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Repeated inhalation of bradykinin attenuates adenosine
5' -monophosphate (AMP) induced bronchoconstriction

in asthmatic airways

R. Polosa, K. Rajakulasingam, M.K. Church, S.T. Holgate

Repeated inhalation of bradykinin attenuates adenosine 5'-monophosphate (AMP)
induced bronchoconstriction in asthmatic airways. R. Polosa, K. Rajakulasingam,
M.K. Church, S.T. Holgate.

ABSTRACT: Repeated bronchial challenges with inhaled bradykinin lead to a
rapid loss of the bronchoconstrictor response and this has been suggested to
be due to depletion of contractile neuropeptides from sensory merve endings.
If adenosine 5'-monophosphate (AMP), another potent bronchoprovocant in
asthma, and bradykinin share a common pathway in inducing broncho-
constriction in asthmatic subjects, then repeated bradykinin bronchoprovocation
tests should reduce the response to subsequent inhalation of AMP,

We examined this hypothesis In eight asthmatic subjects in a double-blind,
randomized study. On the histamine study day, two consecutive concentration-
response studies with inhaled histamine were followed by a third consecutive
challenge with AMP and the provocation concentration producing a 20% fall
in forced expiratory volume in one second from the post-diluent baseline value
(PC,,FEV) for this agonist was calculated. On the bradykinin study day, two
consecutive bronchoprovocation tests with bradykinin were followed by a third
inhalation challenge to obtain the PC, AMP value. On a further occasion, the
asthmatic subjects underwent two consecutive concentration-response studies
with inhaled bradykinin followed by a third consecutive challenge with
histamine.

On the histamine study day, the geometric mean PC, AMP value was 28.1
mg'ml!, whilst on the bradykinin study day, the ﬁﬁeeufﬂld reduction in
bradykinin responsiveness after the second bradykinin challenge was accompa-
nied by a significant reduction of the airway responsiveness to AMP, the
PC, AMP being 59.8 mg'ml™’. A similar reduction in bradykinin responsiveness
failed to alter the alrway response to a subsequent inhalation with histamine,

We conclude that repeated challenge of the airways with bradykinin attenu-
ates a component of the responsiveness to AMP, suggesting a shared mecha-
nism of refractoriness, possibly involving a reduced neural component
consequent upon neuropeptide depletion.
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Bradykinin (Bk) is a naturally occurring inflamma-
tory nonapeptide which is generated as a cleavage
product from the action of kallikreins on plasma
kininogen [1]. When inhaled by asthmatic subjects,
Bk causes bronchoconstriction which reaches maxi-
mum 5-10 min after inhalation and resolves within
45-60 min [2, 3]. Bradykinin produces its many
biological effects by stimulating specific receptors,
which have been classified as B, or B, according to
the ability (B,) or not (B,) of (desArg?)-bradykinin
to evoke a response [1]. Although in vivo structure
activity studies have suggested that the broncho-
constrictor response of the asthmatic airways to inhaled
Bk may result from a specific pharmacological
interaction compatible with the stimulation of B,

receptors [3], the mechanism(s) of action of Bk in
causing bronchoconstriction is not known. We have
recently observed that both the selective histamine
H -receptor antagonist, terfenadine, and the potent
inhibitor of cyclooxygenase, flurbiprofen, have only
minimal effects on bronchoconstriction produced by
inhaled Bk in asthma [4]. FuLLer et al. [2] have
shown that Bk-induced bronchoconstriction is attenu-
ated by prior inhalation of the cholinergic antagonist,
ipratropium bromide, suggesting that an important part
of its constrictor effect is mediated via vagal reflexes.

In asthma, repeated provocation of the airways
with Bk leads to a progressive loss of broncho-
constrictor response without altering the airway
response to histamine [5]. Since functional antagonism
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secondary to the local production of protective
prostanoids is not involved [5], we proposed that loss
of Bk response in asthma may represent a depletion
of sensory tachykinins. Such a hypothesis would be
compatible with recent findings of Bk inducing the
release of tachykinins in perfused guinea-pig lung [6].

