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1 Our aim was to determine if antigen challenge stimulates sensory nerves and provokes the release of
tachykinins. The involvement of histamine and bradykinin was studied by using speci®c receptor
antagonists. Capsaicin-induced responses were also examined. Experiments were performed in vitro on
tracheal and bronchial preparations from ovalbumin-sensitized guinea-pigs.

2 Characterization of ovalbumin-induced contraction, with regard to histamine and bradykinin, was
carried out on airway ring preparations in the presence of phosphoramidon. The histamine H1 receptor
antagonist pyrilamine reduced allergen-induced bronchial contractions by about 30%, whereas the
bradykinin B2 receptor antagonist icatibant (Hoe 140) did not signi®cantly a�ect the response. Combined
treatment with pyrilamine (1 mM) and icatibant (0.1 mM) reduced the contractions by about 80%,
indicating a synergistic inhibitory action. Tracheal preparations were not signi®cantly a�ected by
treatments, neither were capsaicin-induced contractions.

3 To study the out¯ow of tachykinins, we used a perfused bronchial-tube preparation, allowing
simultaneous measurement of smooth muscle tension and mediator release. Neurokinin A-like
immunoreactivity (NKA-LI) and substance P-like immunoreactivity (SP-LI) were determined by
radioimmunoassay.

4 The results of the perfusion study showed an increased out¯ow of NKA-LI into the perfusate in
response to ovalbumin (127% of basal) challenge. SP-LI determined in some of the samples showed a
much lower amount (40 to 70 times lower) of SP-LI than NKA-LI. Treatment with icatibant and
pyrilamine, separately and in combination, signi®cantly reduced the ovalbumin-induced NKA-LI
out¯ow by 38%, 26% and 22%, respectively.

5 Capsaicin-induced out¯ow (124% of basal) was not signi®cantly a�ected by treatments (icatibant
121%, pyrilamine 107% and combined treatment 111% of basal). However, when pyrilamine was
present the increased out¯ow was not statistically signi®cant.

6 In conclusion, we found that allergen provocation of guinea-pig bronchi caused an increased out¯ow
of NKA-LI that was reduced by treatment with both pyrilamine and icatibant. These ®ndings
demonstrate that the allergen-induced release of histamine and bradykinin stimulate sensory nerves and
thereby increase out¯ow of tachykinins that contribute to the allergic reaction.
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Introduction

Antigen challenge of sensitized airways results in broncho-
constriction, mucus production and plasma extravasation due
to the action of several di�erent in¯ammatory mediators
(Barnes et al., 1988; Barnes, 1996). It has been proposed that
the e�ects of antigen challenge comprise the activities of both
in¯ammatory cells and sensory nerves and interaction between
these structures has been suggested (Barnes, 1992a)

Capsaicin, the pungent agent in red pepper, is known to
stimulate directly a subset of sensory nerves, probably via
speci®c receptors (Dray, 1992). During activation, the capsai-
cin-sensitive sensory nerves are able to release the related ta-
chykinins neurokinin A (NKA) and substance P (SP). NKA is
a potent bronchoconstrictor (Advenier et al., 1987; Martling et
al., 1987) whereas SP mainly induces plasma extravasation in
the airways and the tachykinins have been proposed to play a
role in neurogenic in¯ammation (Barnes, 1992a; Martling,
1987).

Saria et al. (1988) found that histamine, a well-documented
participant in the allergic reaction, added exogenously to gui-
nea-pig lung released tachykinins by interacting with H1 re-
ceptors. Bradykinin and related kinins are also mediators of
in¯ammation, and there is accumulating evidence that brady-

kinin can release neuropeptides from capsaicin-sensitive nerves
(Geppetti, 1993). Furthermore, bradykinin has been observed
to potentiate excitatory NANC (non-adrenergic, non-choli-
nergic) responses in guinea-pig airways in vivo (Miura et al.,
1994) and in vitro (Miura et al., 1992), probably via prejunc-
tional bradykinin B2 receptors. Recently, the involvement of
tachykinins and kinins in allergic airways was reviewed (Ber-
trand & Geppetti, 1996).

