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Introduction

Airways hyperresponsiveness is a defining feature of asthma
[1]. In the context of this key aspect of asthma aetiology, a
particularly remarkable phenomenon is the sensitivity of the
asthmatic airways to adenosine; essentially the airways of
asthmatics respond with pronounced bronchoconstriction to
both inhaled or intravenously administered adenosine,
whereas the airways of nonasthmatics do not [2,3]. Although
the underlying mechanism of the bronchoconstrictor response
to adenosine is reasonably well understood, the reason for the
striking up-regulation of the response in asthmatic airways
and the receptor site(s) involved remains to be clarified [4-9].
To study the phenomenon in further detail it would clearly be
an advantage to have an animal model of the airway response
to adenosine in asthma. Bronchoconstrictor responses to
adenosine have been studied in guinea-pigs, rabbits and rats.
In this review, the key features of the bronchoconstrictor
responses to adenosine in these three species are described and
compared with those of the airway response to adenosine in
asthmatics.

The bronchoconstrictor response to adenosine in
asthmatics

Inhalation of aerosolized adenosine (or more usually ade-
nosine 5’-monophosphate [AMP]—used for convenience
since it has much greater water solubility and is broken
down rapidly by 5'-nucleotidase to adenosine in vivo) is
without effect on the airways of nonallergic, nonasthmatic
subjects. When inhaled by atopic asthmatic subjects, adeno-
sine (or AMP) causes a marked, dose-related bronchocon-
striction, which develops within minutes, and lasts generally
up to 1 h. There is no late response equivalent to that seen
with allergen [2,10]. Tachyphylaxis occurs readily to AMP
and is an example of homologous desensitization since it
does not extend to histamine [11].

A variety of evidence points to the bronchoconstrictor
response to adenosine being indirect, a consequence of
activation of mast cells resident in the airways. Thus,
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AMP-induced bronchoconstriction is accompanied by
increased levels of histamine, PGD,, tryptase (a highly
specific marker for mast cells), but not (-glucuronidase
(an indicator of macrophage stimulation), in the BAL fluid
of mild atopic asthmatics; no such changes were seen in
nonasthmatics [12]. Venous plasma histamine levels are
also increased after AMP challenge [13]. Pharmacological
analysis reveals that the bronchoconstrictor response to
adenosine is inhibited (=80%) by pretreatment with the
selective histamine H, receptor antagonists, terfenadine and
astemizole [14—16]. The selective cyclooxygenase inhibi-
tors, indomethacin and flurbiprofen, also partly inhibit
AMP-induced bronchoconstriction [17,18] indicating that
products of arachidonic acid metabolism also play a role,
albeit minor, in adenosine-induced bronchoconstriction in
asthmatic patients. Importantly, both adenosine- and AMP-
induced bronchoconstriction can be prevented by pretreat-
ment with disodium cromoglycate or nedocromil sodium
[19,20], compounds which have in common the property of
inhibiting mast cell degranulation and mediator release [21].

The in vivo evidence for the involvement of mast cell
mediator release in adenosine-induced bronchoconstriction
is supported by in vitro findings. Thus, bronchi from asth-
matic patients showed an increased responsivity to adeno-
sine in comparison to those from nonasthmatic patients. The
response on the bronchi from asthmatics could be blocked
by a combination of leukotriene and histamine H; receptor
antagonism [22].

The response of the asthmatic airways to adenosine
appears to reflect activation of an extracellular purinocep-
tor(s). Thus, administration of dipyridamole, a compound
which increases extracellular adenosine concentrations by
inhibiting its facilitated reuptake through the cell membrane
[23] enhances the effects of inhaled adenosine in asthmatic
patients [24]. Further, adenosine-induced bronchoconstric-
tion can be selectively (relative to histamine) inhibited by
both inhaled [25] or orally [26] administered theophylline at
doses generating plasma concentrations that are insufficient
to inhibit phosphodiesterases but well above those needed
to block A, Aya and A,p adenosine receptors [27]. Con-
sistent with this, the responses of human bronchi from
asthmatics to adenosine can be blocked by theophylline
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and the noncell-penetrating xanthine antagonist, 8-p-sul-
phophenyltheophylline (8-SPT) [22]. Finally, human lung
mast cells can be activated by a variety of non cell-
penetrating adenosine receptor agonists in vitro [28,29].

