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SUMMARY Muscarinic receptors are believed to play an important role in modulation of ciliary action in
respiratory system. We studied the in vitro effect of methacholine, a 3-methyl ester of acetyl-
choline, on the ciliary beat frequency (CBF). Adenoid explants were cultured in Minimum
Essential Medium Eagle (MEM). CBF was determined using microphotometry. Methacholine
(10° M) increased CBF a maximum 0f 10.34+0.42% (p<0.001). The non-selective muscarinic
antagonist atropine (107 S M) significantly inhibited the ciliostimulatory effects of methacholine
(p<0.001). To characterize the muscarinic receptor subtypes in nasal mucosa, the selective M-,
My and Mz-muscarinic antagonists pirenzepine dihydrochloride (PZ), gallamine triethiodide
(gallamine), and 4-diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP) were used pri-
or to addition of methacholine. PZ and 4-DAMP, at concentrations of 10 “010% M, signifi-
cantly inhibited the ciliostimulatory effects of methacholine (p<0.0001). There was no signifi-
cant inhibition of methacholine-induced ciliostimulation by gallamine (p>0.3). Our study
showed that ciliostimulation by methacholine in human upper airway mucosa involves M-
and Ms-muscarinic receptor subtypes, but not the My-receptor subtype. The identification of the
muscarinic receptor subtypes and intracellular signalling mechanisms involved in CBF modu-
lation will permit the selection appropriate of pharmacological agents for treating the choli-
nergic symptoms of rhinitis.
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INTRODUCTION pase C (PLC), while the M, and M, subtypes inhibit the genera-
The parasympathetic nervous system is believed to play an tion of cAMP (Humle et al., 1990; Lambert, 1993). M;- and M;-
essential role in the airway defense system. Muscarinic recep- muscarinic receptor subtypes have been shown to regulate
tors are involved in modulation of ciliary action in respiratory mucus glycoprotein secretion from human nasal mucosa
system (Hybbinette and Mercke, 1982). Methacholine, a 8- (Mullol et al., 1992).

methyl ester of acetylcholine, accelerates the mucociliary wave The aims of the present study were to demonstrate the in vitro
frequency, and this effect can be blocked by the muscarinic- effects of methacholine and the non-selective muscarinic
receptor antagonist atropine. antagonist atropine on the ciliary beat frequency (CBF) of
Muscarinic acetylcholine receptors are cell surface receptors, ciliated human adenoid explants and to further study the
which participate in a wide variety of physiological actions. selective muscarinic antagonists to identify the receptor sub-
Several classes of muscarinic receptors have been described. types affecting the CBF in human upper airway mucosa.
These are members of a superfamily with at least five receptor Determining the actions of the muscarinic receptor subtypes in
subtypes (M;-Ms; Humle et al., 1990). These subtypes differ in nasal mucosa may contribute to the specificity of anti-choliner-
their tissue distribution, agonist- and antagonist-binding affini- gic therapy for allergy and inflammation of the airway in such
ties, structures, and functions. M,, M; and M; subtypes couple clinical conditions as allergic rhinitis, bronchial asthma, and
to inositol polyphosphate generation which activates phospholi- chronic bronchitis.
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MATERIAL AND METHODS

Tissue preparation

Ciliary activity was studied in vitro in human adenoid explants.
Human adenoid tissue was obtained in the operating room
from patients undergoing surgery for nasal obstruction. The tis-
sue was immersed in Medium 199 (Sigma, St. Louis, MO, USA)
and transported to the laboratory. Specimens were cut into
3x3x2 mm pieces and washed three times in clean Minimum
Essential Medium Eagle (MEM; Sigma, St. Louis, MO, USA) to
remove blood and debris. Specimens were screened for viable
ciliated edges. Those pieces with ciliated edges were placed
onto sterile 35-mm plastic culture dishes, which had been
coated with type I collagen (Sigma, St. Louis, MO, USA) dilut-
ed 1:10 in MEM and sterilized overnight under ultraviolet light.
The ciliated specimens were covered with 1.0 ml of culture
medium MEM and placed in a 95%-humidified 5%-CO, incuba-
tor at 35 °C until used for experiments. The culture medium in
each dish was replaced every two days. At the time of experi-
ment, specimens were examined under the phase-contrast
microscope and screened for bacterial or fungal contaminants.
Only explants free of any bacterial or fungal contamination
were used. Specimens were used for experiments only once
every 24 h to allow the tissue to return to equilibrium. A mini-
mum of five trials were done to establish the average change in
CBF for each concentration of the various experiments.
Reversibility of the receptor blockade by the muscarinic antago-
nists was evaluated 24 h after removal of the antagonist from
the culture medium by stimulation with methacholine.

