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SUMMARY

Anticholinergic agents are commonly used as bronchodilators
for patients with airway obstructive diseases. The effects of
chronic anticholinergic therapy on airway function and bron-
chial responsiveness are not known, but data from clinical
studies suggest the possibility of adverse effects. We demon-
strated in rabbits that, after atropine treatment for 4 weeks, the
efficacy (maximum contraction) of in vitro methacholine-in-
duced contraction of mainstem bronchi was increased [control
(untreated), 1.0 = 0.1 g; atropine-treated, 1.6 g + 0.2 g; p =
0.04]. However, there was no significant change in the potency
(ECsq) of methacholine-induced contraction. Chronic atropine
treatment increased the maximum density (B,,) Of muscarinic
receptors in the airways, as determined by radioligand binding
studies with tritiated quinuclidinyl benzilate. Individual musca-
rinic receptor subtypes were measured using antibodies selec-

tive for the m1-m5 subtypes. Of the subtypes detected in rabbit
tracheal smooth muscle (m2, m3, and m4), only the m2 and m3
muscarinic receptor subtypes were significantly up-regulated,
compared with control, after chronic atropine treatment. Be-
cause cholinergic agent-mediated contraction of smooth mus-
cle has been shown to be mediated by m3 muscarinic recep-
tors, the atropine-induced increase in the methacholine
response in airway smooth muscle appears to be the resuit of
the up-regulation of m3 muscarinic cholinergic receptors. Such
a mechanism may explain the clinical observations that chronic
anticholinergic therapy for asthmatic patients is associated with
an increase in bronchial responsiveness and that continuous
versus “on demand” anticholinergic bronchodilator therapy
may cause an accelerated decline in ventilatory function.

Cholinergic bronchoconstriction is mediated through the
parasympathetic division of the autonomic nervous system
by contraction of airway smooth muscle via mAChRs (1).
Pharmacologic subtypes of mAChRs have been identified in
airway smooth muscle (2-5). The existence of pharmacologic
subtypes has been confirmed by the identification of five
distinct mAChR genes (6, 7). Selective pharmacologic antag-
onists are available for the m1, m2, and m3 subtypes, but
selective antagonists that distinguish the proteins encoded
by the m4 and m5 genes have not yet been developed. Re-
cently, antisera specific for the mAChR m1-m5 subtypes
have been developed (8-12).

Anticholinergic agents are commonly used as bronchodila-
tors in airway obstructive diseases. Chronic administration
of anticholinergic agents has resulted in supersensitivity to
cholinergic agonists in salivary gland cells (13), in the central
nervous system (14), and in the airways (15). Chronic anti-
cholinergic therapy with an inhaled anticholinergic agent for
asthmatic patients produced transient bronchial hyperre-
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sponsiveness (15). A long term clinical study using an anti-
cholinergic bronchodilator with patients with asthma and
chronic bronchitis demonstrated that continuous versus “on
demand” use of this class of bronchodilator resulted in an
accelerated decline in ventilatory function (16). The mecha-
nism underlying the adverse effects of chronic anticholin-
ergic drug treatment remains unclear. In this study, we
examined the hypothesis that chronic anticholinergic treat-
ment alters the functional airway response to methacholine
by specifically up-regulating mAChRs in the airways. As
possible alternative mechanisms, we determined whether
B-adrenergic relaxation mechanisms had been altered and
whether a nonspecific enhancement in contractile activity
could be demonstrated.

Materials and Methods

Implantation of osmotic mini-pumps. New Zealand White,
specific pathogen-free rabbits of either sex (1.7-2.0 kg) were anes-
thetized with 40 mg/kg ketamine HCl (Aveco Co., Fort Dodge, IA)
and 4 mg/kg xylazine HCI (Lloyd Laboratories, Shenandoah, IA) and
implanted with Alza osmotic mini-pumps (model 2ML4; Alza Corp.,
Palo Alto, CA) filled with either vehicle (control) or atropine sulfate

