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1 We investigated the ability of the cannabinoid agonists CP55,940 (CB1/CB2) and anandamide
(endogenous cannabinoid) to modulate electrical ®eld stimulation (EFS)-induced acetylcholine
(ACh) release from parasympathetic nerve terminals innervating guinea-pig trachea. We assessed
whether modulation of transmitter release translated to an impact on functional responses by
investigating the e�ect of these agents on contractile responses evoked by EFS and ACh.
Furthermore, we evaluated the ability of these compounds to elicit bronchodilation in pre-
contracted guinea-pig tracheal strips.

2 CP55,940 and anandamide signi®cantly inhibited EFS-evoked ACh release (maximal inhibition
of 35.1+2.9% and 33.4+6.4% at 1 mM, P50.05, respectively). The CB1 receptor antagonist SR
141716A (1 mM), had no e�ect on ACh release and failed to reverse the inhibitory e�ect of CP55,940
(1 mM).

3 Paradoxically, CP55,940 had no signi®cant e�ect on EFS-evoked cholinergic contractile
responses. Furthermore, CP55,940 did not relax pre-contracted tracheal strips or a�ect contractile
responses to exogenous ACh. This lack of activity on smooth muscle tone is consistent with the fact
that no detectable speci®c binding of [3H] CP55,940 was found in tracheal homogenates.

4 These data suggest that cannabinoid agonists inhibit ACh release from cholinergic nerve
terminals via activation of CB2 receptors but that this inhibitory action does not impact on
functional responses such as cholinergic contraction.
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Introduction

It is now clear that the biological activity of marijuana and
related cannabinoids occurs through activation of two di�erent

subtypes of speci®c receptors, CB1 and CB2, which have been
cloned and pharmacologically characterized (Matsuda et al.,
1990; Munro et al., 1993; Felder et al., 1995; Howlett, 1995;

Pertwee, 1997). These two receptors form a distinct class within
the family of G protein-coupled receptors and share 40 ± 50%
amino acid sequence homology (Matsuda, 1997). CB1 receptors

are widely distributed in mammalian tissues, with the highest
density in the central nervous system (Herkenham et al., 1991;
Galiegue et al., 1995). In contrast, the CB2 receptors, which are
not expressed in the brain, are particularly abundant in immune

tissues, and in some other peripheral tissues such as spleen,
tonsils and nerve terminals (Howlet & Fleming, 1984; Galiegue
et al., 1995; Gri�n et al., 1997). Both receptors are negatively

coupled to adenylyl cyclase and positively coupled to mitogen-
activated protein kinase through a PTX-sensitive G-binding
protein (Munro et al., 1993; Felder et al., 1995).

Although the neurobehavioural e�ects of cannabinoids
have been extensively investigated, little is known about the
pharmacological properties of these agents on the respiratory

tract. Inhalation of D9-tetrahydrocannabinol, the major active

component of marijuana, induces bronchodilation and
protects against bronchoconstriction evoked by cholinergic

agonists in the airways of asthmatic patients (Graham, 1986;
Williams et al., 1976; Tashkin et al., 1977; Hartley et al., 1978)
but it is not clear whether these e�ects are centrally mediated.

The recent development of synthetic agonists with an a�nity
for cannabinoid receptors greater than that of D9-tetrahy-
drocannabinol has allowed further investigation of the cellular

mechanisms underlying this bronchoprotective e�ect.
It has been reported that activation of pre-junctional

cannabinoid receptors modulates neurotransmitter release
from both central nervous system and peripheral nerves. This

is probably due to a modulation of ion channels such as calcium
and potassium channels located on the synaptic membrane.
CP55,940 and WIN 55212-2, two potent non-selective

cannabinoid agonists, inhibit acetylcholine (ACh) release in
hippocampal slices from rat brain (Gi�ord et al., 1996, 1997).
Cannabinoids also inhibit ACh release from guinea-pig

myenteric plexus and noradrenaline release from peripheral
sympathetic nerves (Pertwee et al., 1996; Ishac et al., 1996).