Adenosine and its related nucleotide, adenosine 5'-
monophosphate (AMP), also cause bronchoconstriction
when inhaled by atopic [7, 8] and non-atopic [7, 9]
asthmatic subjects. Adenosine potentiates the release
of the preformed mediators, f-hexosaminidase and his-
tamine, from immunologically stimulated rodent [10]
and human [11] mast cells in vitro, through an inter-
action with specific cell surface purinoceptors. That
mast cell mediator release is a major cause of AMP-
induced bronchoconstriction is supported by clinical
studies with selective H -receptor antagonists, such as
terfenadine and astemizole, which are effective inhibi-
tors of the response [8, 9, 12]. Evidence that neural
reflexes also participate in the airway response to
inhaled purines stems from experiments in rabbits
where adenosine potentiates the airway constrictor
response to transmural nerve stimulation [13], and in
inbred rats where atropine has a small but definite
inhibitory effect on bronchoconstriction provoked by
intravenous adenosine [14]. In asthmatic subjects,
ORAYAMA et al. [15] have reported some reversal of
an established adenosine bronchoconstriction with in-
haled atropine and lignocaine. In a more recent study,
we have demonstrated [16] a small but definite inhibi-
tory effect of inhaled ipratropium bromide against
AMP-induced bronchoconstriction. In common with
Bk, repeated challenge of the airways with AMP leads
to the rapid development of tolerance to its broncho-
constrictor effect [17].

In the present study, we have investigated whether
a common mechanism underlies the loss of responsive-
ness to both bronchoconstrictor stimuli by observing
whether cross-refractoriness develops between Bk and
AMP using histamine as a control.
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Methods

Subjects

Eight subjects (6 male and 2 female) with a mean
(xsem) age of 25 («3) yrs participated in the study.
All subjects were nonsmokers with atopic asthma as
defined by positive skin prick tests (>2 mm wheal
response) to five common aeroallergens: Dermato-
phagoides pteronyssinus, Dermatophagoides farinae,
mixed grass pollen, tree pollen and cat fur (Bencard,
Brentford, Middlesex, UK). Their baseline forced ex-
piratory volume in one second (FEV,) was >75% of
their predicted values and none were receiving oral
corticosteroids or theophylline (table 1). Inhaled
broncodilators were discontinued for at least 8 h prior
to each visit to the laboratory, although subjects were
allowed to continue inhaled corticosteroids as usual.
Patients were not studied within 4 weeks of an upper
respiratory tract infection or exacerbation of their
asthma and all visits to the laboratory were carried out
at the same time of day. The subjects gave their writ-
ten informed consent and the study was approved by
the Southampton University and Hospitals Ethics Sub-
committee.

Bronchial provocation

Pulmonary function was measured as FEV, by
means of a dry wedge spirometer (Vitalograph, Buck-
ingham, UK), the higher of two consecutive measure-
ments being recorded. Histamine acid phosphate
(BDH Chemicals, Poole, Dorset, UK) and AMP
(Sigma Chemical Co., St. Louis, MO, USA) were dis-
solved in 0.9% sodium chloride to produce a concen-
tration range of 0.03-16 mg:ml*! (0.1-52 mmol'?) (pH
range 5.2-4.2; osmolarity range 274-385 mOsm) and
0.39-400 mg-ml* (4.48-1,151.6 mmol-I"') (pH range:
5.6-5.7; osmolarity range 273-1,650 mOsm),

Table 1. — Characteristics of subjects studied

Subject Sex Age  Baseline FEV, PC, H PC,AMP PC, Bk
no. yIs % predicted mg-ml* mg-ml? mg-ml?
1 M 44 75 0.55 11.8 0.23
2 M 19 87 0.52 5.9 0.05
3 F 30 121 2.1 79.8 0.31
4 M 19 115 1.8 80.2 0.88
5 F 20 104 0.40 14.1 0.07
6 M 23 90 0.25 98.3 0.89
7 M 23 83 1.3 22.6 0.29
8 M 22 86 24 54.3 0.14

Mean 25 95 0.87* 30.9* 0.23*

SEM £3 £5.8 (0.25-2.39) (5.86-98.3)  (0.05-0.89)

*: geometric mean (range).

adenosine monophosphate; H: histamine; Bk: bradykinin; PC

FEV,: forced expiratory volume in one second; AMP:

provocative concentra-

tion of agonist producing a 20% fall in FEV, from the post-ﬁiluem baseline value.
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respectively. Bradykinin triacetic acid (Nova Biochem
Ltd, Nottingham, UK) was freshly prepared in 10%
ethanol in 0.9% sodium chloride to produce a stock
solution of 8 mg-ml! and then diluted with its appro-
priate diluent to produce a concentration range of
0.0037-8 mg-ml? (0.0035-7.54 mmol-!') (pH range
5.4-5.5; osmolarity range 1,698-1,885 mOsm). To
avoid loss of Bk through oxidation and adherence to
plastic surfaces, the stock solution was stored at 4°C
prior to use and bronchoprovocation was performed
within 30 min of preparing the dilutions. The solu-
tions were administered as aerosols generated from a
starting volume of 3 ml in a disposable Inspiron Mini-
nebulizer (C.R. Bard International, Sunderland, UK)
driven by compressed air at 8 I'min?. Under these
conditions, the nebulizer generates an aerosol with a
mass median particle diameter of 4.7 um [18]. Sub-
jects inhaled the aerosolized solutions in five breaths
from end-tidal volume to full inspiratory capacity via
a mouthpiece as described by CHar ef al. [19]. Sub-
jects were trained to take 3 s to reach full inspiratory
capacity.

Study design
The study was divided into three phases.

Phase 1. This initial phase of the study comprised
three separate non-randomized visits to the laboratory,
at least 72 h apart, to undertake concentration-response
studies with inhaled histamine, AMP and Bk. On each
occasion, after 15 min of rest, three baseline measure-
ments of FEV, were recorded at 3 min intervals. Sub-
jects then inhaled nebulized vehicle diluent solution
and FEV, measurements were repeated at 1 and 3 min,
the higher value being recorded. Provided that the
FEV, did not fall by >10% of the baseline value,
bronchial provocation test with one of the three agents
was carried out. After administration of each concen-
tration of agonist, FEV, was measured at 1 and 3 min,
the higher of the two values being recorded. Increas-
ing concentrations of histamine, AMP or Bk were
inhaled at 5 min intervals until FEV, had fallen by
>20% of the post-diluent baseline value, or until the
highest concentrations of agonist had been adminis-
tered. The percentage decrease in FEV, from post-
diluent baseline was plotted against the cumulative
concentration of agonist administered and the provoca-
tive concentration of agonist required to produce a
20% fall in FEV, from the post-diluent baseline value
(PC,,FEV,) was determined by linear interpolation.

Phase 2. This consisted of two visits, separated by
at least 5 days, during which 2 consecutive
concentration-response studies with either inhaled Bk
or histamine (as a control challenge) were undertaken
in a double-blind, randomized manner. An initial
bronchial provocation test with Bk or histamine was
performed until FEV  fell to >20% of post-diluent
baseline value. The airways were then allowed to re-
cover spontaneously until the FEV, had returned to
within 5% of their post-diluent baseline value.

On achieving this (approximately 50-75 min later) a
second agonist concentration-response challenge was
undertaken until FEV, fell >20% of the original
post-diluent value, or the highest concentrations of
agonist had been administered. Once the FEV, after
the second inhalation test with either Bk or histamine
had returned to within 5% of the post-diluent baseline
value a third challenge was undertaken, this time with
inhaled AMP, and PC,, values for this agonist were
derived as described previously.

Phase 3. This was carried out to determine the
specificity of the Bk effect on subsequent nonspecific
contractile stimuli. Subjects attended the laboratory on
a single occasion to undertake a concentration-response
study with inhaled histamine after receiving two con-
secutive inhalation challenges with Bk administered in
an identical fashion to that described in phase 2.

Data analysis

Results are expressed as mean+seM unless otherwise
stated and the p<0.05 was accepted as the level of sig-
nificance. Baseline FEV, values prior to bronchial
challenges were compared between study days by
analysis of variance (ANOVA). The airways response
to histamine, AMP and Bk at each agonist concentra-
tion was expressed as the percentage change in FEV,
from the post-diluent baseline value, The repeatability
of the AMP challenge procedure was determined
according to the method described by ALTMAN and
Branp [20], of plotting the difference against the mean
of the logarithmically transformed PC,, values obtained
on the histamine and open study days. The mean and
standard deviation (sp) of the difference between these
values were then derived and used to calculate the
coefficient of repeatability (CR) between the results of
the two study days. Similarly, we assessed the
repeatability of the loss of Bk responsiveness obtained
in phases 2 and 3. The slopes of the AMP
concentration-response curves after repeated exposure
with Bk and histamine were determined by least
squares linear regression analysis and compared by
Student's t-test.

In two subjects (nos 4 and 6) in phase 2, and in one
subject (no. 4) in phase 3, a minimal 20% fall in FEV,
could not be achieved when the maximum concentra-
tion of Bk was administered during the second chal-
lenge. In these subjects, an estimate of the PC,) was
used as the cumulative concentration beyond the top
dose administered. Because of this censored data the
values for the first and second Bk challenge were
compared for significance excluding subjects nos 4 and
6 in phase 2 and no. 4 in phase 3, using Student's
t-test for paired data and including the minimal esti-
mated values for these subjects using Wilcoxon’s
signed rank test.