Kinins act mainly through interaction with bradykinin B1

and B2 receptors (Hall, 1992; Regoli et al., 1996), although
con¯icting data concerning another receptor-subtype in gui-
nea-pigs have been published (Farmer et al., 1989; Pruneau et
al., 1995). Icatibant, the B2 receptor antagonist used in the
present study, was chosen since it also antagonizes bradykinin
in guinea-pig trachea (Farmer et al., 1989; Pruneau et al.,
1995). In the present study, we addressed the question of
whether antigen challenge of airway preparations stimulates
capsaicin-sensitive sensory nerves and thereby increases out-
¯ow of tachykinins. We used sensitized guinea-pig bronchial-
tube preparations (LindstroÈ m & Andersson, 1995) to deter-
mine NKA-LI out¯ow and smooth muscle tension in response
to both antigen and capsaicin challenge. Involvement of his-
tamine H1 receptors and bradykinin B2 receptors was exam-
ined by using the histamine H1-receptor antagonist pyrilamine
and the selective bradykinin B2 receptor antagonist icatibant
(Hock et al., 1991).1Author for correspondence.
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Methods

Animals and sensitization

Experiments were approved in advance by the local ethical
review committee on animal experiments (LinkoÈ ping, Sweden).

Male Dunkin-Hartley guinea-pigs (Sahlins, MalmoÈ , Swe-
den) weighing 400 ± 700 g were used. The animals were raised
under standardized conditions and sensitized by an intraperi-
toneal injection of 10 mg of ovalbumin, with 100 mg of alu-
minium hydroxide (Al(OH)3) as adjuvant (FuÈ gner, 1985). The
sensitization was performed at least 2 weeks before the ex-
periments.

Preparation

Guinea-pigs were stunned and bled. Bronchi and trachea were
then isolated, dissected free from surrounding tissue and im-
mersed in Krebs solution (composition in mM: NaCl 12.2, KCl
4.7, CaCl2 2.5, MgCl2 1.2, NaHCO3 15.4, KH2PO4 1.2 and
glucose 5.5) equilibrated with 95% O2 and 5% CO2, pH 7.4.
The epithelium was largely removed from all preparations by
mechanical action (by a plastic rod), as previously described
(GrundstroÈ m et al., 1992).

Contractility studies

Main bronchi and trachea were prepared and divided into ring
segments, approximately 3 mm in length; the segments were
mounted on special holders (GrundstroÈ m et al., 1981) and
immersed in organ baths containing the modi®ed Krebs solu-
tion. The preparations were given an initial tension of 0.5 ±
1.0 g. After equilibration, the preparations were repeatedly
contracted with 10 mM acetylcholine until a stable response
was recorded; no other drug was present during this provo-
cation. Thereafter, the preparations were washed and equili-
brated for an additional 45 min. Drugs, the bradykinin B2

receptor antagonist icatibant (0.01, 0.1 and 1 mM), the hista-
mine H1 receptor antagonist pyrilamine (1 mM), and the en-
dopeptidase inhibitor phosphoramidon (10 mM) were present
as indicated during the equilibration period and throughout
the experiments. After the equilibration period, the prepara-
tions were provoked by antigen, i.e. ovalbumin (0.1 mg ml71).
When the response was stable, the preparations were washed
repeatedly and allowed to return to baseline tension in the
presence of the drugs being used. Thereafter, stimulation with
capsaicin (10 mM) was carried out. In a separate set of ex-
periments we compared capsaicin-induced contractions per-
formed with or without any previous ovalbumin-challenge.

The results were calculated as % of the acetylcholine-in-
duced contraction.