Muscarinic receptor blockers

MEM was used as the substrate medium in the preparation of all
experimental solutions. It was supplemented with 160 U/ml peni-
cillin and 0.16 mg/ml streptomycin (Sigma, St. Louis, MO, USA).
Experimental solutions were made using 1% albumin (Sigma, St.
Louis, MO, USA) in MEM and adding methacholine, atropine
(all from Sigma, St. Louis, MO, USA), pirenzepine dihydrochlo-
ride (selective M;-muscarinic antagonist), gallamine triethiodide
(selective M,-muscarinic antagonist) or 4-diphenylacetoxy-N-
methylpiperidine methiodide (selective Mj-muscarinic antago-
nist). Methacholine was used in concentrations of 10 and 10 M;
atropine, pirenzepine dihydrochloride (PZ), gallamine triethiod-
ide (gallamine), and 4-diphenylacetoxy-N-methylpiperidine met-
hiodide (4-DAMP) at 10% and 10® M. Stock solutions were made
and frozen until the day of the experiment. MEM was supple-
mented with antibiotics as above and used as culture medium.

Analysis of ciliary beat frequency

The specimens were placed on the heated stage of an inverted
phase-contrast microscope (Nikon 8328) and allowed to equili-
brate for 15 min. The stage was heated to 33 °C to approximate
in vivo temperatures. The cilia were viewed at x400 and oriented
to interrupt the passage of light through a 0.2-mm slit in the
diaphragm of the attached photometer (Nikon P-1). The fluctu-
ating light produced by the ciliary beats was processed into an
electrical analogue signal. The signal was amplified, filtered
through a 5-Hz high-pass filter and a 30-Hz low-pass filter and
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digitized at 200 Hz. Using ASYST software (Keithley), a fast
Fourier transform was performed on the signal to determine
modal CBF in Hz. For comparison, CBF was expressed as per-
centage change from control values. This was done to account
for differences in baseline CBF between preparations.

Effects of methacholine

After equilibration, baseline CBF of a specimen was determi-
ned by averaging 20 successive measurements obtained from
the same ciliated site. The medium covering the specimen was
removed and replaced with 1.0 ml of MEM containing metha-
choline. The same site on the specimen was relocated, and the
first CBF measurement was made within 2 min. Fifty measure-
ments were averaged to determine the effect of methacholine
alone at concentrations of 10" M and 10® M.

Effects of non-selective muscarinic antagonist

Baseline CBF was determined by averaging 20 successive meas-
urements. The MEM covering the specimen was removed and
replaced with 1.0 ml of MEM containing atropine, a non-selec-
tive muscarinic antagonist. Thirty CBF measurements were per-
formed over 15 min to determine the effect of atropine alone on
baseline CBF. After 15 min, the atropine was removed and
methacholine was added. Thirty subsequent measurements
were obtained at the same site on each specimen to determine
the response to methacholine after muscarinic-receptor block-
ade by atropine.

Effects of selective muscarinic-receptor antagonists

Experiments investigating the role of selective M-, M,- and M;-
muscarinic receptor antagonists were performed after determi-
ning baseline CBF. The MEM covering the specimen was
removed and replaced with 1.0 ml of MEM containing either
pirenzepine dihydrochloride (PZ), a selective M;-muscarinic
antagonist, gallamine triethiodide (gallamine), a selective M,-
muscarinic antagonist, or 4-DAMP, a selective M;-muscarinic
antagonist. Thirty CBF measurements were made over 15 min
to determine the effect of the antagonists on baseline CBF.
After 15 min, the antagonist was removed and methacholine
was added. Thirty subsequent measurements were obtained for
the given site on each specimen to determine the effect of
receptor blockade on the activity of methacholine.