Values of PC,) AMP following consecutive Bk and
histamine challenges were logarithmically transformed,
which normalizes their distribution, and compared by
the Student's t-test for paired data, Logarithmically
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transformed PC,, histamine values obtained following
maximally developed tachyphylaxis to Bk were
compared with the PC,; values obtained on the hista-
mine open study day using the paired Student’s t-test.

Results

There was no significant difference in baseline
values of FEV, between any of the study days (4.0£0.3
[ on histamine study day of phase 2, 3.9x0.4 ! on
Bk study day of phase 2 and 3.9:£0.4 / on control
study day of phase 3). The challenge procedure with
AMP in this group of patients was found to be repeat-
able, with a CR of 2.5 fold difference and for 7 of
the 8 subjects to within a twofold difference.

These findings were consistent with the repeatability
data obtained in previous studies with the AMP
challenge [12, 16].

Phase 1. Inhaled histamine, AMP and Bk all
produced concentration-related falls in FEV,. The geo-
metric mean (range) of PC,FEV, values obtained were
0.87 (0.25-2.4), 30.9 (5.9-98.3) and 0.23 (0.05-0.89)
mg'ml” for histamine, AMP and Bk, respectively,
(table 1).

Phase 2. In all subjects there was no significant dif-
ference in the slopes of the concentration-response
curves to both Bk and histamine on repeated chal-
lenge. Following recovery from the first dose-response
challenge with Bk, the airways showed a substantially

Table 2. — Effects of repeated inhalations with bradykinin and histamine on airway AMP responsive-

ness (phase 2)

Subject PC, Bk/1 PC, Bk/2 PC, AMP PC, H/1 PC,H/2 PC,AMP

no. mg-ml mg'ml? mg-ml! mg-ml? mg-ml? mg-ml*!

1 0.14 3.0 21.3 0.79 0.76 24.1

2 0.03 25 13.2 0.27 0.56 4.3

3 0.71 9.0 123.0 1.5 1.5 82.8

4 0.91 15.1 96.0 0.98 1.3 67.7

5 0.06 0.33 15.5 0.56 0.63 7.5

6 0.63 15.1 345.0 0.63 1.1 59.3

7 0.44 0.99 62.1 13 1.9 29.4

8 0.09 1.8 148.2 1.1 0.95 49.7
Geometric 0.21 3.1 59.8 0.80 1.00 28.1
mean (range) (0,03-0.91) (0.33-15.13)  (13.15-344.95) (0.27-1.52) (0.56-1.88) (4.33-82.81)

For abbreviations see legend to table 1.

6 1 p<0.01

\|

In PCy adenosine 5'-monophosphate

Control Post-Bk

Fig. 1. - Individual In PC,AMP values obtained on baseline
condition (control) and after having maximally induced Bk-
tachyphylaxis (post-Bk). Closed squares represent geometric mean
values. Bk: bradykinin; AMP: adenosine monophosphate; PC,;:
provocative concentration of agonist producing a 20% fall in forced
expiratory volume in one second from post-diluent baseline level.

15 9 NS
1.0
05 -
R i
E 0.0 -
B z »
2] -
o
S -05 : 5
a
= 5
-10 .
-1.5 \
2.0 4 —
Control Post-Bk
Fig. 2. - Individual In PC,, histamine values obtained on base-

line condition (control) and after having maximally induced Bk-
tachyphylaxis (post-Bk). Closed squares represent geometric mean
values. For abbreviations see legend to figure 1.



704 R. POLOSA ET AL.

reduced response to a second dose-response challenge
with the same agonist. Thus, the geometric mean PC,,
(range) Bk for the group during the first challenge of
0.21 (0.03-0.91) increased fifteenfold to 3.1
(0.33-15.1) mg-ml! after the second challenge
(p<0.01) (table 2). Consecutive histamine provocation
tests showed no significant change in responsiveness
from the first to the second challenge, the geometric
mean PC,; (range) values being 0.80 (0.27-1.52) and
1.00 (0.56-1.88) mg'ml, respectively, (table 2). Once
the airways had recovered from the second Bk chal-
lenge, provocation with AMP also showed a reduced
response, the geometric mean PC,, (range) value
increasing from 30.9 to 59.8 (13.15-345.95) mg'ml?
(p<0.01) (table 2, fig. 1). In contrast, the PC, (range)
value for AMP obtained after the second histamine
challenge of 28.1 (4.33-82.81) mg-ml* was not signifi-
cantly different from that measured during phase 1
(table 1). In only one out of the eight subjects was
some significant loss of airways responsiveness to his-
tamine reported, supporting our view that it is diffi-
cult to uniformly demonstrate histamine tachyphylaxis
in asthma [21]). By contrast, loss of the airway
response to Bk was observed in all of the subjects
studied.

