to the
following scale: 0=essentially intact mast cells with no, or only
marginal, degranulation; 1=mast cell showing unequivocal signs of
degranulation; 2=degranulated mast cell with no cell body visible.
Results are expressed as means+s.e.mean of the number (n) of
animals shown in parentheses. *P<0.05 indicates significant
difference between OA- treated animals and the corresponding
vehicle treated controls. #P<0.05 indicates significant difference
between adenosine-treated animals and the corresponding vehicle-
treated controls.

of lung parenchymal strips taken from sensitized animals
challenged 3 h previously with OA, 0.3 mg kg~', were
compared with those obtained in strips from sensitized or
non-sensitized (naive) rats challenged with vehicle (saline,
0.2 ml, i.t.). The results are shown in Figure 12. Tissues from
naive rats and sensitized rats challenged with vehicle
responded only weakly to adenosine, despite showing robust
responses to 5-HT and bethanechol. In contrast, strips taken
from animals challenged with OA manifested concentration-
dependent constrictor responses to adenosine which were
significantly greater than those seen in either the naive
animals or sensitized animals challenged with vehicle. The
response to 0.1 mM adenosine reached 40% of the maximum
achieved by 5-HT at 0.1 mM; higher concentrations could not
be used due to solubility constraints.

Inclusion of methysergide in the Krebs’ solution at 10 nMm,
a concentration 3 fold higher than the Kp at 5-HT, receptors
(Hoyer & Fozard, 1991), reduced markedly the constrictor
response to adenosine and 5-HT. In contrast, in the presence
of disodium cromoglycate (0.03 mM), a concentration which
is just supramaximal for inhibition of mediator release from
rat mast cells (Kusner et al., 1973), responses to adenosine
were reduced significantly by 69% whereas those to 5-HT
were not significantly altered (Figure 13).

Discussion

Our data show that the airways of naive BN rats respond
only weakly to adenosine. Low sensitivity of the airways to
adenosine is a feature of a number of rat strains including the
Fisher 344 and Sprague Dawley strains (Pauwels ez al., 1979;
1993; Pauwels & Van Der Straeten, 1987). Naive rabbits and
guinea-pigs are also poorly responsive to adenosine (Ali et
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Figure 12 Contractile effects of 5-HT and adenosine on parenchy-
mal strips prepared from lungs removed from non-sensitized (naive),
Brown Norway rats challenged 3 h previously with vehicle (saline,
0.2 ml, i.t.) or animals, actively sensitized to ovalbumin (OA)
challenged 3 h previously with vehicle (saline, 0.2 ml, i.t.) or OA
(0.3 mg kg~" i.t.). Responses to adenosine are expressed relative to
both the maximal response to bethanechol (A) and, to take into
account the sensitivity of tissues from the three groups to 5-HT,
relative to the response to 5-HT, 10~* M (B). Results are expressed as
means +s.e.mean of the number (n) of tissues shown in parentheses.
*P<0.05, **P<0.01, ***P<0.001 that the value is significantly
different from the equivalent value in the actively sensitized vehicle-
challenged animals.
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Figure 13 Effect of disodium cromoglycate (DSCG, 0.03 mMm) and
methysergide (10 nm) on contractile responses to 5-HT and adenosine
on parenchymal strips prepared from lungs removed from Brown
Norway rats actively sensitized to ovalbumin (OA) and challenged
3 h previously with OA (0.3 mg kg~ ' i.t.). Results are expressed as
means +s.e.mean of the number (n) of tissues shown in parentheses.
*P<0.05, **P<0.01, ***P<0.001 that the value is significantly
different from the equivalent value in the control group.

al., 1994a,b; Thorne & Broadley, 1994; El-Hashim et al.,
1996). These observations contrast with the findings in BDE
rats where adenosine was demonstrated to induce consistent,
though relatively weak, bronchoconstrictor responses (Pau-
wels & Van Der Straeten, 1987). This may be a reflection of
the fact that rats of the BDE strain are innately atopic
(Jacobson & Bai, 1997).

Sensitization per se did not increase the sensitivity of the
airways of BN rats to adenosine. This contrasts with the
increase in responsiveness of the airways to adenosine
recorded in guinea-pigs sensitized to OA (Thorne & Broad-
ley, 1994). Moreover, rabbits sensitized from birth with either
ragweed allergen (Ali et al., 1994a) or Alternia tenuis allergen
(El-Hashim ez al., 1996) demonstrated significant upregula-
tion of the response to adenosine or its analogue,
cyclopentyladenosine, relative to non-immunized controls.
On the other hand, the discrepancy between atopic
asthmatics (which respond well to adenosine) and the
sensitized BN rat (which does not) may be more apparent
than real. Thus, asthmatics presumably undergo regular
exposure to allergen, a situation which would resemble more
that of the sensitized challenged animal than that of animals
sensitized but not exposed to allergen.