ABBREVIATIONS: mAChR, muscarinic acetyicholine receptor; QNB, quinuclidinyl benzilate; DHA, dihydroalprenolol hydrochloride.
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(Sigma Chemical Co., St. Louis, MO). The pumps were designed to
deliver a volume of 2.34 ul/hr at a concentration that was adjusted to
the weight of the rabbit, to yield a drug concentration delivery of 4
mg/kg/day. The pumps were implanted subcutaneously in the mid-
line of the back at the level of the shoulder. Blood was drawn from
the central ear artery of the rabbits 2 weeks after the beginning of
the infusion and plasma samples were analyzed for atropine concen-
trations by high performance liquid chromatography and gas chro-
matography/mass spectroscopy (National Medical Services, Willow
Grove, PA). The pumps were removed on day 27 of the infusion and
the rabbits were sacrificed 24 hr later by overdose with 390 mg of

sodium pentobarbital (Vet Labs, Lenexa, KS). The heart and lungs-

were removed en bloc from the rabbit and immediately submerged in
Krebs buffer (120 mM NaCl, 4.8 mM KCl, 1.2 mmM MgSO,, 1.3 mM
CaCl,, 20.3 mm NaH,PO,, 3.2 mMm HCl], 10 mM D-glucose, pH 7.4)
aerated with 95% 0,/5% CO,. The trachea, mainstem bronchi, pe-
ripheral lung, and heart were dissected, cleaned of connective tissue,
and either used immediately (functional studies) or frozen at —70°
until use (used within 1 month for radioligand binding and antibody
studies). Time course studies were performed in an identical manner
except that infusion pumps were removed on day 7 or day 14.
Functional tissue bath analysis. Two rings (2 mm in height)
were cut from the distal portion of the trachea (nearest the carina)
and two rings (1 mm in height) were cut from the mainstem bronchi.
The rings were suspended between two stainless steel wires in a
10-ml, water-jacketed, organ bath containing Krebs buffer bubbled
with 95% O,/5% CO, and maintained at 37°. The rings were
stretched with an isometric tension of 1.0 g until a steady base-line
was reached (approximately 1 hr). For methacholine and KCl dose-
response studies, increasing concentrations of methacholine (10~° to
1073 M final concentration) or KCl (1-500 mM final concentration)
were cumulatively added to the baths and the amount of contraction
(in grams of force) was determined. The response to each dose was
expressed as a percentage of the maximum contraction of each ring.
The log ECg, values for each tissue pair from each rabbit were
averaged together to yield an n value of 1/rabbit. The group ECy,
values are expressed as the geometric mean with the range of the
standard errors; the efficacy values are expressed as the arithmetic
mean * standard error of the grams of force generated. All data were
analyzed by analysis of variance with the App-Stat statistical pack-
age (StatSoft, Tulsa, OK), and significance was defined as p < 0.05.
For isoproterenol dose-response studies, the rings were initially
contracted with increasing concentrations of methacholine (10~° to
1072 M final concentration). When the maximum contraction for each
ring was achieved, the tissue was washed five times and allowed to
stabilize for 15 min, at which time half-maximal contraction and
stabilization were achieved. Increasing doses of isoproterenol (10~°
to 10~3 M final concentration; Sigma) were dissolved in Krebs buffer
with 0.5% bismetabisulfite and cumulatively added to the baths. The
amount of relaxation was determined as a reduction in grams of
force. Dose-response curves were derived as described above.
[*HIQNB and [*H]DHA saturation isotherms. Radioligand
binding assays were performed using L-[benzilic-4,4'-SH(N)IQNB at
44.9 Ci/mmol and I-[ring propyl-*H(N)]DHA at 107.0 Ci/mmol (NEN
Research Products, Boston, MA). Control and atropine-treated tis-
sues (heart, peripheral lung, and tracheal and mainstem bronchial
smooth muscle) were analyzed in parallel. Tracheal smooth muscle
was excised from the trachea by cutting out the posterior muscle
band. Because only a limited amount of tissue (approximately 150
mg) could be obtained from the tracheal and mainstem bronchial
muscle, tissues from two rabbits were pooled and treated as an n
value of 1. Tissues were homogenized in ice-cold modified Krebs
phosphate buffer (120 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO,, 1.3 mM
CaCl,, 20.3 mM NaH,PO,, 10 mM D-glucose, pH 7.4) to yield a 5%
(w/v) solution, which was then homogenized with two 15-sec pulses
separated by a 30-sec pause, using a Polytron homogenizer (Brink-
mann Instruments, Westbury, NY) at setting 8. The homogenates
were centrifuged at 1200 X g for 10 min at 4° and the pellet was

discarded. The supernatant was centrifuged at 40,000 X g for 15 min
and the resulting pellet was resuspended in a volume of ice-cold
modified Krebs phosphate buffer to yield a 5% (w/v) solution. Protein
concentration was determined by colorimetric assay using bovine
serum albumin as the standard (Pierce, Rockford, IL).