Phase 3. Repeated challenge of the airways with Bk
during this phase produced an almost identical
fourteenfold loss of responsiveness, the PC, FEV,
(range) Bk value increasing from 0.18 (0.02-1.2) to
2.5 (0.95-15.1) mg'ml? (p<0.01). However, on this
occasion the airway response to a subsequent inhala-
tion with histamine remained unchanged, the geomet-
ric mean PC_ (range) value of 0.90 (0.21-3.1) mg'ml?
not being significantly different from that of 0.87
(0.25-2.4) mg-'ml! obtained on the open study day
(fig. 2). Analysis according to the method of ALTMAN
and BLanDp [20] showed that the degree of the loss of
Bk responsiveness obtained in phase 2 and phase 3
was repeatable with a CR of 3.8 fold and for 5 of the
8 subjects to within twofold,

Discussion

This study confirms our previous findings that
inhaled Bk and AMP cause concentration-related
bronchoconstriction in asthmatic subjects [3, 10-12].
Sequential bronchial provocation with Bk resulted in
a repeatable loss of responsiveness to this peptide,
whilst in the same subjects, tachyphylaxis to histamine
was difficult to demonstrate, as reported previously
[21]. We have extended these observations by show-
ing that repeated bronchial challenge with Bk produces
a small but significant reduction in the broncho-
constrictor response to AMP without influencing the
underlying level of "nonspecific" bronchial responsive-
ness when measured by histamine provocation.

The results of the present study indicate that some
form of interreaction between the mechanism(s)
responsible for the bronchoconstrictor activity of

inhaled Bk and AMP in asthma is present.
Our hypothesis, that a common pathway for the two
agonists exists at some point in the development of
tachy-phylaxis, would have been strengthened by
demonstrating some reduction in airway responsiveness
to Bk after repeated bronchial challenge with AMP.
However, this step could not be considered in the pro-
tocol of the present study because of the impossibil-
ity of rendering asthmatic subjects with highly reactive
airways tachyphylactic to AMP [17, 22]. Indeed, our
subjects were selected on the basis of their bronchial
hyperreactivity, because highly reactive asthmatics usu-
ally give repeatable dose response curves with inhaled
Bk [4], but, on the other hand, they are less likely to
develop AMP- tachyphylaxis [17, 22]. In looking for
a shared mechanism accounting for some cross-
refractoriness between the two stimuli, it is appropri-
ate to examine how these stimuli provoke airway
narrowing in asthma.

Although the mechanisms of Bk tachyphylaxis may
be different from that causing airway obstruction, there
are some similarities. We have previously shown that
in asthmatic individuals repeated challenge with
inhaled Bk leads to a loss of response, which appears
to be agonist specific, and differs from that reported
after exercise [23] and after histamine challenge [24],
which are considered secondary to the production of
protective prostanoids such as prostaglandin E,
or I, (PGE, or PGIL) [5]. The mechanism of tachy-
phylaxis to inhaled Bk in asthma is poorly
understood.  In the dog, Bk-induced broncho-
constriction [25] and increased mucus secretion [26]
are associated with selective stimulation of C-fibre
afferent nerve endings. There is also some evidence
in animal models that this peptide can release sensory
tachykinins such as substance P (SP), neurokinin A
(NKA) and calcitonin gene-related peptide (CGRP),
from sensory nerve endings [27, 28]. Moreover, SARIA
et al. [6] have recently reported that in perfused
guinea-pig lung Bk causes dose-dependent release of
sensory tachykinins. In asthmatic subjects the ability
of sodium cromoglycate and nedocromil sodium to at-
tenuate the response of asthmatic airways to Bk [2, 29]
has been interpreted as an effect mediated at the level
of C-fibres [30]. These findings support the view that
Bk tachyphylaxis in asthma may represent a down-
regulation of Bk receptor function on sensory nerve
endings or depletion of sensory tachykinins.