Challenge of actively sensitized BN rats with allergen
induced profound changes in the responsiveness of the
airways to adenosine, methacholine and bradykinin. The
effects were clearly related to the dose of allergen, the
spasmogen used to induce bronchoconstriction and the time
after challenge that the spasmogens were administered.
Somewhat unexpectedly, the sensitivity of the airways to
methacholine was reduced 24 h after challenge with the
higher doses of allergen. Generally, responses to cholinergic
agonists are increased 16—24 h following allergen challenge
in man (Aalbers et al., 1991) and BN rats (Elwood et al.,
1992; 1993; Underwood et al., 1995) and hence the findings
with methacholine in the present studies do not agree with
the literature. At present, we have no convincing explanation
for the discrepancy, although it may reflect differences in the
dose and procedures used to effect allergen challenge which

are generally ‘optimized’ to give strong responses for a
particular endpoint analysis.

The most consistent change was in the response to
adenosine which was augmented at each time point and/or
following the different doses of allergen. Since the object of
these studies was to define the optimal conditions inducing a
marked and consistent change in the response to adenosine,
OA, 0.3 mg kg~' given 3 h prior to testing was chosen for
further detailed evaluation.

Throughout these studies adenosine was given i.v. and it
was considered important to demonstrate a similar effect of
allergen challenge following local administration of adenosine
to the airways. In the event, i.t. administration of adenosine
gave a qualitatively similar result to that obtained following
i.v. administration; although the doses required were
significantly higher. The reason for this is unclear, although
it may reflect a more efficient delivery of adenosine to the
mast cells believed to be involved in the bronchoconstrictor
response to adenosine (vide infra) following i.v. rather than
i.t. administration. A striking finding in these experiments
was that the associated cardiovascular effects of adenosine,
were similar in both OA- and vehicle-challenged animals
irrespective of the route of administration. The fact that
hyperresponsiveness does not extend to the cardiovascular
effects of adenosine, rules out a pharmacokinetic interaction
as an explanation for the augmented bronchoconstrictor
response to adenosine following allergen challenge and
implies a fundamentally different mechanism of action of
adenosine at the level of the airways and the cardiovascular
system.

It is self-evident that the airway smooth muscle must
mediate the augmented bronchoconstrictor response to
adenosine. However, a general increase in smooth muscle
reactivity cannot be the basis of the phenomenon since active
sensitization and subsequent exposure to allergen had
minimal effects on the bronchoconstrictor response to
methacholine (present studies) or 5-HT (Fozard & Hannon,
2000). This suggests that the bronchoconstrictor effect of
adenosine may result from an upregulation of an indirect
mechanism of action involving the release of bronchocon-
strictor mediators from one or more intermediary cell types.
The principal candidates for such a role are the airway
innervation (Pauwels & Joos, 1995; Hong er al., 1998;
Tamaoki et al., 1999) and mast cells (Pauwels & Joos,
1995; Fozard et al., 1996).

Our data suggest that neither the airway cholinergic nerves
nor capsaicin-sensitive afferent neurones play a role in the
bronchoconstrictor response to adenosine augmented follow-
ing allergen challenge. Thus, the response was not antag-
onized by atropine at a dose which ablated responses of the
airways to the selective muscarine receptor agonist, metha-
choline, nor by acute vagal nerve section. Reflex or direct
activation of the vagal cholinergic innervation cannot,
therefore, underlie the bronchoconstrictor response to
adenosine. Further, the response to adenosine could not be
mimicked by acute intravenous administration of a high dose
of capsaicin adequate to activate the sensory afferent nerve
fibres of the rat airways (Yamawaki er al., 1993; Hong et al.,
1998). The cardiovascular effects seen with capsaicin provides
direct evidence of sensory neurotransmitter release under the
conditions of the present experiments. Despite this, bronch-
oconstrictor responses to capsaicin were small and simply not
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comparable to those produced by adenosine. It bears
emphasis in this context that it is the A; adenosine receptor
which mediates activation of the bronchopulmonary sensory
afferent nerves in the rat (Hong et al., 1998). In our hands,
the bronchoconstrictor response to adenosine was resistant to
blockade by the potent and selective A; receptor antagonist,
dipropylcyclopentylxanthine (DPCPX; Hannon et al., 1999b).
It is difficult to reconcile these findings with a significant
contribution from the sensory afferent innervation to the
bronchoconstrictor response to adenosine.