Ligand-binding saturation analyses were performed as described
previously (17). The final ligand concentration ranges used in the
saturation experiments were 10-1000 pM [*’HIQNB and 100-5000 pM
[*HIDHA. The maximum binding assays were carried out in 0.5-ml
final volumes. The final concentrations used in the maximum bind-
ing experiments were 1 nM and 5 nM for [*'H)QNB and [*H]DHA,
respectively. Six-point [*HJQNB and [*H]DHA saturation curves
were constructed. Nonspecific binding for "HIQNB was measured in
the presence of 1 uM atropine sulfate (Sigma) and that for [FH]DHA
was determined in the presence of 10 uM (S)-(—)-propranolol (Sig-
ma). The incubations were carried out in modified Krebs phosphate
buffer, pH 7.4, at 37° for 1 hr. The rapid filtration assay, as described
(18), was used to separate bound from unbound ligand. Filtration
was performed with Whatman GF/B glass fiber filters, using a Bran-
del cell harvester apparatus (Gaithersburg, MD). The filters were
presoaked in distilled water for the [*'HIQNB binding assays and in
distilled water containing 0.5% polyethylenimine (Sigma) for the
[*H]DHA binding assays. The radioactivity of the samples was de-
termined by liquid scintillation counting (Beckman LS 5000CE
counter). The saturation data were analyzed by the GRAFIT pro-
gram (Erithacus Software), using a one-site fit model. Group com-
parisons were analyzed by one-way analysis of variance using the
App-Stat statistical package, and significance was defined as p <
0.05.

Immunoprecipitation analysis of tracheal smooth muscle.
The immunoprecipitation assays were carried out using antibodies
specific for the m1-m5 mAChRs (a gift from Dr. Barry Wolfe, Geor-
getown University). The m1, m2, m4, and m5 mAChR-specific anti-
bodies were directed against the third intracellular loops of the
receptors (8, 9, 11). The m3 receptor-specific antibody was directed
against a synthetic peptide encoding an 18-amino acid sequence in
the carboxyl terminus (amino acids 561-578) of the receptor (10).

In initial experiments characterizing tracheal smooth muscle for
mAChR subtype identity, the tracheae were obtained from PelFreez
(Rogers, AR). For the experiments comparing control versus atro-
pine-treated tracheal smooth muscle, control tissues were always
assayed in parallel with atropine-treated tissues, with eight tracheal
smooth muscle strips combined for each experiment (n = 1).

Solubilization of mAChRs. Tissues were homogenized as de-
scribed above for saturation studies, except that they were resus-
pended in TE buffer (10 mm Tris-HC], pH 7.5, 1 mM EDTA). Maxi-
mum [*H]QNB binding and protein analyses were performed with an
aliquot of the homogenate. All binding conditions were identical to
those described above. The remaining homogenate was then solubi-
lized in TEDC buffer (TE buffer plus 0.4% digitonin and 0.04% cholic
acid) for 2 hr at 4° and centrifuged at 12,000 X g for 10 min.
Maximum [*H]JQNB binding was determined in the solubilized frac-
tions the following day, with the preparations having been kept at 4°.
Bound and free ligand were separated by chromatography using
3-ml Sephadex G-25 columns (Pharmacia LKB Biotechnology, Pis-
cataway, NJ) that had been pre-equilibrated with 3 column volumes
of 0.1% TEDC buffer (TE buffer plus 0.1% digitonin and 0.01% cholic
acid). Solubilization efficiency was determined by comparing the
femtomoles of receptor in the soluble fraction with those in the
membrane fraction. Receptor solubilization efficiency under these
conditions was 40—60%.