Adenosine, a naturally occurring purine nucleotide,
acts on specific cell surface receptors to either
decrease (via Al-receptors) or increase (via A2-
receptors) intracellular levels of cyclic 3',5'-AMP [31].
The parent purine nucleotide, AMP, is thought to have
similar actions following its transformation to
adenosine [31]. The action of AMP in inducing
bronchoconstriction in asthmatic subjects is suggested
to be subsequent to histamine release from airway
mast cells, as adenosine potentiates the release of pre-
formed mediators from immunologically stimulated
rodent [10] and human [11] mast cells in vitro and
histamine H -receptor antagonists are particularly
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effective in inhibiting the AMP-induced broncho-
constriction [8, 9, 12]. However, enhancement of mast
cell mediator release may not be the only mechanism
accounting for the bronchoconstriction provoked by
inhaled purines. There is some evidence to indicate
that neural reflexes may contribute to the contractile
airway response to this autacoid in asthma. The
modulatory effects of adenine nucleotides and
nucleosides on synaptic transmission were first dem-
onstrated by GinsBorg and Hirst [32]. Since then, a
number of studies have extended this initial observa-
tion by showing that the presynaptic modulation oc-
curs both in peripheral nerves and in the central
nervous system [33, 34]. In isolated rabbit airways
adenosine enhances the constrictor response to
transmural nerve stimulation [13], and in inbred rats
atropine attenuates the changes in airway response pro-
voked by intravenous adenosine [14]. In asthmatic
subjects, we [16] and others [15] have reported some
inhibition of the bronchoconstrictor response to inhaled
purines with anticholinergic drugs such as ipratropium
bromide and atropine, suggesting involvement of sen-
sory neurones in the response.

There is lack of information on whether or not
adenosine modulates synaptic transmission of
peptidergic nerves in the airways. If the hypothesis
that Bk tachyphylaxis in asthma results from the
depletion of sensory tachykinins is correct, then the
results of the present study may be interpreted as neu-
ral peptidergic pathways being shared both by Bk and
AMP in the induction of a bronchoconstrictor
response. Support for sensory nerve pathways being
involved in adenosine- and Bk-induced broncho-
constriction is gained from observing that at least some
of the protection afforded by sodium cromoglycate and
nedocromil sodium against bronchoconstriction pro-
voked by AMP [35], adenosine [36] and Bk [29] is
due to the ability of these drugs to inhibit peptidergic
neural reflexes in addition to their known effects on
mast cells [37].

Further explanation for the attenuation of the air-
ways response to AMP following repeated challenge
with Bk is tachyphylaxis occurring at the receptor
level. Although Bk tachyphylaxis in vitro may result
from an alteration in receptor affinity following
repeated exposure to the peptide [38], it is difficult to
envisage that any specific desensitization of the Bk B,
receptors could also alter adenosine receptor function
without some fundamental change occurring in the
contractile properties of the airways smooth muscle.
Indeed LyoN et al. [39] have recently demonstrated
that specific B,-Bk receptor binding in membrane
homogenates from sheep nasal turbinates was not
affected by the addition of either adenine or guanine
nucleotides.

In conclusion, we have shown that repeated expo-
sure of the airways of asthmatic subjects to Bk not
only results in the development of a profound loss of
response to this agonist but also in some attenuation
of the subsequent response to inhaled AMP. By dem-
onstrating some degree of cross-refractoriness we

suggest that a common pathway is implicated.
A possible, albeit speculative, explanation is that Bk
is acting through specific receptors to enhance
neuropeptide release from sensory nerve endings and
that it is at this end that AMP loss of responsiveness
occurs. Whatever the mechanism involved, it is clear
that further work is required to clarify whether
neuropeptides serve an important role in the patho-
physiology of adenosine- and Bk-induced
bronchoconstriction in human asthma.

References

1. Regoli D, Barabe J. - Pharmacology of bradykinin
and related peptides. Pharmacol Rev, 1980; 31: 1-46.

2. Fuller RW, Dixon CMS, Cuss FMC, Barnes PJ. -
Bradykinin-induced bronchoconstriction in humans.
Mode of action. Am Rev Respir Dis, 1987; 135: 176-180.
3. Polosa R, Holgate ST. - Comparative airway
response to inhaled braydkinin, kallidin and [desArg9]-
bradykinin in normal and asthmatic subjects. Am Rev
Respir Dis, 1990; 142: 1367-1371.