In order to clarify whether cannabinoids exert a neuromo-

dulatory role also in the respiratory system we determined the
e�ect of cannabinoid receptor agonists on cholinergic
neurotransmission in guinea-pig airways. Quantitative mea-
surement of [3H]-ACh over¯ow from post-ganglionic nerve*Author for correspondence; E-mail: Maria.Belvisi@Aventis.com
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endings provides a reliable direct method to demonstrate the
occurrence of a pre-junctional modulation of cholinergic
neurotransmission (Belvisi et al., 1996; Spicuzza et al., 1998).

Therefore, we assessed the e�ects of CP55,940 (CB1/CB2 non-
selective agonist) and anandamide (endogenous cannabinoid
ligand) on electrical ®eld stimulation (EFS)-evoked [3H]-ACh
release from parasympathetic nerves innervating guinea-pig

trachea. Furthermore, we assessed whether these agents had
any e�ect on EFS-induced contractile responses to assess
whether any e�ects seen on transmitter release translated to an

impact on a functional response. In view of the observed
bronchoprotective role of inhaled marijuana (D9-tetrahydro-
cannabinol) in asthmatics, we investigated the anti-spasmo-

genic of these compounds and their ability to elicit
bronchodilation in guinea-pig tracheal strips.

Methods

Preparation of guinea-pig trachea

Male Dunkin-Hartley guinea-pigs (Harlan-Olac) (300 ± 500 g)
were killed by cervical dislocation and the tracheal tissue was

prepared as described previously (Belvisi et al., 1996). The
lungs, with trachea and bronchi attached, were rapidly
removed and placed in oxygenating Krebs-Henseleit solution

(KHS) of the following composition (in mM): NaCl 118, KCl
5.9, MgSO4 1.2, CaCl2 2.5, NaH2PO4 1.2, NaHCO3 25.5 and
glucose 5.6. The trachea was dissected away from the lungs

and main bronchi and opened longitudinally by cutting
through the cartilage; the epithelium was subsequently
removed, minimizing damage to the smooth muscle. Indo-
methacin (10 mM) was present throughout to prevent the

formation of endogenous prostaglandins which have been
demonstrated previously to a�ect cholinergic neurotransmis-
sion and ACh release per se (Wessler et al., 1994; Belvisi et al.,

1996).

Measurement of ACh release from parasympathetic
nerves

The release of ACh from cholinergic nerves was measured as
described previously (Patel et al., 1995). Brie¯y, eight strips of

smooth muscle with the cartilage and epithelium removed were
studied in parallel. Each tissue was connected top and bottom
with silver wire and mounted in a jacketed chamber. Tissues

were superfused (Watson-Marlow model 503S; Smith and
Nephew, Falmouth, U.K.) at a rate of 1 ml min71 throughout
the experiment with oxygenated KHS (pH 7.4) maintained at

378C. The tissues were allowed to equilibrate for 30 min during
which time they were continuously superfused with KHS
solution. EFS (40V, 0.5 ms pulse width, 4 Hz) was applied

continuously for the last 10 min delivered via the silver wire
electrodes. Tissues were then placed into vials containing
1.5 ml of oxygenated KHS supplemented with [3H]-choline
(67 nM; speci®c radioactivity: 2.78 TBq/mmol) and EFS was

applied (40V, 0.5 ms pulse width, 4 Hz) for 45 min in order to
facilitate uptake of [3H]-choline into cholinergic nerve
terminals. At the end of this period, tissues were superfused

with KHS containing hemicholinium-3 (10 mM) to prevent the
re-uptake of unlabelled choline into the nerves. Preparations
were washed for 2 h before the beginning of the experiment to

achieve a stable baseline of tritium release. During this period
the superfusate collected was discarded. It has been shown
previously that most of the tritium out¯ow evoked by EFS of
epithelium-containing trachea is [3H]-phosphorylcholine in

addition to [3H]-ACh, whereas EFS of epithelium-denuded
tracheal preparations does not elicit signi®cant release of [3H]-
phosphorylcholine (Wessler et al., 1990). Therefore, in the

studies described herein epithelium-free tissue preparations
were used (Ward et al., 1993; Patel et al., 1995).

