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ABSTRACT: Airway hyperresponsiveness in asthmatic patients may be related to
cholinergic hyperresponsiveness.  In this study, we examined whether chronic aller-
gen exposure induces cholinergic hyperresponsiveness in ovalbumin (OA) sensitized
guinea-pig airways.

Three weeks after active sensitization, ovalbumin (0.03%, for 3 min, challenged
group) or saline inhalation (control group) was repeated every day for 4 weeks.
Cholinergic responses were assessed by isometric tracheal contraction after electri-
cal field stimulation (EFS) or exogenously applied acetylcholine (ACh).  The con-
tractions were expressed as a percentage of the maximum response to ACh (10-3

M) (AChmax).  We calculated the effective frequencies producing 25% of AChmax
(EF25) from frequency-response curves.

EFS-induced contractile responses were significantly enhanced in the challenged
group (logEF25=0.66±0.08 (mean±SEM)) compared with the control group (logEF25=
1.12±0.16).  In contrast, exogenous ACh-mediated contractile tracheal responses
were almost the same in both groups.

We conclude that repeated allergen inhalation causes cholinergic airway hyper-
responsiveness, presumably due to the facilitation of cholinergic neurotransmissi-
on.  This mechanism may be involved in the airway hyperresponsiveness in asthmatic
airways.
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Airway hyperresponsiveness to bronchospastic agents,
including cholinergic agonists, is the most typical fea-
ture of asthma [1], but the underlying mechanisms are
still unknown.  Allergen inhalation by sensitized animals
causes airway hyperresponsiveness in vivo [2, 3].  In in
vivo models, airway responsiveness to bronchoconstric-
ting agents can be changed by airway smooth muscle
contractility itself and/or other factors, such as neural
mechanisms.  A preliminary report showed that allergen
exposure in sensitized guinea-pigs causes subsequent air-
way hyperresponsiveness to histamine in vivo, whereas
the response of airway smooth muscle to histamine in
vitro does not differ from controls [4].  In the guinea-
pig, a major portion of the response to histamine is me-
diated via the vagus nerves [5].  It is, therefore, possible
that the airway hyperresponsiveness after allergen ex-
posure is of vagal nerve origin rather than due to the air-
way smooth muscle itself

The aim of this study, therefore, was to examine the
effect of chronic allergen exposure both on airway cholin-
ergic nerve function and airway smooth muscle respon-
siveness to acetylcholine (ACh).

Materials and methods

Animals

Male Dunkin-Hartley guinea-pigs (weight 200–250 g)
were actively sensitized by subcutaneous injection of 10
µg ovalbumin dissolved in 0.5 ml of saline containing
Al(OH)3 100 mg, on two consecutive days [6].  Three
weeks after the sensitization, the animals were challenged
with aerosol saline (control group; n=5) or 0.03% oval-
bumin (challenged group; n=6) daily for 4 weeks, in a
plexiglass exposure chamber using an ultrasonic nebu-
lizer (output 0.8 ml·min-1, for 3 min).

Tissue preparation

On the final day of inhalation, the animals were anaes-
thetized with intraperitoneal urethane (2 g·kg-1).  Trache-
al strips were placed in a tissue bath (10 ml) containing
Krebs-Henseleit solution, containing (mM): NaCl 118,
KCl 5.9, MgSO4 1.2, CaCl2 2.5, NaH2PO4 1.2, NaHCO3
25.5 and glucose 5.05, at 37°C, and bubbled with 95% O2,



5% CO2, and with pH 7.4.  Indomethacin (10-5 M) was
present throughout the experiment in order to prevent
the production of cyclooxygenase products that might
influence airway tone.  Isometric tension was measured
by a pressure transducer (UL-10GR, Minebea Co. Ltd,
Tokyo, Japan) and was recorded on a polygraph (Recti-
graph-8K, NEC San-ei Instruments, Ltd, Tokyo, Japan).
An initial tension of 1 g, which was found to be opti-
mal for measuring changes in tension, was applied to
the tracheal strips.  Sensitization was assessed by add-
ing albumin to the organ bath to give a final concentra-
tion of 0.01% albumin, and by recording the change in
tension at the end of each experiment.

Methods

Electrical field stimulation was delivered by two par-
allel platinum wires connected to an electrical stimula-
tor.  Biphasic square wave impulses of supramaximal
voltage (50 v) and 0.5 ms pulse duration were applied
for 10 s every 4 min at frequencies ranging 1–64 Hz.

Cumulative dose-response curves to ACh (10-7 to 10-3 M)
were constructed.

The following drugs were used: acetylcholine chloride
(Daiichi pharmaceutical Co. Ltd, Osaka, Japan); indo-
methacin (Sumitomo chemical Co., Osaka, Japan); atro-
pine sulphate (Tanabe Pharmaceutical, Osaka, Japan);
urethane and ovalbumin (Sigma Chemical Co., St. Louis,
MO, USA); saline (0.9% sodium chloride) (Otsuka Che-
mical Co., Tokyo, Japan).

Analysis

Data are expressed as mean±SEM. The contractions
were expressed as a percentage of the maximum tissue
response to ACh (10-3 M) (AChmax).  Curves were com-
pared by two-way analysis of variance (ANOVA).  The
effective frequencies producing 25% of AChmax (EF25)
were determined by frequency-response curves.  LogEF25
was compared by unpaired Student's t-test.