Statistics

CBF values were expressed as means+S.E.M. (standard error of
the mean) and the response as percentage change from the
baseline CBF. Statistical differences between values were deter-
mined by a paired Student’s t-test. Significance was accepted
when p<0.05.

RESULTS

Effects of methacholine

Methacholine alone (10 M and 10® M) in MEM produced
increases in CBF of 6.46+0.27% and 10.3410.42%, respectively.
These increases were statistically significant by Student’s paired
t-test with p<<0.001.
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Effects of atropine

After treatment with 10¢ M atropine, the ciliary response to
methacholine alone at concentrations of 10® M and 10° M was
-2.95+0.64% and 2.06%0.85%, respectively. The inhibition of
methacholine-induced ciliostimulation by atropine was statisti-
cally significant (p<0.001, by unpaired t-test) at both concentra-
tions of atropine. Methacholine ciliostimulation returned with-
in 24 h following removal of atropine from the culture medium.

Effects of selective M;-muscarinic antagonist

After treatment with 10° M PZ, the ciliary response to metha-
choline at concentrations of 10® M and 10 M was 1.72+1.08%
and -1.21+0.84%, respectively. After treatment with 10 M PZ,
the ciliary response to methacholine at concentrations of 10*M
and 10® M was -0.6040.33% and 4.58+0.40%, respectively
(Figure 1). The inhibition of methacholine-induced ciliostimu-
lation by PZ was statistically significant (p<<0.0001, by unpaired
t-test) at both concentrations of PZ. Methacholine citiostimula-
tion returned within 24 h following removal of PZ from the cul-
ture medium.
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Figure 1. The increases in CBF with methacholine alone in MEM
(open bars) at 10-8 M and 10-6 M were significant (p<0.001). The cilio-
stimulation seen with methacholine alone at 10-8 M and 10-6 M was
significantly inhibited by 10-6 M PZ (slashed bars; p<0.0001) and 10-8 M
PZ (cross-hatched bars; p<0.0001).
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Figure 3. The increases in CBF with methacholine alone in MEM
(open bars) at 10-8 M and 10-6 M were significant (p<0.001). The cilio-
stimulation seen with methacholine alone at 10-8 M and 10-6 M was sig-
nificantly inhibited by 10-6 M 4-DAMP (slashed bars; p<0.0001) and 10-
8 M 4-DAMP (cross-hatched bars; p< 0.0001 ).
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Effects of selective My-muscarinic antagonist

After treatment with 10® M gallamine, the ciliary response to
methacholine at concentrations of 10® M and 10 M was
6.51+0.54% and 10.62+0.84%, respectively (Figure 2). There was
no significant inhibition of methacholine-induced ciliostimula-
tion by gallamine (p>0.3).

Effects of selective My-muscarinic antagonist

After treatment with 10% M 4-DAMP, the ciliary response to
methacholine at concentrations of 10® M and 10°® M was
1.54+0.60% and 2.6010.64%, respectively. After treatment with
10® M 4-DAMP, the ciliary response to methacholine at con-
centrations of 10® M and 10® M was 0.85+0.32% and
4,1040.84%, respectively (Figure 3). The inhibition of metha-
choline-induced ciliostimulation by 4-DAMP was statistically
significant (p<0.0001) at both concentrations of 4-DAMP.
Methacholine ciliostimulation returned within 24 h following
removal of 4-DAMP from the culture medium. The inhibition
of methacholine-induced ciliostimulation by pirenzepine (PZ),
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Figure 2. The increases in CBF with methacholine alone in MEM
(open bars) at 10-8 M and 10-6 M were significant (p<0.001). There was

no significant inhibition of methacholine-induced ciliostimulation by
gallamine (slashed bars; p>0.3).
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Figure 4. Methacholine alone in MEM (open bars) increased CBF in a
dose-dependent manner. Increases were significant at 10-8 M and 10-6
M (p<0.001). The ciliostimulation seen with methacholine alone at 10-8
M and 10-6 M was significantly inhibited by 10-6 M PZ (left-slashed
bars; p<0.0001), 10-6 M atropine (cross-hatched bars; p<0.001), and 10-
6 M 4-DAMP (right-slashed bars; p<0.0001).
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atropine and 4-DAMP were of similar magnitude with essen-
tially complete inhibition of the effect of methacholine in all
cases (Figure 4).