Evidence is accumulating that the receptor present on
airway mast cells that mediates adenosine-induced bronch-
oconstriction in man is the A,g receptor. Early in vitro
studies implicated atypical ‘A,-like’ receptors in adenosine-
induced enhancement of mediator release from human lung
mast cells [28,29]; with hindsight, the order of potency of
the agonists used and the susceptibility to blockade by
xanthine-based antagonists rule out the involvement of A,
A,n and Az receptors and are entirely consistent with
mediation by the A, receptor. More recently, the human
mast cell line, HMC-1 (which, although derived from a
patient with mast cell leukaemia, has a neutral protease
content similar to that of human lung mast cells [30]) has
been found to express the A,, and A,g receptors; only
stimulation of the latter resulted in cell activation and an
increase in IL-8 secretion [31]. Studies using reverse tran-
scriptase-polymerase chain reaction (RT PCR) confirmed
the presence of A, and A,p receptors in human mast cells
[32]. In contrast, the presence of A; receptors could not be
demonstrated in human lung mast cells either by in situ
hybridization or by RT PCR [32]. The presence of A,g
receptors has also been demonstrated by immunofluores-
cence staining in the HMC-1 cell line and human lung mast
cells isolated from the BAL fluid [33]. The A, receptor is
reported not to be expressed in mast cells [7]. From the
foregoing, neither the A, Ay nor the Aj receptor is likely
to be involved in adenosine-induced bronchoconstriction. In
view of this, the selective blockade by theophylline of
adenosine-induced bronchoconstriction [25,26] can be
used to support a role for the A,y receptor since it is the
only relevant purinoceptor which would be blocked at
therapeutic blood concentrations of the drug [27].

On the basis of the above, five key criteria can be defined
to represent the principal characteristics of the bronchocon-
strictor response to adenosine in man:

Upregulation by the disease process;

Mast cell dependency;

Selective blockade by theophylline;

Involvement of A, receptors;

Homologous desensitization (tachyphylaxis).

The characteristics of the bronchoconstrictor responses to
adenosine in guinea-pigs, rabbits and rats will now be discussed
and the extent to which they satisfy these key criteria assessed.

The bronchoconstrictor response to adenosine in the
guinea-pig

Adenosine does not cause bronchoconstriction in normal
conscious [34] or anaesthetized [35] guinea-pigs. However,

in conscious animals sensitized to ovalbumin, a broncho-
constrictor response to inhaled adenosine is observed [34].
The response was neither enhanced nor inhibited 24 h
following ovalbumin challenge [36]. The mechanism under-
lying the bronchoconstrictor effect in vivo has not been
evaluated.

The difference between nonsensitized and sensitized
animals in terms of their airway reactivity to adenosine
was confirmed by Broadley and colleagues in in vitro
studies using perfused lung and tracheal smooth muscle
preparations [37-39]. However, it bears emphasis that
responses to adenosine were biphasic with bronchorelaxa-
tion being generally dominant at higher doses. The con-
strictor response to a second exposure to adenosine was
consistently reduced (lungs) or converted to a relaxation
(trachea) indicating tachyphylaxis [37]. Pharmacological
analysis of the constrictor component of the response
revealed it to be mimicked by 5'-N-ethylcarboxamidoade-
nosine (NECA), 2-chloroadenosine, R-N°-phenylisopropyl-
adenosine (R-PIA), and N6-2—(4-amin0pheny1)-ethyl—
adenosine (APNEA) and to be resistant to blockade by
8-phenyltheophylline and 8-cyclopentyltheophylline; on
this basis it was concluded that the response was mediated
by the A3 receptor [34,38,39]. The cell type(s) implicated
has (have) not been identified. Histamine is not involved
[38], which speaks against mast cell mediation of the
constrictor component of the response. However, broncho-
constriction can be abolished by indomethacin [38] which
implicates products of arachidonic acid metabolism in the
response and would be consistent with the involvement of
inflammatory cells.

In contrast to the results from the Broadley group, Kroell
and colleagues were able to demonstrate adenosine-induced
bronchoconstriction in the nonsensitized guinea-pig per-
fused lung [40]. Responses were neither attenuated by the
histamine H; receptor antagonist, mepyramine, nor by
disodium cromoglycate [40], but were blocked by theophyl-
line [41] although only at concentrations (75—150 um) at
which nonselective adenosine receptor antagonism would
be expected [27]. Contractile responses to adenosine and its
agonists have also been reported on tracheas taken from
nonsensitized animals [42—-44]. Pharmacological analysis
indicated mediation by the A; receptor and, as in the
perfused lung, a major role for the products of arachidonic
acid metabolism by cyclooxygenase but no involvement of
histamine.