EFS (40 V, 0.5 ms pulse width, 4 Hz for 1 min) was applied
to each tissue and 1 ml samples were collected every minute for

3 min before, 1 min during and 3 min after stimulation and at
5 min intervals outside these times. Drugs were added to the
KHS superfusing each tissue after one control EFS as detailed

in the text and ®gure legends. A test EFS was then applied
15 min and 30 min after addition of the drugs as indicated and
their e�ects evaluated. When the e�ect of an antagonist was

evaluated, it (or vehicle) was added to the superfusing KHS
solution 30 min before the third stimulation and in the
presence of the agonist. At the end of the experiment, tissues

were solubilized in 1 ml soluene tissue solubilizer (Canberra
Packard, Pangbourne, U.K.). All samples of superfusate were
aliquoted to 1 ml. After addition of 4 ml scintillant (Pico-
Fluor1 40; Canberra Packard) to these samples and to the

solubilized tissues, they were assayed for radioactivity by a
liquid scintillation counter (Model 1900EA; Packard Instru-
ment Co. Inc., Meriden, CT, U.S.A.). After determination of

radioactivity, the fractional release of 3H from each prepara-
tion was calculated as a rate coe�cient (min71) of each
collection period at the mid point time, as previously described

(Patel et al., 1995). The increase in 3H over¯ow evoked by EFS
was expressed as a percentage increase in the rate coe�cient
during the EFS period over the average for the preceding

3 min control period.

Measurement of contractile responses evoked by EFS
and exogenous ACh and bronchodilator activity in
guinea-pig trachea

Eight transverse segments of trachea, containing 3 ± 4

cartilaginous rings, were prepared and suspended between
platinum wire electrodes in 10 ml organ baths containing KHS
supplemented with indomethacin (10 mM) at 378C which was

continually gassed with 95% O2/5% CO2 mixture. The tissues
were allowed to equilibrate for 1 h with frequent washing
under a resting tension of 1 g which was optimal for
determining changes in tension.

Isometric contractile responses were measured with force-
displacement transducers (model FT-03; Grass Instruments,
Quincy, MA, U.S.A.) connected to a polygraph (Model 7D;

Grass Instruments, Quincy, MA, U.S.A.). EFS was delivered
by two platinum ®eld electrodes inserted into parallel (10 mm
apart) with the tissue suspended between them. A stimulator

(model D345; Digitimer Ltd., Welwyn Garden City, Hertford-
shire, U.K.) provided biphasic square wave pulses of
supramaximal voltage of 40 V at source of 0.5 ms duration

at a frequency of 4 Hz. EFS was applied for 15 s and after
three stable responses where obtained the agonist was added in
to the bath. Contractile responses were expressed as absolute
changes in tension. The e�ect of the drug was expressed as

percentage inhibition.
The e�ect of cannabinoid agonists on exogenous ACh-

induced contraction was also evaluated. Three stable contrac-

tions to ACh (1 mM) were obtained before the agonists were
added in to the bath (10 min incubation). The e�ect of the
drug was expressed as percentage change in the ACh-evoked

contractile response.
The ability of cannabinoids to evoke bronchodilation was

assessed as follows. After an equilibration period tissue
responses were standardized by evoking two contractile
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responses to a supramaximal concentration of acetylcholine
(ACh, 1072

M). Cumulative relaxation concentration response
curves to anandamide and CP55,940 and their vehicles (0.1%

ethanol for anandamide and 0.1% DMSO for CP55,940) were
obtained in tissues where induced tone was provided by
carbachol (1 mM). The bronchodilator activity of anandamide
and CP55,940 was compared with the b-adrenoceptor agonist
isoprenaline, a standard bronchodilator. The maximum
relaxation of each tissue was determined by assessing the
bronchodilator activity of the non-speci®c phosphodiesterase

inhibitor papaverine (0.1 mM).