Since previous studies have implicated the mast cell in the
bronchoconstrictor response to adenosine and its analogues
in the BDE rat (Pauwels & Van Der Straecten, 1987, Pauwels
& Joos, 1995; Meade et al., 1996), this particular inflamma-
tory cell was the obvious candidate for a role in the response
to adenosine augmented following allergen challenge. Our
analysis provides pharmacological, biochemical and histolo-
gical data strongly supportive of the concept.

First, the response to adenosine was markedly suppressed
by low doses of the 5-HT, receptor antagonists, methysergide
or ketanserin, which also blocked the bronchoconstrictor
responses to S5-HT but did not affect the responses to
methacholine. The lack of effect of these agents on
methacholine indicates no generalized suppression of smooth
muscle reactivity. Moreover, at the same dose used to
suppress the bronchoconstrictor response to adenosine,
methysergide did not suppress the increase in histamine and
5-HT concentrations induced by adenosine. Both histamine
and 5-HT are contained within rat mast cells and are released
upon degranulation (Purcell & Hanahoe, 1990a,b; Meade et
al., 1996). However, because the rat airways are relatively
insensitive to histamine (Lulich & Patterson, 1980; Hannon et
al., 1995) it is the 5-HT which results in bronchoconstriction
(Nagase et al., 1996). 5-HT contracts rat airways smooth
muscle by an action at 5-HT, receptors (Cohen et al., 1985;
Cohen, 1989; Nagase et al., 1996). Methysergide and
ketanserin have in common potent 5-HT, receptor antagonist
activity (Fozard, 1982; Mylecharane, 1990; Hoyer & Fozard,
1991). Blockade by these agents is thus consistent with an
intermediatory role for the mast cell in the bronchoconstric-
tor response to adenosine. A similar conclusion was drawn by
Nordstroem & Delbro (1986) with respect to contractile
responses to adenosine on rat trachea in vitro.

Second, the response to adenosine was blocked selectively
by disodium cromoglycate, a compound recognized as an
inhibitor of mediator release from mast cells (Bernstein &
Bernstein, 1997). The fact that responses to 5-HT were
unaltered following disodium cromoglycate indicates an effect
other than to suppress bronchial reactivity in general or the
bronchoconstrictor effects of 5-HT in particular. The data are
therefore consistent with mast cell involvement in the
response to adenosine. In support of this, the increased
plasma histamine and 5-HT concentrations associated with
the bronchoconstrictor response to adenosine were inhibited
by treatment with disodium cromoglycate. Coupled with the
fact that the pulmonary nerves appear not to be involved in
the response to adenosine (see above), the data render it
unnecessary to invoke a role for the several other
pharmacological properties of disodium cromoglycate which
could theoretically play a role in the observed blockade of
adenosine (Page, 1994; Bernstein & Bernstein, 1997; Eady &
Norris, 1997).

Third, the response to adenosine augmented following
allergen challenge was suppressed in animals treated with
compound 48/80, a mast cell degranulating agent (Paton,
1951). Repeated treatment with compound 48/80 to achieve
depletion of mast cell-derived mediators has been a successful
strategy in defining a role of the mast cell in a variety of
experimental paradigms (Banks et «al., 1990; Hannon et al.,
1995; Meade et al., 1996; Reeves et al., 1997). We used a
pretreatment schedule which resulted in extensive depletion of
skin mast cells as quantified by inhibition of plasma protein
extravasation (Reeves er al., 1997). Evidence of mast cell
depletion in the present studies was inferred by the inhibition
of both the bronchoconstrictor response and the fall in blood
pressure induced by compound 48/80 administered acutely in
the treated animals. Using this paradigm, significant blockade
of the response to adenosine was observed with no
suppressant effects on either the cardiovascular or airway
responsivity to S5-HT or methacholine. Again, the data
support an intermediary role for the mast cell in the
bronchoconstrictor response to adenosine augmented follow-
ing allergen challenge.

It is of interest to note in passing that the bronchocon-
strictor responses to acutely administered compound 48/80
were weak relative to adenosine. One possible explanation is
that since compound 48/80 was injected cumulatively there
may have been desensitization by the lower doses of
responses to the higher doses. The finding may also reflect
a relatively weak effect on the subpopulation of mast cells
present in the lung on which adenosine is suggested to act
(vide infra). We have previously documented the tissue
heterogeneity of the mast cell degranulation response to
compound 48/80 in the rat (Fozard et al., 1996). Such an
explanation would fit with the observation that blockade of
adenosine was incomplete (ca. 60% inhibition) in animals
treated sub-chronically with compound 48/80.