Although up-regulation of the bronchoconstrictor
response to adenosine in sensitized guinea-pigs and the
susceptibility to tachyphylaxis bear similarity to the situa-
tion in man; there are also important differences. Thus,
biphasic responses of the airways to adenosine and, in
particular, Az and/or A; receptor mediation of the broncho-
constrictor component represent fundamental differences
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from the bronchoconstrictor response to adenosine in asth-
matics (Table 1).

The bronchoconstrictor response to adenosine in the
rabbit

Normal rabbits do not show a bronchoconstrictor response
to even high doses of adenosine when given by inhalation
[45]. In contrast, in an allergic rabbit model having many
similarities with allergic asthma (rabbits immunized at birth
with antigen [ragweed, house dust mite or Alternaria
tenuis]) airway hyperresponsiveness develops to adenosine
[45]. Bronchoconstriction is a consequence of activation of
A; receptors present on the airway smooth muscle cells
[45-48], which are up regulated as a consequence of the
immunization procedure [47]. Responses can be blocked by
theophylline [45] as would be expected from their being A,
receptor mediated. In an elegant extension to these studies,
Nyce and Metzger [49] confirmed that the A; receptor
present in airway smooth muscle mediates adenosine-
induced bronchoconstriction in the sensitized rabbit by
treating animals with an antisense oligodeoxynucleotide
targeted against the A; receptor. Animals selectively
depleted of their airway smooth muscle A; receptors man-
ifested a pro rata reduction of the bronchoconstrictor
response to adenosine [49].

Up-regulation of the bronchoconstrictor response to ade-
nosine in rabbits immunized from birth with antigen reflects
closely the clinical situation where adenosine causes pro-
minent bronchoconstriction in allergic asthmatics whereas
nonasthmatics fail to respond. Unfortunately, the similari-
ties end there. Thus, unlike in the rabbit, there is no evidence
that the airway response to adenosine in humans involves
the A, receptor; indeed, as discussed above, there is evi-
dence from several sources to the contrary. Moreover,
unlike in humans, bronchoconstriction in the sensitized
rabbit involves a direct action on the smooth muscle of
the airways and is independent of mast cell activation. The
rabbit therefore cannot be considered a suitable species in

which to model the bronchoconstrictor responses to adeno-
sine in the asthmatic airway (Table 1).

The bronchoconstrictor response to adenosine in the rat

The response of the rat airway to adenosine in vivo is
markedly strain-dependent. In a series of studies carried
out by Pauwels and colleagues, rats of the Brown Norway
and Fischer 344 strains were poorly responsive to several
adenosine receptor agonists, including adenosine [50,51]. In
contrast, rats of the BDE strain responded to intravenous
administration of adenosine receptor agonists with repro-
ducible, though rather small bronchoconstrictor responses.
The order of potency to induce bronchoconstriction was
NECA >2-chloroadenosine = R-PIA = adenosine > S-PIA
[50]. NECA was used in the subsequent analysis of the
mechanisms underlying the bronchoconstrictor effects of
adenosine receptor activation in this model. Responses to
NECA were inhibited by high doses of the muscarine
receptor antagonist, atropine, the 5-HT, receptor antagonist,
methysergide, the mast cell stabilizing agents, disodium
cromoglycate and nedocromil sodium, and the histamine H;
receptor antagonist, ketotifen. In contrast, responses were
unaffected by theophylline at doses yielding concentrations
within the therapeutic range. The authors concluded that the
bronchoconstrictor effect of adenosine was mediated
through an ‘A,-type’ receptor and largely indirect involving
both mast cells and postsynaptic vagal nerve endings [50].

In a subsequent report from the Pauwels group [52], the
investigation of a new set of agonists delivered an order of
potency for bronchoconstrictor potency in BDE rats of
NECA = N°-cyclopentyladenosine (CPA)> APNEA > N°-
cyclohexyladenosine (CHA) > R-PIA > 2-[p-(2-carboxyethyl)
phenylamino]-5'-N-ethylcarboxamidoadenosine (CGS 21680).
Bronchoconstrictor responses to NECA were inhibited by
two nominally selective A; receptor antagonists KF15372
and KW3902. The conclusion drawn on the basis of these
data was that adenosine-induced bronchoconstriction in the
rat is most likely due to binding of adenosine to different