Immunoprecipitation of m1-m5 mAChRs. Immunoprecipita-
tion analysis was performed as described previously (8-11), with
some modifications. Immediately after the chromatography, 250-ul
portions of the total and nonspecifically FH]QNB-labeled solubilized
fractions were mixed with each antibody (m1-mb5) to yield a 0.5
mg/ml final concentration and were incubated for 2 hr at 4°. Goat
anti-rabbit IgG (PelFreez) was diluted 1/2 in TE buffer, 70 ul were
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added to each tube containing the primary antibody, and tubes were
incubated for 16—24 hr at 4°. The resulting precipitate was recovered
by centrifugation at 2000 X g for 10 min at 4°, and the supernatant
was discarded (by aspiration). The pellet was resuspended in 300 pul
of 0.1% TEDC buffer and centrifuged at 10,000 X g for 10 min. The
pellet was washed, resuspended in 100 ul of TE buffer plus 1%
sodium dodecyl sulfate, and incubated at 37° for 30 min, and the
radioactivity was quantified. Control antiserum was used to define
nonspecific immunoprecipitation. Groups were compared by Stu-
dent’s unpaired ¢ test, with significance defined as p < 0.05.

Results

Effect of chronic atropine exposure on mAChRs and
p-adrenergic receptors. Twenty-seven rabbits (18 control
and nine atropine treated) were implanted with osmotic
pumps and 25 rabbits survived to complete the study. The
mean plasma level of atropine in the atropine-treated ani-
mals 2 weeks after the beginning of the infusion was 22 + 9
ng/ml.

On day 28 (1 day after removal of the osmotic pumps),
airway smooth muscle contraction was studied in vitro. Max-
imum methacholine-induced contraction for the atropine-
treated mainstem bronchial rings was increased by 60% over
control (p = 0.04). A similar trend was observed in tracheal
tissues (31% increase in efficacy over control, p = 0.1) (Table
1). Potency of the methacholine-induced contractions was not
significantly different between the groups for either the
mainstem bronchus or trachea.

To determine whether the increase in efficacy of methacho-
line in the atropine-treated tissues was a mAChR-dependent
event, the tissues were contracted with KCl, a receptor-inde-
pendent contractile stimulus. The maximum contraction in
response to KCl in the atropine-treated tissues was not sig-
nificantly different from that in control tissues (control, 0.9 *
0.1 g; atropine-treated, 1.0 + 0.2 g). Similarly, the potency of
the response to KCl was not significantly different between
the groups [control EC,,, 19 mM (range, 17-20 mm); atropine-
treated ECy,, 14 mM (range, 14-16 mm)].

Radioligand saturation binding assays in peripheral lung
and heart and maximum binding assays in all tissues were
performed with [PHIQNB. There was a significant increase in
mAChR density (B_,,) in the mainstem bronchi (44% in-
crease over control, p = 0.0006) and trachea (62% increase
over control, p = 0.01) of atropine-treated animals, compared
with control. The mAChR densities in peripheral lung and

TABLE 1

Effect of chronic atropine treatment on methacholine-induced
contraction in rabbit mainstem bronchi and tracheae /n vitro

ECs,* c.l)AaJdmun‘l‘b
= [
Mainstem bronchial
smooth muscle
Control (n = 17) 1.4 (0.9-2.2) 1.0+ 0.1
Atropine-treated (n = 8) 0.6 (0.4-0.9) 16 £ 0.2°
Tracheal smooth muscle
Control (n = 17) 1.5(0.9-2.7) 1.6 0.2
Atropine-treated (n = 8) 0.6 (0.3-1.0) 21+04

® All ECq, values represent the geometric means, with the range of the stan-
dard errors in

® The maximum contraction values are shown in grams of tension and repre-
sent the arithmetic means * standard errors.

¢ p < 0.05, as determined by one-way analysis of variance.
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heart were also increased with chronic atropine treatment
(59% over control, p = 0.02, and 94% over control, p = 0.03,
respectively). In tissues with sufficient material for satura-
tion analyses (peripheral lung and heart), no change in af-
finity of ["HIQNB was observed (Table 2).

To determine whether chronic atropine treatment also had
an effect on B-adrenergic receptors, we measured p-adrener-
gic receptor function, affinity, and number. Chronic atropine
exposure did not significantly alter either the potency or the
efficacy of isoproterenol-induced relaxation responses in the
mainstem bronchi or trachea (Table 3). Similarly, there was
no significant change in either the affinity (K;) or the g-ad-
renergic receptor density (B,,,,), as determined by radioli-
gand binding saturation isotherms and maximum binding
assays using the radioligand [*H]DHA (Table 4).