DISCUSSION

Effects of atropine

The non-selective muscarinic-receptor antagonist atropine signifi-
cantly blocked methacholine-induced ciliostimulation. There was
no significant increase in CBF in response to methacholine after
non-specific muscarinic-receptor blockade by atropine, indicating
that one or more of the muscarinic-receptor subtypes is responsi-
ble for the observed ciliostimulatory effects of methacholine.

Effects of M;- and Mz-muscarinic receptors

It has been shown that at least five muscarinic-receptor sub-
types are present in animal and human tissues (Baraniuk et al.,
1990). Excitatory M, receptors have been demonstrated func-
tionally and electrophysiologically in autonomic ganglia, inclu-
ding parasympathetic ganglia of the human airways (Bloom et
al., 1988). Binding studies in guinea pig and human lung mem-
branes have demonstrated the presence of M; receptors (Mak
and Barnes, 1989). M;- and M;-muscarinic receptor subtypes
have been identified in human nasal and bronchial tissues, with
the M; subtype being most predominant (Mullol et al., 1992).
M; receptors have been localized in submucosal glands in
human airways, which appear to have a mixed population of M,
and M; receptors in a proportion of 1:2 (Mak and Barnes, 1990).
In this study, the selective M;-muscarinic receptor antagonist
pirenzepine dihydrochloride (PZ) and the selective M; muscari-
nic receptor antagonist 4-DAMP significantly blocked metha-
choline-induced ciliostimulation, indicating that M;- and M;-
muscarinic receptors are involved in the transduction of the
muscarinic acetylcholine-receptor signal responsible for ciliosti-
mulation.

Pirenzepine (PZ) binds to M, receptors with high affinity, but
can also bind to M; receptors with low affinity (Baraniuk et al.,
1990). 4-DAMP has its greatest specificity for the M;-receptor
subtype. Our results showed that PZ, atropine, and 4-DAMP
inhibited the ciliostimulation induced by methacholine about
equally (Figure 4). Since these blockers are apparently inhibi-
ting different receptor subtypes this finding requires explana-
tion. If it is assumed that M, and M, receptors are present in a
1:2 ratio as previously shown in human airway submucosal
glands, it would he expected that 4-DAMP would be more
effective than PZ at blocking the effects of methacholine.
However, since PZ does have some non-specific binding to M,
the combination of M, and partial M; blockade could make its
effect comparable to 4-DAMP. It is also possible that coopera-
tive interaction between the M; and M; receptors results in
complete inhibition even it only one receptor subtype is blocked.

Effects of M,-muscarinic receptors

There was no significant inhibition of methacholine-induced
ciliostimulation by the selective M,-muscarinic receptor antago-
nist gallamine triethiodide (gallamine), demonstrating that M,-
muscarinic receptors are not involved in stimulation of respira-
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tory cilia by methacholine. This could be anticipated since M,-
muscarinic receptors are located prejunctionally on post-gan-
glionic parasympathetic nerves and have a powerful inhibition
on acetylcholine release (Barnes, 1992). The M,-muscarinic
receptor subtype was found to be absent from human nasal
mucosa when a M,-muscarinic antagonist was used in autora-
diography and kinetic ligand-binding studies (Mak and Barnes,
1990). Although M, receptors are not present in the respiratory
epithelium, the blockade of M, receptors in prejunctional post-
ganglionic parasympathetic nerves by M, antagonists could
increase acetylcholine release. Highly selective M;- or mixed
M,;/M;-muscarinic antagonists would not increase acetylcholine
release from cholinergic nerves, and therefore they may be pre-
ferable to the non-selective anti-cholinergic drugs when used
for anti-cholinergic therapy.

CONCLUSION

Ciliostimulation by methacholine in human upper airway muco-
sa involves M;- and M;-muscarinic receptor subtypes, but not the
M,-receptor subtype. The relative proportion of M;- and M;
receptors on ciliated epithelium cannot be determined using the
techniques of this study since the receptor-specific blockers may
have the cross-reactivity with the receptor subtypes. Specific bin-
ding studies will be necessary to clarify the relative numbers of
M,- and M; receptors on ciliated upper airway epithelium.
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