Fourth, adenosine induced increases in the plasma
concentrations of the mast cell mediators, histamine and 5-
HT. At a qualitative level these data are fully supportive of
mast cell degranulation being involved in the response to
adenosine. However, closer examination of the data revealed
some interesting aspects to the results in this series of
experiments. Thus, marked increases in plasma histamine
concentrations were seen following adenosine in both actively
sensitized animals challenged with OA and in those
challenged with vehicle. Thus, adenosine appears to activate
mast cells under both these experimental circumstances to a
broadly similar extent. The fact that bronchoconstrictor
effects to adenosine are minimal in actively sensitized,
vehicle-challenged animals may reflect the insensitivity of
the rat airways to histamine (Hannon et al., 1995) and the
fact that in these animals there was no evidence from the
plasma 5-HT levels of 5-HT release following adenosine.

Thus, the marked augmentation of the bronchoconstrictor
response to adenosine following OA challenge is associated
with the appearance of 5-HT, in addition to histamine, in the
plasma tempting speculation that exposure to OA makes
available to adenosine a source of 5-HT not available in
vehicle-challenged animals. The concentrations of 5-HT in the
plasma are low relative to those of histamine which, given the
evidence discussed above for an involvement of mast cells in the
response to adenosine, suggests that the 5-HT may arise from a
relatively small proportion of the total mast cell population.
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Since the functional correlate is bronchoconstriction it is
reasonable to speculate that the tissue location of this sub-
population of mast cells is the lung. Such a scenario might not
be unexpected given that mast cells contain both histamine and
5-HT (Benditt et al., 1955; Purcell et al., 1989a,b; Purcell &
Hanahoe 1990a,b), that there is differential storage of
histamine and 5-HT in different anatomical locations (Purcell
et al., 1989a) and that secretion patterns of histamine and 5-HT
vary in mast cells from different locations or in response to
different secretagogues (Purcell er al, 1989a; Purcell &
Hanahoe, 1990a). Importantly, the concept receives support
from two further experimental observations.

First, histological examination revealed mast cell degranu-
lation in the lung but not skin following i.v. injection of
1 mg kg~ adenosine to sensitized BN rats challenged with
OA; no degranulation was seen following adenosine in
animals challenged with vehicle. Although statistically
significant, the proportion of the mast cells resident in lung
tissue which were degranulated following adenosine was
relatively small. Clearly, this would not preclude the release
of sufficient 5-HT to induce bronchoconstriction. Moreover,
a partial degranulation would, perhaps, be expected since
repeated bronchoconstrictor responses can be elicited at the
dose of adenosine used (Fozard & Hannon, 2000). The
observation provides direct evidence that mast cells of the
lung are involved in the bronchoconstrictor response to
adenosine.

Second, the augmentation of the bronchoconstrictor
response to adenosine by allergen challenge in sensitized
animals can be reproduced ex vivo in the lung parenchymal
strip. As in the in vivo studies, the response can be inhibited

References

AALBERS, R., KAUFFMAN, H.F., KOETER, G.H., POSTMA, D.S., DE
VRIES, K. & DE MONCHY, J.G.R. (1991). Dissimilarity in
methacholine and adenosine 5'-monophosphate responsiveness
3 and 24 h after allergen challenge. Am. Rev. Respir. Dis., 144,
352-357.

ALI, S., MUSTAFA, SJ. & METZGER, W.J. (1994a). Adenosine-
receptor mediated bronchoconstriction and bronchial hyperre-
sponsiveness in an allergic rabbit model. Am. J. Physiol., 266,
L271-L277.

ALIL, S., MUSTAFA, S.J. & METZGER, W.J. (1994b). Adenosine-
induced bronchoconstriction and contraction of airway smooth
muscle from allergic rabbits with late phase airway obstruction:
evidence for an inducible A| receptor. J. Pharm. Exp. Ther., 268,
1328 —1334.

BANKS, B.E., DEMPSEY, C.E., VERNON, C.A., WARNER, JA. &
YAMEY, J. (1990). Anti-inflammatory activity of bee venom
peptide 401 (mast cell degranulating peptide) and compound 48/
80 results from mast cell degranulation in vivo. Br. J. Pharmacol.,
99, 350—-354.