Perfusion studies

A method used to measure the muscle tension of a tracheal or
bronchial-tube preparation has been described by our research
group (GrundstroÈ m et al., 1992; LindstroÈ m & Andersson,
1995). In the present study, the modi®ed method that is sui-
table for the bronchial-tube preparations (LindstroÈ m & An-
dersson, 1995) was used. In short, the trachea and all branches
of the bronchi were ligated to create a single unbranched tube
actually consisting of both bronchi. The two open (distal) ends
were then connected to perfusion cannulae to allow continuous
perfusion of the preparation with 378C Krebs solution.
Thereafter, the prepared bronchial tube was mounted in a
small closed chamber ®lled with Krebs solution and changes in
smooth muscle tension were estimated by measuring the ac-
companying changes in chamber pressure (i.e. contraction of
the preparation resulted in a decrease in chamber pressure). A
pressure transducer (type AE 840, AS Mikroelektronick,
Horten, Norway) was used for measurements and results were
recorded on a polygraph (Grass model 7). The Krebs solution
contained gelatine (0.2%), to prevent the adherence of neu-

ropeptides to the plastic tubes. The endopeptidase inhibitor
phosphoramidon (10 mM) was also present to minimize de-
gradation of NKA. Drugs, icatibant (0.1 mM) and pyrilamine
(1 mM) were added to the perfusion solution and to the bu�er
surrounding the preparation 40 min before stimulation.
Ovalbumin (1 mg ml71) was applied in the perfusion solution
¯owing through the lumen of the preparation. After the
ovalbumin challenge, a 45-min wash-out (in the presence of the
drugs used) was performed and the preparation was subse-
quently stimulated with capsaicin (10 mM). In four experiments
capsaicin was applied directly without any pre-exposure to
ovalbumin.

Tachykinin determination

The perfusate from the bronchial-tube preparation was col-
lected for 10 min immediately before stimulation to obtain
basal values and after that for 10 min during stimulation. The
perfusate was collected on ice and acetic acid was immediately
added to a ®nal concentration of 0.5 M. Isolute-C18 cartridges
(IST, by Sorbent AB, V. FroÈ lunda, Sweden) were then used to
purify and concentrate the samples (LindstroÈ m & Andersson,
1995; Saria et al., 1988). Brie¯y, cartridges were activated with
a methanol solution (0.1% tri¯uoroacetic acid containing
0.06 M sodium chloride and 80 voL % methanol) and equili-
brated with TFA solution (0.1% tri¯uoroacetic acid in water
containing 0.06 M sodium chloride). Samples were applied to
the cartridges and washed, and thereafter peptides were eluted
with the methanol solution. The methanol component in the
eluted samples was evaporated before freeze-drying. This
treatment resulted in an approximately 86+1.5% recovery of
synthetic NKA. Neurokinin A-like immunoreactivity was de-
termined by radioimmunoassay (RIA; Neurokinin A RIA
KIT, Peninsula Laboratories, Inc, U.S.A.); the analysis was
performed according to the manual provided with the kit. The
cross-reactivity of the kit assay to kassinin and neuropeptide K
is 100%, to NKB 80%, and to SP50.05%, detection range 1 ±
128 pg/tube. Substance P-like immunoreactivity content was
determined by RIA in some of the samples (Substance P, RIA
KIT, Peninsula Laboratories, Inc, U.S.A.; range; 0.1 ± 64 pg/
tube; cross-reactivity to NKA50.01%).

Statistical analysis

All data are presented as mean+s.e. mean. Statistical analysis
was performed by use of ANOVA followed by an ad hoc test
(Dunett's). All treatments were compared with control values
and statistical signi®cance was denoted; *(P50.05),
**(P50.01). Student's paired t test was used as indicated.

Drugs

Icatibant (Hoe 140) was a gift from Hoechst AG (Frankfurt
am Main, Germany). Capsaicin, neurokinin A, phosphora-
midon, ovalbumin, gelatine, acetylcholine chloride and pyri-
lamine (mepyramine) were obtained from Sigma Chemical Co.
(St. Louis, MO, U.S.A.). Capsaicin was dissolved in ethanol
and then diluted to the ®nal concentration in Krebs bu�er
(®nal concentration 0.1% ethanol). Other agents were dis-
solved in Krebs solution.