Table 1. Comparison of the extent to
which the bronchoconstrictor responses

Brown Norway

to adenosine in guinea-pigs, rabbits and  Cyiterion Guinea-pig Rabbit rat

Brown Norway rats satisfy the key cri-

teria for a model of adenosine-induced  ypreoylation by the disease process yes* yes* yest

bronchoconstriction in asthma Mast cell dependency noi 1o yes
Selective blockade by theophylline n.t no§ yes
Involvement of adenosine A,g receptors no¥ no yes
Homologous desensitization (tachyphylaxis) yest n.t yes

n.t: not tested; *by active sensitization to allergen; Tby mild allergic pulmonary inflammation;
tbased on in vitro data; §blockade but no evidence of selectivity.
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receptor subtypes including the A;, A,g and Aj subtypes
[52].

Bronchoconstrictor responses to intravenous administra-
tion of the A;/A; receptor agonist, APNEA, in BDE rats
have also been described by Meade and colleagues [53]. The
response was associated with the release of histamine and 5-
HT into plasma leading to the conclusion that an Aj receptor
on mast cells was involved in the response. Mast cell
degranulation, leading to increased levels of histamine in
plasma has also been observed following Aj; receptor
activation in both Wistar and Sprague Dawley rats [54—
56]. It should be noted, however, that this was not associated
with bronchoconstriction in rats of the Sprague Dawley
strain [54]. On the basis of the effects of the highly selective
A, receptor agonist, 2-chloro-N°-cyclopentyladenosine
(CCPA), Meade et al. [53] also suggested, that an A,
receptor-mediated component was capable of inducing
bronchoconstriction in the BDE rat independently of mast
cell Aj receptor activation.

It cannot be over-emphasized that the above observations
relate to the analysis of the responses to the adenosine
analogues, NECA, APNEA and CCPA. The response to
adenosine, even in the BDE rat, is minimal [50] and hence
one might reasonably question the relevance of studies with
these analogues to the human clinical situation where
adenosine is used to initiate the bronchoconstrictor
response.

A new approach to modelling the bronchoconstrictor
response to adenosine in asthma using the rat has recently
been described in presentations to the British Pharmacolo-
gical Society [57-59]. The strategy was to explore the role
of active sensitization and subsequent challenge with anti-
gen in defining the response of the airways to adenosine.
The Brown Norway rat was chosen for these studies since
this strain can be readily and reproducibly sensitized to
antigen with high specific IgE production and manifests
early and late bronchoconstrictor responses to allergen
challenge [60-62].

In confirmation of the findings of Pauwels and colleagues
described above, adenosine was only a very weak bronch-
oconstrictor when administered intravenously to naive (i.e.
nonsensitized) Brown Norway rats. Similarly, in rats
actively sensitized to ovalbumin, adenosine proved to be
only a weak bronchoconstrictor. However, 3h following
intratracheal challenge with ovalbumin (0.3 mgkg™"),
which per se did not induce bronchoconstriction, broncho-
constrictor responses to adenosine were markedly and
selectively (vis a vis those to 5-hydroxytryptamine
(5-HT)) increased (Fig. 1). Histological examination of
the lungs, at this time point, revealed signs of inflammation
quantified as the presence of increased perivascular poly-
morphonuclear leucocyte infiltration, with occasional peri-
vascular oedema, and a significant increase in eosinophil
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Fig. 1. Comparison of the bronchoconstrictor effect of intra-
venously administered adenosine (A) and 5-HT (B) in nonsensi-
tized (naive) Brown Norway rats, or ovalbumin (OA) sensitized
animals challenged with saline or OA (0.3 mgkg™") intratrache-
ally, 3h prior to establishing the dose—response curves. Results
are expressed as means * seM (n=4-10). ***P <0.001 that the
value is significantly different from the equivalent value in either
the naive or saline-challenged groups. For further details see
[57].