BENDITT, E.P., WONG, R.L., ARASE, M. & ROEPER, E. (1955). 5-
Hydroxytryptamine in mast cells. Proc. Soc. Exp. Biol. Med., 90,
303-304.

BERNSTEIN, J.A. & BERNSTEIN I.L. (1997). Cromones. In Asthma.
ed. Barnes, P.J., Grunstein, M.M., Leff, A.R. & Woolcock, A.J.,
Lippencott-Raven, pp. 1647 —1665.

BRUSACCO, V. CRIMI, E. & PELLEGRINO, R. (1998). Airway
hyperresponsiveness in asthma: Not just a matter of airway
inflammation. Thorax, 53, 992-998.

CHEUNG, D., SONT, J.K. & STERK, P.J. (1999). Clinical features of
bronchial hyperresponsiveness. Pulm. Pharmacol. Ther., 12,91 —
96.

by methysergide and disodium cromoglycate implicating
mediator release from mast cells in the response. Since the
parenchymal preparations are taken from lungs washed free
of platelets or basophils, these data provide further strong
evidence that the mast cells of the lung are the intermediary
cells involved in the augmented response to adenosine
following allergen challenge.

In summary, our data demonstrate a marked and selective
augmentation of the bronchoconstrictor response to adeno-
sine in actively sensitized BN rats challenged with OA. The
augmented response is primarily, if not exclusively, a
consequence of mast cell activation leading to the release of
5-HT which in turn induces a direct constrictor effect on the
bronchial smooth muscle. Our data further suggest the
involvement of a discrete lung-based population of mast
cells containing and releasing mainly 5-HT and brought into
play by exposure to allergen. Further definition as to why
these particular cells are sensitised to the effects of adenosine
following allergen challenge and the mechanisms underlying
the phenomenon must await further experimentation. Never-
theless, upregulation by allergic activation and mast cell
dependency represent striking similarities between the
bronchoconstrictor response to adenosine seen following
allergen challenge in the BN rat and that on the airways of
asthmatics.

It is a pleasure to thank E. Schaeublin and F. Baur for excellent
technical support.

COCKCROFT, D.W. (1997). Airway responsiveness. In Asthma. ed.
Barnes, P.J., Grunstein, M.M., Leff, A.R. & Woolcock, A.J.,
Lippencott-Raven, pp. 1253 —1266.

COHEN, M.L. (1989). 5-hydroxytryptamine and non-vascular smooth
muscle contraction and relaxation. In The peripheral actions of 5-
Hydroxytryptamine. ed. Fozard, J.R., Oxford medical publica-
tions, pp. 201-219.

COHEN, M.L., SCHENCK, K.W., COLBERT, W. & WITTENAUER, L.
(1985). Role of 5-HT2 receptors in serotonin-induced contrac-
tions of non-vascular smooth muscle. J. Pharmacol. Exp. Ther.,
232, 770-774.

CUSHLEY, M.J., TATTERSFIELD, A.E. & HOLGATE, S.T. (1983).
Inhaled adenosine and guanosine on airway resistance in normal
and asthmatic subjects. Br. J. Clin. Pharmacol., 15, 161 —165.

EADY, R.P. & NORRIS, A.A. (1997). Nedocromil sodium and sodium
cromoglycate: Pharmacology and putative modes of action. In
Allergy and Allergic Diseases. ed. Kay, A.B., Blackwell Scientific,
Oxford, U.K., pp. 584—-595.

EL-HASHIM, A., D’AGOSTINO, B.,, MATERA, M.G. & PAGE, C. (1996).
Characterisation of adenosine receptors involved in adenosine-
induced bronchoconstriction in allergic rabbits. Br. J. Pharma-
col., 119, 1262—1268.

ELWOOD, W., LOTVAL, J.O., BARNES, P.J. & FAN CHUNG, K. (1992).
Effect of dexamethasone and cyclosporin A on allergen-induced
airway hyperresponsiveness and inflammatory cell responses in
sensitised Brown Norway rats. Am. Rev. Resp. Dis., 145, 1289 —
1294.

ELWOOD, W., SAKAMOTO, T., BARNES, P.J. & FAN CHUNG, K.
(1993). Allergen-induced airway hyperresponsiveness in Brown
Norway rat: role of parasympathetic mechanisms. J. Appl.
Physiol., 75, 279 —284.

British Journal of Pharmacology vol 132 (7)



1522 J.P. Hannon et al

Airway hyperresponsiveness to adenosine

FEOKTISTOV, 1., POLOSA, R., HOLGATE, S.T & BIAGGIONI, I.
(1998). Adenosine A,p receptors: a novel therapeutic target in
asthma? Trends Pharmacol. Sci., 19., 148 —153.