Results

Contractility studies

Bronchial preparations Contractile responses are presented as
percentages of the acetylcholine-induced contraction recorded
before any drug treatment. The mean contraction of the
bronchial preparations in response to acetylcholine (10 mM)
was 0.65+0.035 g (n=67); no signi®cant di�erence was ob-
served between treatment groups. Acetylcholine- and antigen-
induced contractions showed positive correlation (r=0.87,
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n=10). Ovalbumin (0.1 mg ml71) challenge of bronchial-ring
preparations resulted in contractions of 137.7+15.6% (n=7).
Phosphoramidon (10 mM) treatment of these epithelium-de-
nuded preparations did not alter the response signi®cantly
(Figure 1a), whereas the histamine H1 receptor antagonist
pyrilamine (1 mM) did (90.28+12.9%, n=6, P50.05). Treat-
ment with pyrilamine in the presence of phosphoramidon re-
sulted in a similar reduction as when pyrilamine was used
alone (Figure 1a). Capsaicin-induced responses (99.8+23.1%,
n=6) were not signi®cantly a�ected by any of the previously
mentioned treatments (pyrilamine 87+20%, n=5, and Figure
1b). Although no signi®cant e�ect of phosphoramidon treat-
ment was noted, we chose to use it throughout this study.

The selective bradykinin B2 receptor antagonist icatibant, at
concentrations of 0.01, 0.1 and 1 mM, did not signi®cantly af-
fect the contractile responses of the bronchial-ring prepara-
tions to ovalbumin (149+31%, 112+32%, and 101+22%,
respectively; n=6). However, when pyrilamine and icatibant

were co-administered, contractions were inhibited. This e�ect
was most pronounced and signi®cant at a concentration of
0.1 mM icatibant (Figure 1a).

Capsaicin-induced contractions were not signi®cantly af-
fected by icatibant, either in the presence or the absence of
pyrilamine (Figure 1b).

Tracheal preparations The contractions exhibited by the tra-
cheal-ring preparations in response to antigen and capsaicin
challenge were not signi®cantly a�ected by any treatment
performed. Neither was there any signi®cant di�erence be-
tween contractions elicited by capsaicin directly or after oval-
bumin-challenge (data not shown).

Perfusion studies

In this series of experiments, phosphoramidon was present at
all times, and the concentration of icatibant that gave the most
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Figure 1 Contractions of bronchial-ring preparations challenged
with (a) ovalbumin (0.1 mg ml71) and (b) capsaicin (10 mM) and the
modulatory action of icatibant and pyrilamine on the induced
responses. Phosphoramidon (10 mM) was present in all experiments.
Each column represents mean+s.e.mean, n=6± 7. *P50.05 com-
pared with control (solid column).
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Figure 2 Bronchial-tube preparations challenged with ovalbumin
(1 mg ml71). E�ects of icatibant and pyrilamine on (a) NKA-LI
out¯ow and (b) contractile responses. Phosphoramidon (10 mM) was
present in all experiments. Each column represents mean+s.e.mean,
n=6. *P50.05 and **P50.01, compared with control (solid
column).
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pronounced response in the bronchial-ring preparation studies
(i.e. 0.1 mM) was used.

NKA-LI was determined in the perfusate collected before
antigen challenge (basal) and during the challenge. Results in
the ®gures are expressed as % of basal out¯ow of NKA-LI.

Antigen stimulation of the bronchial tubes signi®cantly in-
creased the amount of NKA-LI in the perfusate (basal,
1300+59 and challenged, 1626.6+110 pg g71 dw (dry
weight,); P50.05, Student's paired t test) (Figure 2a). This
increased out¯ow was inhibited by the treatments performed
(Figure 2a). Basal levels (sampled before ovalbumin-challenge)
of NKA-LI were not a�ected by icatibant treatment
(1303+91 pg g71 dw) while pyrilamine and combined treat-
ment signi®cantly decreased basal values (965+113, P50.05
and 674+71, P50.01, pg g71 dw, respectively). No signi®cant
di�erence between basal values sampled before ovalbumin and
capsaicin-challenge was observed except when icatibant was
present alone (basal before capsaicin 1142+109 pg g71 dw,
P50.01 Student's paired t test).