Effect of chronic atropine exposure on the mAChR
subtypes. To determine the distribution and extent of up-
regulation for each mAChR subtype (m1-m5) upon chronic
atropine exposure, the individual subtypes were measured by
immunoprecipitation analyses of tracheal smooth muscle,
using antibodies selective for the m1-m5 mAChR subtypes.
Tracheal smooth muscle contained predominantly the m2
mAChR subtype, with a minority of the m3 mAChR subtype
(Fig. 1). In addition, we found that rabbit tracheal smooth
muscle also contained a small percentage of the m4 mAChR,
but no significant amounts of either the m1l or the m5
mAChR subtype were detected. Only the m2 and m3 mAChR
subtypes were significantly up-regulated in tracheal smooth
muscle with chronic atropine exposure, compared with con-
trol (Fig. 1). The actual amounts of atropine-induced up-
regulation of the m2 and m3 mAChRs appeared to be similar
(an increase of 35 fmol/mg of protein for m2 mAChR and 24
fmol/mg of protein for m3 mAChR), although when calculated
as percentage increases the m3 receptor increase was greater
(66%, versus 27% for m2).

TABLE 2

Effect of chronic atropine treatment on mAChR affinity and
density

Radioligand binding studies were performed as described in Materials and Meth-
ods, using [PHJQNB. Saturation experiments are the sum of four to six individual
experiments performed in duplicate. The total binding experiments are the sum of
four individual experiments performed in quadruplicate. All data were analyzed by
one-way analysis of variance. )

K Bra”
pu fmol/mg of protein
Mainstem bronchial
smooth muscle
Control ND° 267 = 10
Atropine-treated ND° 385 + 149
Tracheal smooth muscle
Control ND° 641 + 39
Atropine-treated ND° 1040 = 125°
Peripheral lung
Control 28 (20-38) 129 = 37
Atropine-treated 26 (20-33) 205 + 28°
Heart
Control 19 (17-22) 131+ 21
Atropine-treated 29 (25-33) 254 + 28°

'vadueswmgeamuicnm.wnhﬁ\ewofﬂnwd
parentheses.

© B, ax Values the arithmetic means + standard eors.
€ ND, not determined (due to insufficient amounts of tissue).
9p < 0.01.

°p < 0.05.
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TABLE 3

Effect of chronic atropine treatment on isoproterenol-induced
relaxation of rabbit mainstem bronchi and tracheae in vitro

There are no significant differences in either the ECg, or maximum relaxation
values in tissues treated with atropine, compared with control tissues. All data
were analyzed by Student’s unpaired t test, where significance is defined as p <
0.05.

TABLE 4

Effect of chronic atropine treatment on p-adrenergic receptor
affinity and density

Radioligand binding studies were performed as described in Materials and Meth-
ods, using [PH]DHA. There are no significant differences in either the g-adrenergic
receptor affinity or density in atropine-treated tissues, compared with control, as
determined by Student’s unpaired t test.

ECen® Maximum
50 relaxation®
M g

Mainstem bronchial
smooth muscie

Control (n = 9) 0.46 (0.34-0.62) 0.7 £ 0.1

Atropine-treated (n = 6) 0.18 (0.06-0.51) 0.6 + 0.08
Tracheal smooth muscle

Control (n = 9) 0.31 (0.20-0.46) 1.0 = 0.08

Atropine-treated (n = 6) 0.31 (0.16-0.59) 1.1 *01

# All EC4, values represent the geometric means, with the range of the stan

dard errors in parentheses.
® The maximum relaxation values represent the arithmetic means + standard
ervors.