4. Polosa R, Phillips GD, Lai CKW, Holgate ST. -
Contribution of histamine and prostanoids to broncho-
constriction provoked by inhaled bradykinin in atopic
asthma. Allergy, 1990; 45: 174-182,

5. Polosa R, Lai CKW, Robinson C, Holgate ST. -~ The
influence of cyclooxygenase inhibition on the loss of
bronchoconstrictor response to repeated bradykinin challenge
in asthma. Eur Respir J, 1990; 3: 914-921.

6. Saria A, Martling C-R, Yan Z, Theodorsson-Norheim
E, Gamse R, Lundberg JM. - Release of multiple
tachykinins from capsaicin-sensitive sensory nerves in
the lung by bradykinin, histamine, dimethylphenyl
piperazinium and vagal nerve stimulation. Am Rev Respir
Dis, 1988; 137: 1330-1335.

7. Cushley MJ, Tattersfield AE, Holgate ST. — Inhaled
adenosine and guanosine on airway resistance in normal and
asthmatic subjects. Br J Clin Pharmacol, 1983; 15:
161-165.

8. Rafferty P, Beasley CRW, Holgate ST. -~ The con-
tribution of histamine to immediate bronchoconstriction pro-
voked by inhaled allergen and adenosine 5'-monophosphate
in atopic asthma. Am Rev Respir Dis, 1987; 136: 369-373.
9. Phillips GD, Rafferty P, Beasley CRW, Holgate ST. -
The effect of oral terfenadine on the bronchoconstrictor
response to inhaled histamine and adenosine 5'-mono-
phosphate in non-atopic asthma. Thorax, 1987; 42; 939-945,
10. Marquardt DL, Walker LL, Waserman SI. ~ Adenosine
receptors on mouse bone-marrow derived mast cells.
Functional significance and regulation by aminophylline. J
Immunol, 1984; 133: 932-937,

11. Hughes PJ, Holgate ST, Church MK. - Adenosine
inhibits and potentiates IgE-dependent histamine release
from human lung mast cells by an A2-purinoceptor medi-
ated mechanism. Biochem Pharmacol, 1984; 33: 3847-
3852.

12. Philips GD, Polosa R, Holgate ST. — The effect of
histamine H -antagonism with terfenadine on concentration-
related AMP. Clin Exp Allergy, 1989; 19: 405-409.

13, Gustafsson LF, Wiklund NP, Cederqvist B. — Appar-
ent enhancement of cholinergic transmission in rabbit bron-
chi via adenosine A2-receptor. Eur J Pharmacol, 1986;
120/2: 179-185.



706 R. POLOSA ET AL.

14, Pauwels RA, Van der Staeten ME. - An animal
model for adenosine-induced bronchoconstriction. Am Rev
Respir Dis, 1987; 136: 374-378.

15. Okayama M, Ma J-Y, Mataoka I, Kimura K, Miura M,
lifuna H, Inone H, Takishima T. - Role of vagal
nerve activity on adenosine-induced bronchoconstriction in
asthma (Abstract). Am Rev Respir Dis, 1986; 133 (Suppl.):
A93.

16. Polosa R, Phillips GD, Rajakulasingam K, Holgate ST.
~ The effect of inhaled ipratropium bromide alone and in
combination with oral terfenadine on bronchoconstriction
provoked by AMP and histamine in asthma. J Allergy Clin
Immunol, 1991; 87: 939-947.

17. Daxun Z, Rafferty P, Rafferty P, Richards R,
Summerell 8, Holgate ST. -~ Airway refractoriness to
adenosine 5'-monophosphate after repeated inhalation. J
Allergy Clin Immunol, 1989; 83: 152-158.

18. Lewis RA. - Therapeutic acrosols. /n: Cumming
G, Bonsignore C, Eds. Drugs and the lung. London,
Plenum Publishing Co., 1984; pp. 63-86.

19. Chai H, Farr RS, Froehlich LA, Mathison DA, McLean
JA, Rosenthal RR, Sheffer AL, Spector SL, Townley RG.
— Standardization of bronchial inhalation challenge proce-
dures. J Allergy Clin Immunol, 1975; 56: 323-327.

20. Altman DG, Bland JH. - Statistical methods for
assessing agreement between two methods of clinical meas-
urement. Lancet, 1986; 8(2): 307-310.

21. Polosa R, Finnerty JP, Holgate ST. — Tachyphylaxis
to inhaled histamine in asthma: its significance and rela-
tionship to basal airways responsiveness. J Allergy Clin
Immunol, 1990; 86(2): 265-271.

