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1 Immunized BP2 mice developed an acute bronchoconstriction in vivo and airway muscle
contraction in vitro in response to ovalbumin (OA) and these contractions were dose dependent.

2 Methysergide or atropine inhibited OA-induced bronchoconstriction in vivo and airway muscle
contraction in vitro.

3 Neostigmine potentiated the OA-induced bronchoconstriction in vivo and airway muscle
contraction in vitro of BP2 mice. This potentiation was markedly reduced by the administration
of methysergide or atropine and when the two antagonists were administered together, the responses
were completely inhibited.

4 Neostigmine also potentiated the serotonin (5-HT)- and acetylcholine (ACh)-induced
bronchoconstriction and this potentiation was signi®cantly reversed by atropine.

5 These results indicate that OA provokes a bronchoconstriction in immunized BP2 mice by
stimulating the release of 5-HT, which in turn acts via the cholinergic mediator, ACh.
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Introduction

A number of studies have shown that lungs of rats (Church et
al., 1972) and mice (Levitt & Mitzner, 1989) are responsive to
5-HT and ACh. In the rat, the response to 5-HT is mediated by

a direct action of this agonist on airway smooth muscle
(Pauwels et al., 1985). In contrast, in the mouse, the e�ect of 5-
HT may be mediated by indirect mechanisms, such as the
release of ACh. In fact, Levitt & Mitzner (1989) showed that in

certain inbred strains of mice, which are very responsive to 5-
HT, the bronchoconstriction induced by 5-HT was blocked by
atropine. These data implicated an interaction of 5-HT with

the nervous system and cholinergic mechanisms.
In sensitized mice, the ovalbumin dose-dependent contrac-

tions have been reported to be associated with the release of 5-

HT (I� & Vaz, 1966; Lima, 1967). Larsen and co-workers
(1994) showed that repeated airway exposure to an allergen
and the development of an IgE-responsive state lead to an

altered neural control of airways with an increase in ACh
release from nerve terminals. These in vitro data supported
similar observations suggesting a link between elevated IgE
titers in mice and airway hyper-responsiveness to contractile

agents (Saloga et al., 1994; Weinmann et al., 1990). These
results provided evidence for the hypothesis that an
ovalbumin-induced bronchoconstriction in mice may be due

to the direct contractile e�ect on airway muscle of ACh which
is released by 5-HT. However, no studies have been performed
which demonstrate that this series of physiological events

occurred in any one of the proposed animal models of airway
hyper-reactivity. Therefore, the aim of this investigation was to
examine the ovalbumin induced bronchoconstriction in a

mouse model where an elevated serum IgE titer and airway
hyper-responsiveness have been reported (Eum et al., 1995).

Methods

Mice and immunization procedure

Female BP2 mice were obtained from the `Centre d'Elevage R.
Janvier' (BP5, 53940 Le Genest Saint-Isle, France). Mice from

8 ± 11 weeks were used in the experiments. These BP2 mice, a
selection of Biozzi mice, produce high titers of antibodies
(Biozzi et al., 1979) including IgE (Eum et al., 1995). These

animals were derived from Swiss mice which were bred for the
production of either high or low amounts of antibodies against
selective antigens. After 16 generations the animals di�ered by

280-fold in mean agglutinin titers of antibodies produced
against sheep erythrocytes (Biozzi et al., 1970).

Mice were immunized by injecting 0.4 ml of an OA solution
(s.c. 250 mg ml71) mixed with A1(OH)3 (4 mg ml

71) twice at

an interval of 7 days. Mice were utilized after 1 week following
the second injection.

Evaluation of bronchoconstriction in vivo and airway
muscle contraction in vitro

Bronchoconstriction in vivo was measured by the methods
described by Eum et al. (1995) and the contraction of isolated
trachea in vitro by Norel et al. (1993). Brie¯y, in the in vivo

experiments, immunized mice were anaesthetized with ethyl
carbamate (i.p., 1.5 mg g71). The trachea was cannulated and
prepared for recording of dynamic compliance and airway
resistance, by adapting the equipment of the computerized

pulmonary analyser (Mumed PR800 system, U.K.) to mice
airways at a tidal volume of 2.1072 ml g71 and a frequency of*Author for correspondence; E-mail: 5vargafti@pasteur.fr4
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100 breaths min71. The animals were paralysed with
pancuronium bromide (Pavulon1, 10 mg kg71 i.v.) and airway
resistance was calculated from the di�erential pressure between

the airways and pleural cavity and the air¯ow. Control basal
values of resistance were 500+20 (cm water (1 sec71)71) for
n=20 animals (mean+s.e.mean). Depending on the protocol
used, the data were expressed either as per cent increase of

resistance (% increase), or as the increase above basal
resistance. The per cent increase was calculated as follows:
((resistance after treatment ± basal resistance)/basal resis-

tance)6100%. In the protocols using neostigmine the data
are shown as the resistance measured after treatment ± basal
resistance after neostigmine.