Results

Electrical field stimulation of guinea-pig trachea evoked
a rapid contraction, which was cholinergic in origin
because atropine (10-5 M) completely inhibited these
responses.  In the challenged group, the electrical field
stimulation-induced tracheal contractile response curve
was significantly shifted to the left compared with that
of the control group (fig. 1a).  The logEF25, i.e. the
threshold of electrical field stimulation, was significant-
ly lower in the challenged group (0.66±0.08) than in the
control group (1.12±0.16) (p<0.05) (table 1).  The dose-
response curves to exogenous ACh were not significant-
ly different between the two groups (fig. lb).

Discussion

We have demonstrated that chronic allergen exposure
enhances vagal cholinergic bronchoconstrictor response
after electrical field stimulation in sensitized guinea-pigs.
Because the exogenously applied ACh-induced response
was not changed by allergen inhalation, it is suggested
that neurotransmission through cholinergic efferent  ner-
ves is enhanced by chronic allergen exposure and sub-
sequent airway inflammation.

Another possible mechanism by which cholinergic
responsiveness in the airways might be increased after
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Fig. 1.  –  a) Electrical field stimulation frequency response curves; and b) exogenous acetylcholine (ACh) dose-response relationships in control
(❍; n=5) and challenged (●; n=6) groups.  All points are means±SEM.  There was significant difference (p<0.05) between the two groups by two-
way analysis of variance (ANOVA).

Table 1.  –  Effect of repeated antigen exposure on EFS-
induced bronchoconstriction

Control OA

Fmax % 45.2±5.8 55.7±2.5
LogEF25 1.12±0.16 0.66±0.08*

Fmax: maximal contractile response to the largest frequency of
EFS given expressed as a percentage of the maximal contrac-
tion to ACh (10-3 M) (AChmax); EFS: electrical field stimula-
tion; ACh: acetylcholine; OA: ovalbumin; EF25: effective
frequency producing 25% of AChmax.  Differences between
two groups were compared using student's t-test for the unpair-
ed data.  *: p<0.05.



allergen exposure is damage or loss of epithelial cells,
since these cells release epithelial derived relaxant fac-
tor [7].  However, because the direct ACh-induced con-
traction was not influenced by allergen inhalation, this
possibility is unlikely.  For the same reason, an increase
in smooth muscle responsiveness by allergen exposure
is also unlikely.

Airway hyperresponsiveness to pharmacological stim-
uli is one of the characteristic features of asthma [1].
A previous report, which compared the responses to
histamine in vivo and in vitro in human airways, failed
to show a significant relationship between the two,
suggesting that airway hyperresponsiveness does not
result from an abnormality in the airway smooth mus-
cle [8].  A preliminary animal study also showed that
allergen exposure causes airway hyperresponsiveness
to histamine in vivo without affecting the airway smooth
muscle contraction to histamine in vitro [4].  Broncho-
constricting agents, including histamine, prostaglandin
F2α (PGF2α) and bradykinin, have been shown to cause
airway smooth muscle contraction not only by a direct
action on the muscle but also by cholinergic mecha-
nisms.  McCAIG [9] reported that allergen exposure
enhances cholinergic tracheal contraction in sensitized
guinea-pigs, but did not examine the contractile resp-
onse after exogenous ACh.  Therefore, the site of cholin-
ergic hyperresponsiveness remained unknown.

The present study shows that allergen exposure enhances
cholinergic nerve function without affecting the smooth
muscle response, suggesting that cholinergic hyperre-
sponsiveness after allergen challenge is due to presy-
naptic mechanisms.  It is, therefore, possible that the
airway hyperresponsiveness observed in asthmatic pati-
ents is also due, at least in part, to enhanced cholinergic
neurotransmission.

From the present study, the mechanisms which caused
the facilitation of cholinergic neurotransmission cannot
be determined.  A previous study has shown that anti-
gen inhalation causes a dysfunction of muscarinic M2
receptors in pulmonary parasympathetic nerves and en-
hances cholinergic neurotransmission in guinea-pigs [10].
Furthermore, another report has shown that antigen chal-
lenge can lead to enhanced excitability of guinea-pig
bronchial ganglion neurons by increasing membrane re-
sistance, depolarizing the membrane potential, and decrea-
sing the action potential accommodative properties of the
neuron  [11].  These mechanisms may be involved in
the mechanisms of cholinergic nerve facilitation in the
present study.  Because β-agonists have been reported
to modulate the cholinergic neurotransmission prejunc-
tionally in canine [12], ferret [13], and human airways
[14], sympathetic mechanism may be an alternative ex-
planation of the cholinergic hyperresponsiveness observ-
ed in the present study.  Sympathetic dysfunction by
chronic allergen challenge may be involved in the mech-
anism of the facilitation of ACh release observed in our
study.

In conclusion, we have shown that chronic allergen
exposure increases cholinergic nerve function without
affecting the airway smooth muscle contractile response

to ACh, possibly due to the facilitation of cholinergic
neurotransmission.  Because the vagal cholinergic ner-
vous system is the dominant neural bronchoconstrictor
mechanism in all animals, including humans, and plays
an important role in the regulation of airway tone [15],
the hyperfunction of this system after allergen inhalation
and subsequent airway inflammation may be involved in
the pathogenesis and airway hyperresponsiveness of
asthma.
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