22. Finnerty JP, Polosa R, Holgate ST. - Repeated
exposure of asthmatic airways to inhaled adenosine
5'-monophosphate attenuates bronchoconstriction provoked
by exercise. J Allergy Clin Immunol, 1990; 86(3): 353-359.
23. O'Byrne PM, Jones GL. - The effect of indomethacin
on exercise-induced bronchoconstriction and refractoriness
after exercise. Am Rev Respir Dis, 1986; 134: 69-72.

24, Manning PJ, Jones GL, O'Byrne PM. - Tachyphylaxis
to inhaled histamine in asthmatic subjects. J App! Physiol,
1987; 63: 1572-1577.

25, Kaufman MP, Coleridge HM, Coleridge JCG, Baker
DG. - Bradykinin stimulates afferent vagal C-fibres in
intrapulmonary airways of dogs. J Appl Physiol: Respirat
Environ Exercise Physiol, 1980; 48: 511-517.

26. Davis B, Roberts AM, Coleridge HM, Coleridge JCG.
— Reflex tracheal gland secretion evoked by stimulation of
bronchial C-fibres in dogs. J Appl Physiol: Respirat
Environ Exercise Physiol, 1982; 53: 985-991.

27. Ueda N, Maramatsu I, Fijiwara MI. — Capsaicin and
bradykinin-induced substance P ergic responses in the iris

sphincter muscle of the rabbit. J Pharmacol Exp Ther,
1984; 230: 469—473.

28, Geppetti P, Maggi CA, Peretti F, Frilli §, Manzini S.
~ Simultaneous release by bradykinin of substance P- and
calcitonin gene-related peptide immunoreactivities from
capsaicin-sensitive structures in guinea-pig heart. Br J
Pharmacol, 1988; 94: 288-290.

29. Dixon CMS, Barnes PJ. - Bradykinin-induced
bronchoconstriction: inhibition by nedocromil sodium and
sodium cromoglycate. Br J Clin Pharmacol, 1989; 27:
831-836.

30. Dixon M, Jackson DM, Richards IM. - The action
of sodium cromoglycate on "C" fibre endings in the dog
lung. Br J Pharmacol, 1980; 70: 11-13.

31. Polosa R, Church MK, Holgate ST. — The autacoid
functions of adenosine in asthma. In: Agrewal DK,
Townley RG, Eds. Airway smooth muscle: Modulation of
receptors and response. Boca Raton, Florida, USA, CRC
Press, 1990; pp. 133-145.

32. Ginsborg BL, Hirst DS. — The effect of adenosine
on the release of transmitters from the phrenic nerve of the
rat, J Physiol (Lond), 1972; 224: 629-645.

33. Fredholm BB, Hedqvist P. -~ Modulation of
neurotransmission by purine nucleotides and nucleosides.
Biochem Pharmacol, 1980; 29: 1635-1643.

34. Snyder SH. - Adenosine as a neuromodulator. Ann
Rev Neurosci, 1985; 8: 103-124.

35. Altounyan REC, Lee TB, Rocchiccioli KMS, Shaw CL.
— A comparison of the inhibitory effects of nedocromil
sodium and sodium cromoglycate on adenosine mono-
phosphate-induced bronchoconstriction in atopic subjects.
Eur J Respir Dis, 1986; 69 (Suppl. 147): 277-279.

36. Crimi N, Palermo F, Oliveri R, Vancheri C, Polosa R,
Palermo B, Maccarrone C, Mistretta A. — A comparative
study of the effects of nedocromil sodium (4 mg) and
sodium cromoglycate (10 mg) on adenosine-induced
bronchoconstriction in asthmatic subjects. Clin Allergy,
1988; 18: 367-374.

37. Church MK, Polosa R, Rimmer SJ. - Cromolyn
sodium and nedocromil sodium: mast cell stabilizers,
neuromodulators or anti-inflammatory drugs? Jn: Kaliner
MA, Barnes PJ, Persson CGA, Eds. Asthma: its pathology
and treatment. New York, USA, Marcel Dekker, 1991; pp.
561-593.

38. Roberts RA, Gullick WJ. - Bradykinin receptors
undergo ligand-induced desensitisation. Biochem, 1990; 29:
1975-1979.

39, Lyon RA, Weisshaar PS, Phipps RJ. - Identification
and characterization of B, bradykinin receptors in sheep
nasal turbinates membranes. Pulm Pharmacol, 1990; 3:
209-214.