Capsaicin challenge provoked a similar liberation of NKA-
LI as ovalbumin-challenge (basal, 1572+161 and challenged,
1925.6+174 pg g71 dw, P50.05, Student's paired t test)
(Figure 3a), but no signi®cant di�erence between treatments
was noted (Figure 3a). However, when pyrilamine was present
the increased out¯ow was not statistically signi®cant.

No signi®cant di�erence between NKA-LI out¯ow, when
capsaicin-challenge was performed directly or after ovalbumin-
challenge, was noted (data not shown).

SP-LI was analysed in twelve of the NKA samples and a
comparison of these two tachykinins revealed about 40 to 70
times more NKA-LI than SP-LI in the samples.

Contractions elicited by ovalbumin challenge of bronchial
tubes were not a�ected by treatment with icatibant (0.1 mM),
whereas pyrilamine (1 mM) alone e�ectively reduced the con-
tractions and addition of icatibant did not result in any further
decrease (Figure 2b). Only exposure to pyrilamine signi®cantly
decreased the capsaicin-induced contractions (Figure 3b).

Discussion

In the present study, characterization of the response to anti-
gen and capsaicin stimulation, with regard to histamine and
bradykinin, was performed in bronchial and tracheal pre-
parations from sensitized guinea-pigs. We found that con-
tractions induced by antigen challenge of bronchial ring
preparations could be reduced by pyrilamine treatment but
were not a�ected by exposure to icatibant. In contrast, when
pyrilamine and icatibant were administered together the con-
tractions of the bronchial but not the tracheal ring-prepara-
tions were reduced signi®cantly. These results indicate that the
antagonists used in our experiments act synergistically to in-
hibit the antigen-induced contractions of the bronchial-ring
preparations. The varying distribution of excitatory and inhi-
bitory NANC nerves in guinea-pig airways (GrundstroÈ m,
1986) and other morphological di�erences may explain the
divergent results we obtained with bronchial and tracheal
preparations. The results also emphasize that ®ndings obtained
on tracheal preparations are not always applicable to lower
airways. Capsaicin, a stimulus known to have a direct e�ect on
sensory nerves, probably via speci®c receptors (Dray, 1992),
induced contractions of the airway ring preparations that were
not signi®cantly a�ected by any of the applied treatments.

It has been proposed that interplay occurs between sensory
nerves and in¯ammatory cells and the results of the ring-pre-
paration experiments could indicate this. We have evaluated
the hypothesis that mediators released in response to allergen
provocation stimulate sensory nerves and elicit increased out-
¯ow of tachykinins. This was accomplished by using a bron-
chial tube preparation that allowed simultaneous measurement
of smooth muscle tension and mediator release. We found that
antigen and capsaicin provoked an increased out¯ow of NKA-
LI and SP-LI, these tachykinins are known to be co-stored in
sensory nerves. Our ®nding of substantially larger amounts of
NKA-LI than of SP-LI is indirectly supported by others (Ellis
& Undem, 1994; Ellis, 1995). However, sample treatment in
our study was aimed at maximizing NKA recovery, so the
contribution of SP to the response must also be considered.
Histamine and/or bradykinin could be a link between in¯am-
matory cells and the nervous system, since both have been
shown to stimulate sensory nerves (Saria et al., 1988; Geppetti,
1993). For instance, it has been proposed that bradykinin
could activate NANC nerves by interacting with B2 receptors
(Dixon & Barnes, 1989; Ichinose & Barnes, 1990) and icatibant
has been found to decrease the contractile response induced by
aerosolized ovalbumin in vivo (Ricciardolo et al., 1994).

We found that although NKA-LI out¯ow in response to
ovalbumin-challenge was substantially decreased by icatibant
treatment, no e�ect on contractions could be measured. Also,
antigen-induced contractions were almost abolished by treat-
ment with pyrilamine and no further inhibition was seen when
icatibant was added. This is in agreement with our previous
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Figure 3 Bronchial-tube preparations challenged with capsaicin
(10 mM). E�ects of icatibant and pyrilamine on (a) NKA-LI out¯ow
and (b) contractile responses. Phosphoramidon (10 mM) was present
in all experiments. Each column represents mean+s.e.mean, n=6.
*P50.05, compared with control (solid column).
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results on epithelium-denuded tracheal tube preparations,
showing a predominant contractile e�ect of histamine (Lind-
stroÈ m et al., 1992). During conditions when the role of hista-
mine is less distinct, e.g. in human airways, the e�ect of
decreased sensory nerve activity could be more pronounced.