Radioligand binding studies

Membrane preparation All membrane preparation proce-
dures were performed at 48C. Guinea-pig trachea and male

Sprague-Dawley rat cerebellum, spleen and brain were
dissected and ®nely minced with scissors and homogenized in
10 ± 20 volumes (w v71) of ice-cold 0.35 M sucrose ± 50 mM

Tris-HCl with an Ultra-Turax homogenizer (10 ± 15 bursts).

After centrifugation at 8006g for 10 min at 48C, the pellets
were suspended, homogenized and resedimented at the same
speed. The supernatants from these two stages were pooled,

diluted with 50 volumes of ice-cold 50 mM Tris bu�er
(pH 7.4). The membranes were pelted by a centrifugation at
40,0006g for 20 min. The resulting pellets were resuspended

in an appropriate volume of bu�er. The membrane suspension
was then stored as aliquots at 7808C. Protein concentration
was determined using a Bio-Rad protein assay kit according to

the manufacturer's instructions.

Binding assays

All binding experiments were performed in 1 ml of bu�er
consisting of 50 mM Tris-HCl, 2.5 mM EDTA and 5 mM

MgCl2 (pH 7.4) containing 25 ± 200 mg protein ml71. Binding

experiments were performed with 0.8 nM of the non-selective
cannabinoid receptor agonist [3H]-CP55,940 (speci®c activity
165 Ci mmol). Non-speci®c binding was de®ned as the binding

in the presence of 1 mM cold CP55,940. Incubations were
performed at 258C for 90 min and terminated by rapid vacuum
®ltration over 0.2% polyethyleneimine pre-treated Whatman
GF/C glass ®bre ®lters using a Brandel cell harvester. The

®lters were washed twice with 4 ml of ice-cold Tris bu�er and
placed in vials with 4 ml of scintillation cocktail (Filtron X,
National Diagnostics, Manville, NJ, U.S.A.) and counted in a

liquid scintillation counter (Packard 2200 CA model, Meriden,
CT, U.S.A.).

Drugs chemicals and analytical reagents

The following drugs were obtained from the Sigma Chemical

Company (Poole, Dorset, U.K.): indomethacin, ACh chloride,
methacholine, hemicholinium-3, (+) isoprenaline hydrochlor-
ide, anandamide and DMSO. Methyl-[3H]-choline chloride
(37 Ci mmol71) was purchased from Amersham International

(Amersham, Buckinghamshire, U.K.). [3H]-CP55,940 (speci®c
activity 165 Ci mmol71 was purchased from NEN (DuPont,
New England Nuclear, Stevenage, Herts, U.K.). The CB1/CB2

receptor agonist CP55,940 and the CB1 receptor antagonist SR
141716A were synthesized by the Medicinal Chemistry
department RhoÃ ne-Poulenc Rorer (Vitry, France).

All drugs were made up daily and dissolved in distilled
water except the following: isoprenaline (all dilutions were
made up in 10 mg ml71 ascorbic acid); indomethacin (made up
at 1 mg ml71 in phosphate bu�er (in mM): KH2PO4 20,

Na2HPO4 120, pH 7.8). Stock solutions of anandamide were
dissolved in ethanol and stock solutions of CP55,940 and SR
141716A were dissolved in DMSO at 1072

M and stored at

7208C. The solvent in the assay never exceeded 0.1% (v v71).

Statistical analysis

Data are expressed as mean+standard error of the mean
(s.e.mean) of n independent observations. Contractile and
relaxant responses are expressed as absolute changes in mg

tension before and after drug additions and then normalized as
a percentage change. In all experiments each tissue acted as its
own control and results obtained before and after drug

treatment were compared by Wilcoxon's rank order test for
paired data. Log EC50 values (PD2 values i.e. the concentration
of drug required to elicit 50% of the maximal response) were

calculated by using non-linear iterative regression with the
`PRISM' curve ®tting programme (Graphpad Software, San
Diego, CA, U.S.A.). The null hypothesis was rejected when
P50.05.