FORSYTHE, P. & ENNIS, M. (1999). Adenosine, mast cells and
asthma. Inflamm. Res., 48, 301 —-307.

FOX, A.J. (1995). Mechanisms and modulation of capsaicin activity
on airway afferent nerves. Pulm. Pharmacol., 8, 207—-215.

FOZARD, J.R. & HANNON, J.P. (1999). Adenosine receptor ligands:
potential as therapeutic agents in asthma and COPD. Pulm.
Pharmacol. Ther., 12, 111-114.

FOZARD, J.R. & HANNON, J.P. (2000). Species differences in
adenosine induced bronchoconstrictor responses. Clin. Exp.
Allergy, 30, 1213—1220.

FOZARD, J.R. & LEACH, G.D.H. (1968). The hypotensive action of 5-
hydroxytryptamine (5-HT) in anaesthetised and pithed rats. Eur.
J. Pharmacol., 2, 239 —249.

FOZARD, J.R. (1982). Mechanism of the hypotensive effect of
ketanserin. J. Cardiovasc. Pharmacol., 4, 829 —838.

FOZARD, J.R., PFANNKUCHE, H.-J. & SCHUURMANN, H.-J. (1996).
Mast cell degranulation following adenosine Az receptor
activation in rats. Eur. J. Pharmacol., 298, 293 -297.

HACZKU, A., MACARY, P., HADDAD, E.B.,, HUANG, T.J., KEMENY,
D.M., MOQBEL, R. & FAN CHUNG, K. (1996). Expression of Th-2
cytokines interleukin-4 and -5 and of Th-1 cytokine interferon-
gamma in ovalbumin-exposed sensitised Brown-Norway rats.
Immunology, 88, 247-251.

HACZKU, A., MACARY, P., HUANG, T.J., TSUKAGOSHI, H.,
BARNES, P.J., KAY, A.B., KEMENY, M., FAN CHUNG, K. &
MOQBEL, R. (1997). Adoptive transfer of allergen-specific CD4 ™
T-cells induces airway inflammation and hyperresponsiveness in
Brown Norway rats. Immunology, 91, 176—185.

HANNON, J.P., PFANNKUCHE, H.-J. & FOZARD, J.R. (1995). A role
for mast cells in adenosine A3 receptor-mediated hypotension in
the anaesthetised rat. Br. J. Pharmacol., 115, 945-952.

HANNON, J.P., TIGANI, B.,, MAZZONI, L. & FOZARD, J.R. (1999a).
Mechanism of airway hyperreactivity to adenosine induced by
allergen challenge in actively sensitised Brown Norway rats. Br.
J. Pharmacol., 127, 76P.

HANNON, I.P., TIGANI, B., MAZZONI, L. & FOZARD, J.R. (1999b).
The receptor mediating airway hyperreactivity to adenosine
induced by allergen challenge in actively sensitised Brown
Norway rats. Br. J. Pharmacol., 127, T7P.

HOLZER, P. (1991). Capsaicin: Cellular targets, mechanisms of
action and selectivity for thin sensory neurons. Pharmacol. Rev.,
43, 143-201.

HONG, J.-L., HO, C.-Y., KWONG, K. & LEE, L.-W. (1998). Activation
of pulmonary C fibres by adenosine in anaesthetised rats: role of
adenosine A, receptors. J. Physiol. (Lond.), 508, 109—118.

HOYER, D. & FOZARD, J.R. (1991). 5-Hydroxytryptamine receptors.
In Receptor data for biological experiments: A guide to drug
selectivity. ed. Doods, H.N. & Van Heel, J.C.A., Ellis Horwood,
pp- 35—41.

JACOBSON, M.A. & BAI, T.R. (1997). The role of adenosine in asthma.
In Purinergic approaches in experimental therapeutics. ed.
Jacobson, K.A. & Jarvis, M.F., Wiley-Liss, pp. 315-331.

KEHOE, R. & BROADLEY, K.J. (1996). Bronchoconstriction by
adenosine of sensitised guinea-pig trachea is mediated via A;
receptors. Pharmacol. Commun., 7, 293 —299.

KUSNER, E.J., DUBNIK, B. & HERZIG, D.J. (1973). Inhibition by
disodium cromoglycate in vitro of anaphylactically induced
histamine release from rat peritoneal mast cells. J. Pharmacol.
Exp. Ther., 184, 41 —46.