In the in vitro experiments, tracheal preparations were set up
in the 10 ml organ baths containing Tyrode's solution
(concentration in mM): NaCl 139.2, KCl 2.7, CaCl2 1.8, MgCl2
0.49, NaHCO3 11.9, NaH2PO4 0.4 and glucose 5.5; pH 7.4;
gassed with 95% O2/5% CO2 under initial loads (1 g). These
loads ensured that responses to contractile agonists were
optimal. Isometric force displacement transducers (Narco F-

60) and physiographs (Linseis) were used to record the changes
in force. The tissues were allowed to equilibrate for 90 min and
the bath ¯uid was exchanged every 15 min with fresh Tyrode's

solution. After this period, all tracheal preparations were
contracted with carbachol (3 mM). The tissues were washed with
fresh Tyrode's solution and allowed to return passively to their

resting tone. When resting tone was established, the prepara-
tionswere incubated for 30 min inTyrode's solutionorTyrode's
solution containing either neostigmine (0.1 mM), atropine

(1 mM)ormethysergide (1 mM)and the response to an individual
dose of OA or the relationship to 5-HT was determined.

Drug treatment

Drugs used to study the mechanisms of anaphylactic
bronchonconstriction were injected in 0.9% NaCl (saline)

through the cannulated jugular vein before OA injection. After
the animals were prepared on the Mumed system (see
`Evaluation of bronchoconstriction in vivo'), drugs were

injected in the following order at 5 min intervals; ACh
(80 mg kg71), 5-HT (40 mg kg71), saline or neostigmine
(10 mg kg71), 5-HT (40 mg kg71), OA (50 mg kg71) and ACh
(80 mg kg71). In order to determine the e�ects of each drug on

OA-induced bronchoconstriction, either methysergide
(200 mg kg71), atropine (10 mg kg71; 200 mg kg71), or methy-
sergide (200 mg kg71)+atropine (10 mg kg71) were injected

after the injection of saline or neostigmine and prior to the
second injection of 5-HT.

Materials

Ovalbumin (56 crystallized) was from Immunobiological

(Costa Mesa, U.S.A.). Aluminium hydroxide was from Merck
(Darmstadt, Germany). 5-Hydroxytryptamine (5-HT), ethyl
carbamate, neostigmine, atropine, carbachol and acetylcholine
were from Sigma (St. Louis, MO, U.S.A.). Pancuronium

bromide (Pavulon) was from Organon Teknika (France).
Methysergide was from Sandoz (BaÃ le, Swiss).

Statistical analysis

The results of each measurement are reported as means

+s.e.mean. Values signi®cantly di�erent between experimental
and control groups were analysed by the Student's t-test
(unpaired) and P values of less than 0.05 were considered to be
signi®cant.

Results

OA-induced bronchoconstriction and contractions of
isolated trachea in immunized BP2 mice

Intravenous challenge with OA in immunized BP2 mice
induced a dose-dependent augmentation of bronchial resis-
tance, the maximal e�ect (approximately 160% augmentation)

was reached at 50 mg kg71 (Figure 1a). Saline-challenged mice
(controls) showed no signi®cant augmentation in bronchial
resistance. The addition of OA to the organ bath containing

trachea from immunized BP2 mice also induced dose-
dependent contractions, which were approximately 40% of
the carbachol e�ect (carbachol, 1 mM: 1.70+0.11 g, n=45:

Figure 1b).

Drug modulation of anaphylactic bronchoconstriction in
vivo and on OA contractions of isolated trachea in vitro

Anaphylactic bronchoconstriction was markedly attenuated
by methysergide (200 mg kg71) and atropine (10 mg kg71:

Figure 2a). In addition, a higher dose of atropine
(200 mg kg71) completely abolished the OA response in these
animals (n=3; data not shown). Neostigmine signi®cantly

potentiated the OA-induced bronchoconstriction (Figure 3).
This potentiation was blocked by methysergide or atropine
(10 mg kg71) co-administered with neostigmine (Figure 3).
When the drug combination of methysergide and atropine

(10 mg kg71) was administered, the anaphylactic bronchocon-
striction in the presence of neostigmine was suppressed (data
not shown). In isolated trachea, the OA-induced contraction

was also inhibited by either methysergide or atropine (Figure
2b). This contraction was potentiated by neostigmine
(approximately 100%, n=8) and the combined injection of

methysergide and atropine inhibited this contraction (n=3;
data not shown).

Intravenous injection of neostigmine also potentiated the 5-

HT-induced bronchoconstriction. This augmentation was
blocked by either methysergide or atropine (Figure 3) and the
simultaneous injection of both antagonists blocked the
responses to 5-HT (data not shown). The ACh-induced

bronchoconstriction was also increased by neostigmine and
this was blocked by atropine, but not by methysergide (Figure
3). In isolated trachea, the 5-HT-induced contraction was also

increased by neostigmine, but was not signi®cantly inhibited
by atropine (Figure 4).