Results

E�ect of cannabinoid agonists on [3H]-ACh release
from guinea-pig trachea

The non selective cannabinoid agonist CP55,940 inhibited
EFS-evoked [3H]-ACh release (at 1 mM, 35.1+2.9% inhibition,

n=10, P50.05 and at 10 mM, 26.8+8.5% inhibition, n=10,
P50.05) (Figures 1 and 2). Anandamide, an endogenous
cannabinoid ligand inhibited [3H]-ACh release (at 1 mM,
33.4+6.4% inhibition, n=10, P50.05 and at 10 mM,

22.1+5.8%, n=10, P50.05) to a similar extent (Figure 2).
Furthermore, there was no signi®cant change in tritium e�ux
evoked by EFS in vehicle-treated tissues (Figure 2).

The selective CB1 receptor antagonist, SR141716A (1 mM),
failed to reverse the inhibitory e�ect of CP55,940 (1 mM)
(34.5+5.5% inhibition, in the absence and 38.6+9%

inhibition, in the presence of the antagonist, n=6; P50.001)
and anandamide (1 mM) (33+3.5% inhibition in the absence,
and 29.6+5.5% inhibition, in the presence of the antagonist,
n=6, P50.01) on ACh release (Figure 3).

E�ect of cannabinoid agonists on contractile responses
evoked by EFS and exogenous ACh and on carbachol-
induced contraction in guinea-pig trachea

In order to establish whether cannabinoids exert a functional

modulation of smooth muscle contractility we investigated the

Figure 1 Inhibition by CP55,940 (1 mM) of EFS (40 V, 0.5 ms pulse
width, 4 Hz for 1 min)-induced ACh release from an individual
tracheal strip. The results are expressed as the rate coe�cient which is
a measure of the fractional 3H-release plotted against time (min).

Cannabinoids and airway smooth muscle1722 L. Spicuzza et al
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e�ect of CP55,940 on cholinergic contractile responses to EFS
(40 V, 4 Hz, 0.5 ms pulse width for 15 s every 4 min) and
ACh-induced contraction in epithelium-denuded trachea.
CP55,940 (1 mM), added 10 min before the test and used at a

concentration which was highly e�ective at inhibiting ACh
release, had no signi®cant e�ect on EFS-evoked contraction
(before CP55,940, 419+50 mg compared to 374+62 mg after

the addition of CP55,940, n=6, NS) and failed to impact on
the contractile response to exogenous ACh (1 mM) (before
CP55,940, 583+110 mg compared to 587+99 mg after the

addition of CP55,940; n=6; NS).
In tissues contracted with carbachol (1 mM), isoprenaline, as

expected, produced a clear concentration-related relaxation

response (pD2 values of 7.599+0.09 and 7.074+0.11 in the
presence and absence of indomethacin, respectively). However
neither anandamide (1 nM± 10 mM) nor CP55,940 (1 nM±
10 mM) induced relaxation either in the presence or in the

absence of indomethacin (10 mM).

Receptor binding studies

We have also investigated the cannabinoid receptor protein
expression using ligand binding experiments. We have used rat

brain and cerebellum membranes as a source of the central
cannabinoid CB1 receptor, and rat spleen as an abundant
source of the peripheral cannabinoid CB2 receptors (Munro et
al., 1993). To investigate the expression of both receptors, we

have used the non-selective cannabinoid receptor agonist [3H]-
CP55,940. This ligand has been shown to bind both receptors
with very high a�nity in the nanomolar range (Devane et al.,

1988; Bouaboula et al., 1993; Hillard et al., 1999). The speci®c

binding of [3H]-CP55,940 to rat brain homogenates was linear
over the protein concentrations investigated and represented
over 60% of total binding at the concentration of the
radioligand used (0.8 nM). Speci®c [3H]-CP55,940 binding was

linear up to a protein concentration of 100 mg/assay. This
protein concentration was chosen for further investigation of
[3H]-CP55,940 binding in guinea-pig tracheal membranes.

Using the same assay conditions, there was no detectable
speci®c binding in tracheal homogenates (Figure 4). Parallel
experiments performed in brain, cerebellum, and spleen did

show speci®c [3H]-CP55,940 binding (Figure 4). These data
suggest that guinea-pig tracheal membranes, unlike spleen,
cerebellum and brain, do not express appreciable if not any

[3H]-CP55,940 binding sites.