LULICH, K.M. & PATERSON, J.W. (1980). An in vitro study of various
drugs on central and peripheral airways of the rat: a comparison
with human airways. Br. J. Pharmacol., 68, 633 —636.

MARQUARDT, D.L. (1997). Adenosine. In Asthma. ed. Barnes, P.J.,
Grunstein, M.M., Leff, A.R. & Woolcock, A.J., Lippencott-
Raven, pp. 585-591.

MEADE, C., MIERAU, J., INDEPENCIA, L. & ENSINGER, H.A. (1996).
In vivo role of the adenosine Aj receptor: N°-2-(4-aminopheny-
l)ethyladenosine induces bronchospasm in BDE rats by a
neurally mediated mechanism involving cells resembling mast
cells. J. Pharm. Exp. Ther., 297, 1148 —1156.

MYLECHARANE, E.J. (1990). Agonists and antagonists of 5-HT,
receptors. In Cardiovascular pharmacology of 5-Hydroxytrypta-
mine: Prospective therapeutic Implications. ed. Saxena, P.R.,
Wallis, D.I., Wouters, W. & Bevan, P., Kluwer Academic
Publishers, pp. 81-101.

NAGASE, T., DALLAIRE, M.J. & LUDWIG, M.S. (1996). Airway and
tissue behaviour during early response in sensitised rats: role of 5-
HT and LTDy. J. Appl. Physiol., 80, 583 —590.

NORDSTROEM, O. & DELBRO, D. (1986). Adenosine-induced
contractions of the isolated rat trachea are mediated by 5-
hydroxytryptamine. Acta Physiol. Scand., 127, 557—558.

NYCE, J.W. & METZGER, W.J. (1997). DNA antisense therapy for
asthma in an animal model. Nature, 385, 721 -725.

O’CONNOR, B.J.,, CROWTHER, S.D., COSTELLO, J.F. & MORLEY, J.
(1999). Selective airway responsiveness in asthma. Trends
Pharmacol. Sci., 20, 9—11.

PAGE, C.P. (1994). Sodium cromoglycate, a tachykinin antagonist?
Lancet, 343, 70.

PATON, W.D.M. (1951). Compound 48/80: a potent histamine
liberator. Br. J. Pharmacol. Chemother., 6, 499 — 508.

PAUWELS, R. & JOOS, G. (1995). Characterisation of the adenosine
receptors in airways. Arch. Int. Pharmacodyn., 329, 151 —160.

PAUWELS, R. & VAN DER STRAETEN, M.E. (1987). An animal model
of adenosine-induced bronchoconstriction. Am. Rev. Resp. Dis.,
136, 374-378.

PAUWELS, R.A., GERMONPRE, P.R., KIPS, J.C. & JOOS, G.F. (1995).
Genetic control of indirect airway responsiveness in the rat. Clin.
Exp. Allergy, 25, 55— 60.

PAUWELS, R., BAZIN, H., PLATTEAU, B. & VAN DER STRAETEN, M.
(1979). The influence of antigen dose on IgE production in
different rat strains. Immunol., 36, 151 —157.

PAUWELS, R., JOOS, G.F., KIPS, J.C. & PELEMAN, R.A. (1993).
Mechanisms of adenosine-induced bronchoconstriction: an
animal model. Drug Dev. Res., 28, 318—321.

PAUWELS, R., VAN DER STRAETEN, M., WEYNE, J. & BAZIN, H.
(1985). Genetic factor in non-specific bronchial reactivity in rats.
Eur. J. Respir. Dis., 66, 98—104.

PEERS, S.H., DUNCAN, G.S. & FLOWER, R.J. (1993). Development of
specific antibody and in vivo response to antigen in different rat
strains: effect of dexamethasone and importance of endogenous
corticosteroid. Agents and Actions, 39, 174—181.

PHILLIPS, G.D. & HOLGATE, S.T. (1995). Adenosine and the airways
in asthma. In Asthma and Rhinitis. ed. Busse, W.W. & Holgate,
S.T., Blackwell Scientific, pp. 851 —-857.

POLOSA, R. & HOLGATE, S.T. (1997). Adenosine bronchoprovoca-
tion: a promising marker of allergic inflammation in asthma?
Thorax, 52, 919—-923.

PURCELL, W.M. & HANAHOE, T.H.P. (1990a). Differential release of
histamine and 5-hydroxytryptamine from rat mast cells: the
contribution of amine uptake to the apparent pattern of
secretion. Agents Actions, 30, 38 —40.