Time course of the effect of chronic atropine expo-
sure on mAChRs. The time course of the effect of atropine
treatment was investigated at 7 and 14 days of exposure.
Twelve rabbits (three control and three atropine-treated rab-
bits at each time point) were studied. In contrast to the
4-week atropine exposure period, there was no effect of
chronic atropine treatment on the efficacy of methacholine-
induced contraction in mainstem bronchi either at 7 days
(maximum contraction: atropine-treated, 1.1 + 0.4 g; control,
0.8 + 0.2 g) or at 14 days (maximum contraction: atropine-
treated, 1.2 = 0.3 g; control, 1.1 * 0.3 g) of exposure. In
addition, radioligand binding saturation isotherms with
[®HIQNB were performed in lung homogenates at both the
7-day and 14-day time points. In contrast to the 28-day
atropine exposure, there was no increase in the mAChR
density after 7 days (B,,,,: atropine-treated, 172.7 + 48.9
fmol/mg of protein; control, 142 + 12.7 fmol/mg of protein) or
14 days of atropine treatment (B,,,,: atropine-treated, 102.7
+ 12.9 fmol/mg of protein; control, 143.5 + 23.3 fmol/mg of
protein).

Discussion

Chronic anticholinergic treatment has been shown to be
associated with an increase in bronchial responsiveness and
worsening of asthma (15, 16). The results obtained in this
study suggest that chronic treatment with the anticholin-
ergic agent atropine can induce an increase in airway smooth
muscle contractility in response to methacholine irn vitro and
that this increased contractility is associated with an up-
regulation of the m2 and m3 mAChR subtypes in airway
smooth muscle.

We used a dose of atropine of 4 mg/kg/day, which had
previously been shown to produce 100% inhibition of vagally
induced bronchoconstriction in rabbits (19). This dose pro-
duced plasma atropine levels in rabbits that were compara-
ble to plasma levels in humans after an intravenous dose of
1 mg (20). Atropine treatment produced an increase in the
efficacy of methacholine-induced contraction of isolated rab-
bit airways in vitro, when assessed after 4 weeks of treat-
ment. Time course studies showed that the alterations asso-
ciated with atropine treatment for 4 weeks were not evident
at or before 14 days of treatment. The osmotic pumps were

K Brax®
nm fmol/mg of protein
Tracheal smooth muscle
Control (n = 4) ND° 254 = 41
Atropine-treated (n = 4) ND° 350 + 34

Peripheral lung

Control (n = 9) 0.87 (0.78-0.98) 781 + 50

Atropine-treated (n = 5) 0.91 (0.89-0.93) 799 + 48
Heart

Control (n = 5) 1.3 (1.1-1.5) 173 = 22

Atropine-treated (n = 5) 16 (1.4-1.9 276 + 52

2 All K, values represent the geometric means, with the range of the standard
errors in

® The Bppax values repfesentthe arithmetic means + standard errors.

€ ND, not determined (due to insufficient amounts of tissue).

removed 24 hr before muscle contraction and receptor stud-
ies, to allow atropine clearance from the tissues. Evidence
that atropine was cleared from the tissues was provided by
the lack of a significant difference in mAChR affinity for the
radiolabeled antagonist (—)-[*HIQNB between control and
treated tissues. Also, in studies by other investigators, 24 hr
were sufficient for atropine clearance from tissues (21).

We considered several possible mechanisms as potential
explanations for the altered response after chronic anticho-
linergic treatment. The data support homologous up-regula-
tion of the mAChRs by atropine as the mechanism for the
altered response. Heterologous down-regulation of the p-ad-
renergic receptors was ruled out because the functional re-
sponse (isoproterenol-induced relaxation of the airway in
vitro) was not altered and neither the affinity (K;) nor the
density (B,,.,) of the B-adrenergic receptors was decreased in
response to anticholinergic treatment. To examine the possi-
bility that an alteration independent of cholinergic receptors
had occurred, we investigated the contractile response of the
atropine-treated tissue to the receptor-independent stimulus
KCl and found that this stimulus produced a contractile
response that was not significantly different from control.
Thus, we conclude that the functional increase in response to
methacholine was the result of some change in the mAChRs.
Direct evidence for homologous up-regulation of the mAChRs
was provided by our studies demonstrating that chronic ex-
posure to atropine was associated with an increase in
mAChR density in the airway.