Discussion

The major ®nding of this study was that both CP55,940 and
anandamide inhibit ACh release from post-ganglionic choli-

nergic nerves in guinea-pig trachea suggesting the presence of
pre-junctional cannabinoid receptors. It has been previously
suggested that cyclic AMP may be intimately involved in

regulating the biosynthesis, storage and exocytosis of ACh
(Wilson et al., 1974). In guinea-pig trachea we have shown that
cyclic AMP-elevating agents, such as b-adrenoceptor agonists,
facilitate ACh release from cholinergic nerves, whereas

activation of pre-junctional receptors negatively coupled to
adenylyl cyclase, such as the EP3 prostanoid receptor, inhibit
ACh release (Belvisi et al., 1996; Spicuzza et al., 1998).

Therefore, our ®nding that activation of pre-junctional

Figure 2 E�ect of CP 55, 940 and anandamide on EFS (40 V, 0.5 ms pulse width, 4 Hz for 1 min)-induced [3H]-ACh release from
guinea-pig tracheal strips. Control denotes the e�ect of the respective vehicles (0.1% DMSO and 0.1% ethanol which were the
solvents for the highest concentrations used of CP55,940 and anandamide, respectively) on EFS-induced [3H]-ACh release. Each
column shows the percentage change in the response after drug administration compared to the ®rst control stimulation, and
represents the mean+s.e.mean of 10 independent observations. * P50.05, ** P50.01 compared with control values preceding drug
administration.

Figure 3 E�ect of the selective CB1 receptor antagonist SR 141716 (1 mM) on the inhibitory e�ect of CP55,940 (1 mM) and
anandamide (1 mM) on EFS (40 V, 0.5 ms pulse width, 4 Hz for 1 min)-induced [3H]-ACh release from guinea-pig trachea. Each
column shows the percentage change in the response after drug administration compared to the ®rst control stimulation, and
represents the mean+s.e.mean of six independent observations. * P50.05 compared with control values preceding drug
administration.
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cannabinoid receptors, which are known to inhibit the
intracellular accumulation of cyclic AMP, decreases ACh
release is consistent with these observations.

The potent and selective CB1 receptor antagonist
SR141716A (Rinaldi-Carmona et al., 1994; 1995; 1996), at a
concentration 1000 fold greater than its Ki value at CB1

receptors, failed to reverse the inhibitory e�ect of cannabinoid
agonists on [3H]-ACh release. This result suggests that the
e�ects of the cannabinoid agonist are mediated through

activation of a cannabinoid receptor(s) insensitive to
SR141716A, a possible candidate being the pre-junctional CB2

receptor. So far the neuromodulatory role of cannabinoids has

been attributed to activation of either CB1 and/or CB2

receptors. Activation of pre-junctional CB1 receptors decreases
[3H]-ACh output and EFS-induced contractions in the guinea-
pig myenteric plexus longitudinal muscle preparation (Pertwee

et al., 1996) and noradrenaline release from sympathetic nerves
in rat atria and vas deferens (Ishac et al., 1996). In mouse vas
deferens activation of pre-junctional CB2-like receptors

accounts for the inhibitory e�ect of cannabinoids on EFS-
evoked contraction (Gri�n et al., 1997). Furthermore,
CP55,940 has also been shown to inhibit electrically evoked

[14C]-ACh release from hippocampal slices. This e�ect is likely
to be mediated by pre-junctional CB1 and CB2 receptors
(Gi�ord et al., 1997). However, in this study, due to the lack of

a commercially available selective CB2 receptor agonist or
antagonists, we cannot further substantiate the involvement of
CB2 receptors in our system.

The most intriguing ®nding in this study was that CP55,940,

used at the same concentration that signi®cantly inhibited [3H]-
ACh output, failed to impact on EFS-evoked smooth muscle
contraction. Generally, agents that inhibit EFS-induced [3H]-

ACh release (e.g. endomorphins, opioids) from parasympa-

thetic nerves innervating guinea-pig trachea, to a similar extent
as cannabinoids, also inhibit contractile responses evoked by
EFS in these tissues (Belvisi et al., 1993; Patel et al., 1999).