Discrepancies in the results between ring and tube pre-
parations may be due to di�erences in the experimental con-
ditions: in the tubes, the luminal and serosal side of the
preparation were separated, perfusion was continuous, and the
challenge was made intraluminally; in the ring preparations,
luminal, serosal and cut surfaces were exposed to the challenge
and released mediators may accumulate in the vicinity of the
preparation.

Inconsistency between in vivo (Ricciardolo et al., 1994) and
our in vitro results may re¯ect di�erences in de novo synthesis
of kinins, although generation of kinins in airway preparations
has been demonstrated (Farmer et al., 1994). It has also been
shown in both guinea-pig (Arakawa et al., 1992; Lach et al.,
1994) and human (Molimard et al., 1994) airways that bra-
dykinin exerts part of its e�ect through a pathway that is
sensitive to indomethacin (a cyclo-oxygenase inhibitor). Pros-
tanoid synthesis may originate from the airway epithelium
(LindstroÈ m et al., 1992), which could in part explain the di-
vergent results obtained with our epithelium-denuded pre-
parations. In our study, treatment with phosphoramidon did
not a�ect contractile responses induced by either antigen or
capsaicin. This may be due to reduced NEP (neutral endo-
peptidase) activity as a consequence of the epithelium removal;
comparable results have previously been found by Frossard et
al. (1989).

In guinea-pigs, tachykinins cause bronchoconstriction
mainly by a direct action on bronchial smooth muscle, but a
recent study suggests that they may also release histamine
(Lilly et al., 1995). In agreement with these results, we found
that pyrilamine had an inhibitory e�ect on capsaicin-induced
contractions in bronchial-tube preparations. Results concern-
ing the modulatory action of pyrilamine and icatibant on
capsaicin-induced responses are di�cult to interpret since they
are small and variable.

Our ®nding that pyrilamine reduced basal out¯ow of NKA-
LI suggests that histamine could exert a sensitizing e�ect on
sensory nerves.

Although, icatibant treatment did not a�ect basal NKA-LI
out¯ow, a pronounced e�ect on the antigen-induced reaction
was seen. NKA-LI out¯ow was signi®cantly decreased below
the basal level and the inhibition appeared to be prolonged
since basal values sampled before capsaicin-challenge were
lower than those sampled before ovalbumin-challenge. In-
¯ammatory mediators may act on several prejunctional re-
ceptors to modulate the release of neurotransmitters (Barnes,
1992b) and an alteration of the balance between inhibitory and
facilitating signals may contribute to our results.

Con¯icting results have been obtained with regard to the
contributions tachykinins make to the allergen-induced reac-
tion (Manzini et al., 1987; Ingenito et al., 1991; Lai, 1991;
Warth et al., 1995). In a recent study it was implied that NK2

receptors are not particularly important for the acute antigen-
elicited bronchospasm (Mizuguchi et al., 1996). However, in
this study the animals were pretreated with an H1 receptor
antagonist and our results showed that pyrilamine reduces
NKA-LI out¯ow.

In conclusion, we have shown that antigen challenge of
guinea-pig airways results in an increased out¯ow of NKA-LI
that is modulated by antagonists of both histamine H1 and
bradykinin B2 receptors.

We propose that histamine and bradykinin released during
the allergic reaction stimulate sensory nerves and provoke the
release of potent tachykinins. If that mechanism of action also
exists in man, then combined treatment with histamine and
bradykinin antagonists could be of great therapeutic value in
the treatment of allergic asthma.

This study was supported by grants from The Swedish Society for
Medical Research, The Swedish Medical Research Council (B96-
04X-11553-01A), The Heart and Lung Foundation (60017) and
OÈ stergoÈ tlands LaÈ ns Landsting (96/155).
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