numbers in both tertiary bronchi and perivascular tissue
[Hannon, unpublished data]. The degree of hyperrespon-
siveness to adenosine was a function both of the dose of
ovalbumin and the time of pretreatment: for instance, 24 h
after challenge with ovalbumin (0.3 mgkg™") the sensitivity
of the airways to adenosine was close to control values
despite a marked pulmonary inflammatory response [57].
The response to adenosine augmented 3h following
challenge with ovalbumin (0.3 mgkg ") has been analysed
in detail [57-59]. The fact that bronchoconstrictor
responses to NECA, a nonselective adenosine receptor
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Fig. 2. Bronchoconstrictor responses to repeated (at 5 min intervals) intravenous injection of adenosine (ADO, 1 mgkgfl), the vehicle for
adenosine (VEH) or 5-HT (20 ugkg™') in Brown Norway rats actively sensitized to ovalbumin and challenged 3 h prior to starting the
injection sequences with ovalbumin (0.3 mgkgfl, intratracheally). Evidence of cross tachyphylaxis with N-ethylcarboxamidoadenosine
(NECA, 30 ugkg™" i.v.) is also demonstrated. Results are expressed as means * SE mean (n=4-5). **P<0.01 that the response to
adenosine or NECA differs significantly from the equivalent control response.

agonist, were, like those to adenosine, augmented following
ovalbumin challenge whereas those to selective A, A or
Aj receptor agonists were minimally affected, suggests
involvement of the A,g receptor in the response [58]. The
conclusion is strengthened by the fact that bronchoconstric-
tor responses to adenosine could be suppressed selectively
by both 8-SPT or theophylline, which block A;, A5 and
A,p receptors, but not by antagonists selective for A; or Ays
receptors [58]. Tachyphylaxis readily occurs to adenosine;

moreover animals rendered tachyphylactic to adenosine
were less responsive to NECA, whereas responses to 5-
HT were maintained (Fig. 2).

Persuasive evidence of mast cell involvement comes
from the demonstration of marked increases in plasma
levels of both histamine and 5-HT following adenosine
administration, and attenuation of these increases by pre-
treatment with 8-SPT, disodium cromoglycate or wortman-
nin, a selective inhibitor of phosphatidylinositol-3 kinase, at

© 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 1213—-1220



1218  J. R. Fozard and J. P. Hannon

doses which inhibit the bronchoconstrictor responses to
adenosine [57-59, Hannon, unpublished data]. The selec-
tive suppression of the bronchoconstrictor responses to
adenosine by pretreatment with the 5-HT), receptor antago-
nist, methysergide [57], and in animals depleted of mast
cells by subchronic treatment with compound 48/80
[Hannon, unpublished data] further support a key role for
the mast cell in the responses to adenosine augmented
following allergen challenge.

These data demonstrate a marked and selective up-
regulation of the response to adenosine in actively sensitized
Brown Norway rats following challenge with antigen. The
response occurs against a background of mild allergic
pulmonary inflammation, is a consequence of A,g recep-
tor-mediated activation, is mast cell dependent, exhibits
tachyphylaxis and can be blocked selectively by theo-
phylline. It thus satisfies all the key criteria defining a
model of the response to adenosine in asthmatic patients
(Table 1).

Conclusion

Of the three animal species in which the bronchoconstrictor
response to adenosine has been evaluated in detail, the
Brown Norway rat actively sensitized to ovalbumin and
subjected to relatively mild antigen challenge provides the
model which most closely resembles the response to ade-
nosine in human asthma (Table 1). A further similarity is
that in asthmatic patients, as in the Brown Norway rat,
augmentation of the response to adenosine is particularly
prominent 3h after allergen challenge but is no longer
evident at 24h [63]. Taken together these observations
testify to the impressive similarity of bronchoconstriction
to adenosine in the rat model to the response of asthmatic
airways to adenosine.

However, when considering the merits of any animal
model one must also be conscious of its limitations. Thus,
whilst bronchoconstriction in the Brown Norway rat model
does accurately reflect many aspects of the response to
adenosine in the atopic asthmatic patient, it is, nevertheless,
the consequence of an acute and not chronic allergic
pulmonary inflammatory response. Moreover, the model
is, by definition, unlikely to mirror accurately the mechan-
ism of the augmented adenosine-induced bronchoconstric-
tor responses seen in intrinsic asthmatics or nonatopic
smokers [64,65]. Furthermore, the mediator of the broncho-
constrictor response to adenosine in the Brown Norway rat
is 5-HT and not, as in the asthmatic patient, mainly
histamine [14-16]. Finally, the relative distribution and
pharmacological profile of adenosine receptor subtypes
between rat and human remains largely undefined and
may turn out to be a complicating factor in extrapolating
data from the rat model to man.

Notwithstanding its potential deficiencies, the Brown
Norway rat model provides a novel and simple way of
profiling adenosine A,g receptor antagonists in vivo. As
such, it may prove useful in the profiling of adenosine Ajg
receptor antagonists as novel treatments for asthma
[27,30,31].
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