Studies by others have demonstrated that treatment with
anticholinergic agents can lead to up-regulation of mAChRs
in brain and heart (22-25). This up-regulation of mAChRs by
anticholinergic agents has been shown to be associated with
an increase in mAChR function. In rat brain, chronic atro-
pine exposure resulted in an increase in mAChR number and
an increase in sensitivity of an atropine-induced behavioral
response in rats (24). Similarly, Majocha and Baldessarini
(25) demonstrated that chronic anticholinergic agent expo-
sure resulted in an increase in cholinergic agent-induced
behavioral responses that was paralleled by an increase in
brain mAChRs. In contrast to our findings, however, chronic
anticholinergic agent treatment did not increase mAChRs in
guinea pig airways (26). The lack of effect in the guinea pig
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studies is most likely due to the shorter duration of anticho-
linergic agent treatment in those studies.

mAChR subtype diversity exists within tracheal smooth
muscle. Radioligand binding analyses have demonstrated
that tracheal smooth muscle contains predominantly the m2
mAChR subtype, with a minority of the m3 mAChR subtype
(2—-4). In agreement with the binding data, using antibodies
selective for the m1-m5 mAChR subtypes we demonstrated
that rabbit tracheal smooth muscle contained predominantly
the m2 mAChR subtype and a minority of the m3 mAChR
subtype. Evidence suggests that it is the minority receptor
(m3 mAChR subtype), linked to the phosphoinositide trans-
duction pathway (27), that is responsible for cholinergic
agent-induced contraction of the airway smooth muscle (2, 5).
Because cholinergic agent-mediated contraction of airway
smooth muscle is mediated by the m3 mAChR, the atropine-
induced increase in the methacholine-induced response ap-
pears to be the result of up-regulation of the m3 mAChR. The
role of the m2 mAChR is less clear. The m2 mAChR is
preferentially linked to inhibition of adenylyl cyclase activity
and may play a role in modulating relaxation responses to
B-adrenergic receptor agonists in airway smooth muscle (28,
29). Up-regulation of the m2 mAChR by chronic atropine
administration in our studies does not appear to have pro-
duced an effect on the relaxation response in airway smooth
muscle. Our data show no effect of atropine treatment on
isoproterenol-induced relaxation of airway smooth muscle
precontracted with methacholine. In addition to the m2 and
m3 mAChR subtypes, the immunoprecipitation studies
showed a small proportion of the receptors to be of the m4
mAChR subtype. The m4 mAChR has been identified previ-
ously as the predominant subtype in rabbit peripheral lung
(11, 12, 30). The function of the m4 mAChR, if any, in airway
smooth muscle is unknown.

Chronic exposure to atropine up-regulated only the m2 and
m3 mAChR subtypes and not the m4 mAChR subtype in
tracheal smooth muscle. Data from several studies in brain
tissue or neurally derived cell lines demonstrate that signif-
icant up-regulation of mAChRs after chronic exposure to
antagonist requires the presence of a functional synapse (31,

Atropine-treated

Fig. 1. Effect of chronic atropine treatment on
mAChR subtypes in rabbit tracheal smooth muscle.
Chronic treatment with atropine increased the
mAChR density of the m2 and m3 subtypes, com-
pared with control values. The percentage of each
subtype was initially calculated as the percentage
of the total counts immunoprecipitated. The amount
(fmol/mg of protein) of each mAChR subtype was
calculated by multiplying the percentage of the
mAChHR subtype by the total amount of mAChRs, as
determined by radioligand binding analysis. Each
bar represents the arithmetic mean * standard er-
ror from three individual experiments, using eight
individual rabbit tracheae/experiment. Control and
atropine-treated tissues were assayed in parallel.
All data were analyzed by Student’s unpaired t test,
and significance (*) is defined as p < 0.05.

32). This finding suggests that the mAChRs that are up-
regulated after chronic blockade are under continuous “tone”
from endogenously released acetylcholine. Thus, although
the function of the m2 mAChR in airway smooth muscle is
unclear, the up-regulation of the m2 mAChR after chronic
atropine exposure suggests that it is vagally innervated and
under at least some tonic stimulation.

In conclusion, chronic exposure to the anticholinergic
agent atropine produced an up-regulation of the m2 and m3
mAChR subtypes that was associated with enhanced efficacy
of airway smooth muscle contraction in response to cholin-
ergic agonist. These data provide a plausible explanation for
the clinical observations, with asthmatic patients, of in-
creased methacholine-induced responsiveness and worsening
of lung function with chronic anticholinergic treatment.
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