There are several possible explanations for this discrepancy
between the e�ect of cannabinoids on transmitter release
compared with their e�ects on functional contractile responses
evoked by EFS. Firstly, [3H]-ACh evoked by EFS may be from

a non neuronal source. However, this is unlikely since we have
previously shown that EFS-evoked [3H]-ACh is neuronal in
origin as tetrodotoxin, a selective neuronal conductance

blocker, completely inhibits this response in guinea-pig and
human airways (Ward et al., 1993). Moreover, in epithelium-
denuded preparations addition of exogenous ACh does not

increase [3H]-ACh release indicating that the contraction of the
tissue itself does not cause a non-neuronal release of labelled
ACh (Ward et al., 1993). Secondly, the possibility exists that

this paradox could equally re¯ect a modulatory action of
cannabinoids on ACh from nerves that do not innervate
airway smooth muscle, but synapse with other e�ector cells
such as submucosal glands and/or tracheobronchial blood

vessels. Another reason for this discrepancy could be that
despite the inhibition of neurotransmission, cannabinoids act
predominantly at a post-junctional level to modulate airway

smooth muscle tone thereby masking the more subtle e�ect on
transmitter output. However, CP55,940 failed to modulate
EFS- and ACh-induced contraction and to relax airways

precontracted with carbachol. It seems clear that, at least in
guinea-pig airways, cannabinoids lack a bronchodilator
activity in vitro con®rming a previous study showing that

anandamide has minimal direct e�ect on bronchomotor tone
in guinea-pigs in vivo (Stengel et al., 1998). However, speci®c
airway conductance of healthy and asthmatic subjects has been
shown to increase (Tashkin et al., 1973) and reversal of

methacholine and exercise-induced bronchospasm in asth-
matics (Tashkin et al., 1977) have been demonstrated after
inhaled marijuana. It appears that a direct e�ect of

cannabinoids on airway smooth muscle tone is unlikely and
that the mechanisms involved in bronchodilation in vivo are
unknown and may possibly be due to a central e�ect of

cannabinoids.
The inability of cannabinoids to directly modulate airway

smooth muscle tone is consistent with the fact that no
detectable speci®c binding of [3H]-CP55,940 was found in

tracheal homogenates. Although Rice et al. (1997), have shown
a modest expression of CB1 receptor mRNA in freshly isolated
rat lung and alveolar Type II cells, the lung was devoid of any

[3H]-CP55,940 speci®c binding (Lynn & Herkenham, 1994). In
fact, speci®c binding was found to be restricted to components
of the immune system (spleen, lymph nodes and Peyer's

patches) and con®ned to B lymphocyte-enriched areas (Lynn &
Herkenham, 1994). Our functional experiments point to a role
for CB2 receptors in the modulation of ACh release from

cholinergic nerves. However, these ligand binding experiments
performed in tracheal homogenates did not support the
presence of either CB1 or CB2 receptors in this preparation
in agreement with data obtained in rat lung. One potential

explanation is that the CB1 and CB2 receptor protein
expression may be below the level of detection. Alternatively,
CB1 receptors may be distributed in discrete regions within the

airways such as parasympathetic nerve endings.
In conclusion we have shown that in guinea-pig trachea,

cannabinoid agonists signi®cantly inhibit ACh release from

cholinergic nerve endings, and this might be due to
activation of either a CB2 receptor or to another inhibitory
pre-junctional receptor which is insensitive to SR141716A.
This study con®rms that cannabinoids play a neuromodu-

Figure 4 Binding of the non-selective cannabinoid receptor agonist
[3H]-CP55,940 to rat brain homogenates (top panel) and guinea-pig
trachea and rat tissue membranes (bottom panel). Values are the
mean+s.e.mean of three experiments performed in duplicate in
separate membrane preparations.
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latory role in the peripheral nervous system and provides the
®rst evidence that such modulation occurs in the airways.
However, this relatively small inhibitory action does not

impact on functional responses such as cholinergic contrac-
tion.
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