Discussion

OA produced a dose-dependent contraction of airway muscle

both in vivo and in vitro (present report) in immunized BP2
mice. These airway muscle responses were blocked by treating
the animals or tissues with methysergide or atropine,

suggesting that 5-HT and ACh were involved in the con-
traction. In addition, neostigmine potentiated the broncho-
constriction to OA, 5-HT and ACh, an e�ect markedly

inhibited in each case by atropine. These data support the
hypothesis that ovalbumin provoked a bronchoconstriction by
stimulating the release of 5-HT and the direct contractile e�ect

on airway smooth muscle was due to ACh. Thus the present
study shows that in hyper-responsive BP2 mice, antigen-
induced anaphylactic bronchoconstriction has a dual mediator
release pro®le. While 5-HT and ACh measurements were not

performed, the antagonist data indirectly support the
involvement of both agents.
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5-HT is released from mast cells (Kitamura, 1989) upon

activation by antigen-speci®c IgE or by antigen binding T cell
factors in mice. In rats 5-HT is the major mediator of antigen-
induced anaphylactic bronchoconstriction (Church et al.,
1972) and airway smooth muscle contraction (Nagase et al.,

1995). In this study, methysergide suppressed the OA-induced
bronchoconstriction, indicating that 5-HT is also a major
mediator of OA-induced anaphylactic bronchoconstriction in

BP2 mice. This observation is in agreement with that of
Church et al. (1972) who also showed that antigen-induced
bronchoconstriction is suppressed by methysergide in the rat.

In BP2 mice (present report) methysergide also inhibited the
OA-induced tracheal contractions in vitro. Church et al. (1972)
initially demonstrated that atropine is inactive against the

antigen-induced bronchoconstriction in the rat suggesting a
direct action of this amine on the airway smooth muscle. OA-
induced bronchoconstriction in vivo (present report) was
signi®cantly inhibited by atropine. Furthermore, atropine at

a higher dose completely abolished the OA-induced constric-
tion in vivo. These data suggest a cholinergic participation in
the airway anaphylactic responses in BP2 mice. Previous

reports have demonstrated that 5-HT facilitates cholinergic
nerve-mediated contraction of the airways in a number of
species including the rat (Aas, 1983; Szarek et al., 1993), mouse

(Van-Oosterhout et al., 1991), the guinea-pig (Rizzo et al.,
1993), and man (Takahashi et al., 1995). In mice, atropine
inhibited the airway response to 5-HT (Levitt & Mitzner,
1989). These data suggest that 5-HT acts via a cholinergic

pathway.
In the isolated trachea from Swiss mice, contractions were

potentiated during electrical ®eld stimulation, after the

addition of 5-HT and this potentiation was suppressed by
atropine (Van-Oosterhout et al., 1991). These results suggested
that ACh was released by stimulation of 5-HT receptors in

trachea from these mice, speci®cally since 5-HT failed to a�ect

the response to exogenously applied ACh. A similar
phenomenon has also been observed in human and guinea-
pig airways by Takahashi et al. (1995). Such data strengthen

the observation (present report) that OA-induced contractions
of trachea were inhibited by atropine. Two observations
further support a cholinergic pathway. First, neostigmine, a

cholinesterase inhibitor, potentiated the anaphylactic bronch-
oconstriction of BP2 mice in vivo and in vitro, and this
potentiation was markedly reduced by atropine. Secondly,

neostigmine also potentiated 5-HT-induced bronchoconstric-
tion and tracheal contraction in these mice, supporting ACh
release upon stimulation of 5-HT.

Increased release of ACh induced by antigen challenge from

airway parasympathetic nerve endings can contribute to
increases in airway responsiveness (Larsen et al., 1994). These
investigators measured the release of ACh in electrically

stimulated tracheal preparation derived from sensitized mice.
The quantities detected were markedly di�erent than results
observed in unsensitized mice. This increased release of ACh

may be due either to the absence of inhibitory prejunctional
M2 receptors or the presence of a 5-HT prejunctional facilitory
receptor on the parasympatic neuronal ®bres. Another

possible explanation may be a decrease in cholinesterase
activity. Previous studies have shown a modi®cation of
cholinesterase activity in dog (Mitchell et al., 1991) and pig
(Taisne et al., 1997) airways related to the anaphylactic release

of mediators. The ®ndings (present report) suggest that
ovalbumin-induced bronchoconstriction in BP2 mice may be
due to the direct contractile e�ect on airway smooth muscle of

ACh which is released by 5-HT.

Figure 3 The e�ect of atropine and methysergide in combination
with neostigmine on bronchoconstriction in vivo induced by di�erent
agents in immunized BP2 mice. Bronchoconstriction (control: agonist
in absence of drugs) and in presence of neostigmine (10 mg kg71) or
neostigmine (10 mg kg71)+atropine (10 mg kg71) or neostigmine
(10 mg kg71)+methysergide (200 mg kg71) are shown. The agonist
challenges were: acetylcholine (ACh), serotonin (5-HT) and ovalbu-
min (OA). Values are means+s.e.mean derived from 4 ± 6 mice.
*P50.05, **P50.01 compared with neostigmine group.

Figure 4 The 5-HT contractions in presence of either Tyrode's
solution (Control), neostigmine (0.1 mM) or atropine (1 mM) in airway
muscle derived from immunized BP2 mice. The values are means
+s.e.mean derived from 4 ± 10 tracheal strips. *P50.05, **P50.01,
***P50.001 compared with control group.
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