PURCELL, W.M. & HANAHOE, T.H.P. (1990b). The activity of
amitryptyline as a differential inhibitor of amine secretion from
rat peritoneal mast cells: the contribution of amine uptake.
Agents Actions, 30, 41 —43.

PURCELL, W.M., COHEN, D.L. & HANAHOE, T.H.P. (1989a).
Comparison of histamine and 5-hydroxytryptamine content
and secretion in rat mast cells isolated from different anatomical
locations. Int. Arch. Allergy Appl. Immunol., 90, 382 —386.

PURCELL, W.M., COHEN, D.L. & HANAHOE, T.H.P. (1989b).
Comparison of post-secretory mechanisms to the observed
pattern of histamine and 5-hydroxytryptamine secretion from
peritoneal rat mast cells in response to compound 48/80. Int.
Arch. Allergy Appl. Immunol., 90, 387 —394.

REEVES, J.J., JONES, C.A., SHEEHAN, M.J., VARDEY, CJ. &
WHELAN, CJ. (1997). Adenosine Aj; receptors promote degra-
nulation of rat mast cells both in vitro and in vivo. Inflamm. Res.,
46, 180—184.

RENZI, P.M., AL-ASSAAD, A.S., YANG, J P., YASRUEL, Z. & HAMID,
Q. (1996). Cytokine expression in the presence or absence of late
airway responses after allergen challenge of sensitised animals.
Am. J. Respir. Cell Mol. Biol., 15, 367—373.

British Journal of Pharmacology vol 132 (7)



J.P. Hannon et al

Airway hyperresponsiveness to adenosine 1523

RENZI, P.M., OLIVENSTEIN, R. & MARTIN, J.G. (1993). Inflamma-
tory cell populations in the airways and parenchyma after antigen
challenge in the rat. Am. Rev. Resp. Dis., 147, 967—-974.

SCHNEIDER, T. & ISSEKUTZ, A.C. (1996). Quantitation of eosinophil
and neutrophil infiltration into rat lung by specific assays for
eosinophil peroxidase and myeloperoxidase. Application in a
Brown Norway rat model of allergic pulmonary inflammation. J.
Immunol. Methods, 198, 1 —14.

TAMAOKI J., YAMAWAKI, I., TAIRA, M., NAGANO, Y., NAKATA, J.
& NAGAI A. (1999). Effect of cromolyn on adenosine-induced
airway microvascular leakage in sensitised rats. Eur. Resp. J., 14,
1082-1987.

TARAYRE, J.P., ALTAGA, M., BARBARA, M., TISSEYRE, N., VIEU, S.
& TISNE-VERSAILLES, J. (1992). Model of bronchial allergic
inflammation in the Brown-Norway rat. Pharmacological
modulation. Int. J. Immunopharmac., 14, 847 —855.

THORNE, J.R. & BROADLEY, K.. (1994). Adenosine-induced
bronchoconstriction in conscious hyperresponsive and sensitised
guinea-pigs. Am. J. Respir. Crit. Care Med., 149, 392—-399.

THORNE, J.R., DANAHAY, H. & BROADLEY, K.J. (1996). Analysis of
the bronchoconstrictor responses to adenosine receptor agonists
in sensitised guinea-pig lungs and trachea. Eur. J. Pharmacol.,
316, 263-271.

UNDERWOOD, S.L., KEMENY, D.M., LEE, T.H., RAEBURN, D. &
KARLSSON, J.A. (1995). IgE production, antigen-induced airway
inflammation and airway hyperreactivity in the Brown Norway
rat: the effects of ricin. Immunology, 85, 256—261.

WOOLCOCK, A.J. (1997). Definitions and clinical classification. In
Asthma. ed. Barnes, P.J., Grunstein, M.M., Leff, A.R. &
Woolcock, A.J., Lippencott-Raven, pp. 27-32.

YAMAWAKI, I., GEPETTI, P., BERTRAND, C., HUBER, O., DAF-
FONCHIO, L., OMINI, C. & NADEL, J.A. (1993). Levodropropizine
reduces capsaicin- and substance P-induced plasma extravasa-
tion in the rat trachea. Eur. J. Pharmacol., 243, 1-6.

( Received October 23, 2000
Revised January 5, 2001
Accepted January 19, 2001)

British Journal of Pharmacology vol 132 (7)



	fig_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	fig_xref6
	fig_xref7
	fig_xref8
	fig_xref9
	fig_xref10
	fig_xref11
	fig_xref12
	fig_xref13
	fig_xref
	bib_xref
	bib_xref
	bib_xref

