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Abstract

 

Inhibitory M

 

2

 

 muscarinic receptors on parasympathetic nerve

endings in the lungs decrease release of acetylcholine, inhib-

iting vagally induced bronchoconstriction. Neuronal M

 

2

 

 re-

ceptor function can be studied using selective agonists and

antagonists such as pilocarpine and gallamine. In pathogen-

free guinea pigs indomethacin (1 mg/kg) did not alter the ef-

fect of either gallamine or pilocarpine, thus in pathogen free

animals neuronal M

 

2

 

 muscarinic receptors function inde-

pendently of cyclooxygenase products. However, in guinea

pigs infected with virus, (which causes temporary loss of M

 

2

 

receptor function), and then allowed to recover for 8 wk (to

allow recovery of M

 

2

 

 receptors), indomethacin prevented

both gallamine’s potentiation and pilocarpine’s inhibition of

vagally induced bronchoconstriction. This new effect of in-

domethacin was not blocked by the addition of a 5-lipoxyge-

nase inhibitor, AA861. However, the selective COX II inhib-

itor, L-745,337, had the same effect as indomethacin. Since

exposure to ozone also caused neuronal M

 

2

 

 receptors to be-

come dependent upon cyclooxygenase the effects of viral in-

fection are likely to be due to inflammation. Thus, despite

apparent recovery of normal M

 

2

 

 receptor function after vi-

ral infection or ozone, linkage of these receptors is chroni-

cally altered such that they become largely dependent on

the activity of COX II. (

 

J. Clin. Invest. 

 

1996. 98:299–307.

 

)
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Introduction

 

Airway smooth muscle tone is largely controlled by the para-
sympathetic fibers of the vagus nerves (1). Acetylcholine
(ACh)

 

1

 

 is released from parasympathetic nerves and stimu-

lates M

 

3

 

 muscarinic receptors on airway smooth muscle caus-
ing contraction and bronchoconstriction (2, 3). Inhibitory M

 

2

 

muscarinic receptors on the postganglionic parasympathetic
nerves provide a negative feedback mechanism to control ace-
tylcholine release (4, 5). This effect can be demonstrated phar-
macologically, as gallamine, by blocking the M

 

2

 

 receptor on
the nerves, increases ACh release and potentiates bronchocon-
striction. Conversely, stimulating the M

 

2

 

 receptor using pilo-
carpine decreases ACh release and inhibits vagally mediated
bronchoconstriction.

Stimulating muscarinic receptors produces prostaglandins
of the E and F series in the brain, heart, and electric organ of
the torpedo fish (6–8). While the particular subtype of muscar-
inic receptor mediating prostaglandin production has not been
identified in either the torpedo fish or brain, the heart is
known to contain a pure population of M

 

2

 

 muscarinic recep-
tors (9, 10). Thus, M

 

2

 

 receptors in the heart are linked to pros-
taglandin production.

Both endogenous prostaglandins and exogenous PGE

 

2

 

 in-
hibit release of acetylcholine from the parasympathetic nerves
in the lung (11, 12). Furthermore, blocking cyclooxygenase po-
tentiates vagally induced bronchoconstriction (13). Thus, in
the lung, both prostaglandins and neuronal M

 

2

 

 receptors in-
hibit acetylcholine release. We have shown that indomethacin
blocks neuronal M

 

2

 

 muscarinic receptor function (14). In the
presence of cyclooxygenase inhibitors, gallamine does not po-
tentiate, nor pilocarpine inhibit, vagally induced bronchocon-
striction (14). Thus, in nonpathogen-free guinea-pigs, neuronal
M

 

2

 

 muscarinic receptor function requires cyclooxygenase
products.

Pathogen-free guinea pigs are bred and maintained in bar-
rier housing, isolated from the microorganisms normally en-
demic among animal populations. The lungs of pathogen-free
animals are different from the lungs of conventional (non-
pathogen-free) animals (15). Histologically, the epithelial cells
of pathogen-free animals are cuboidal rather than columnar.
Neurogenic inflammatory responses are less intense in patho-
gen free animals.

Asthma attacks are frequently the result of viral airway in-
fections (16). In nonasthmatics, viral infections increase airway
responsiveness (17, 18). Much of this virus-induced hyperre-
sponsiveness is vagally mediated as it can be blocked by atro-
pine. Furthermore, the efferent limb of the reflex arc is abnor-
mal, as the bronchoconstriction induced by stimulating the
vagi electrically is increased (19). The M

 

3

 

 receptors on the air-
way smooth muscle, which are responsible for cholinergic con-
traction, are normal in virus-infected airways (19–21). In con-
trast, acute viral infection causes temporary loss of M

 

2

 

receptor function (22). Four to six weeks after recovery from
viral infection, the ability of gallamine to potentiate vagally in-
duced bronchoconstriction returns, demonstrating recovery of
M

 

2

 

 receptor function (23, 24).

 

Portions of these data have been presented as abstracts.
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Our previous studies demonstrating that prostaglandins are
required for neuronal M

 

2

 

 muscarinic receptor function were
carried out in nonpathogen free guinea pigs (14). These guinea
pigs had been exposed to environmental dust, pollutants, or
pathogens which may have stimulated an inflammatory re-
sponse in the lungs. While M

 

2

 

 receptor function appears nor-
mal after recovery from viral infection, it is possible that the
coupling of the M

 

2

 

 receptor to prostaglandins is changed. In
the current experiments, we studied whether the M

 

2

 

 receptor
in pathogen-free guinea pigs are cyclooxygenase dependent,
and whether viral infections can change the cyclooxygenase
dependence of the M

 

2

 

 receptor. We also determined the role
of the inducible form of cyclooxygenase (COX II) and of
5-lipoxygenase in M

 

2

 

 receptor function. Finally, we tested the
effects of another inflammatory condition, that following
ozone exposure, on the cyclooxygenase dependence of M

 

2

 

 re-
ceptor function.

 

Materials and Methods

 

Animals.

 

Dunkin-Hartley guinea pigs that were bred specific patho-
gen-free, and maintained in barrier housing (300–350 g; supplied by
Hilltop Animal Farms, Scottsdale, PA) were used. All guinea pigs
were shipped in filtered crates. Upon arrival, they were housed in
wire bottom cages inside laminar flow hoods. Masks and gloves were
worn by all personnel entering the room or handling the guinea pigs.
Guinea pigs were handled in accordance with the standards estab-
lished by the U.S.A. Animal Welfare Acts set forth in National Insti-
tute of Health guidelines and the Policy and Procedures Manual pub-
lished by the Johns Hopkins University School of Hygiene and Public
Health Animal Care and Use Committee.

 

Virus infection.

 

Parainfluenza type I (Sendai virus; ATCC VR-
105; American Type Culture Collection, Rockville, MD) was grown
in embryonated chicken eggs for 2 d at 34

 

8

 

C. Infected fluid was
cleared by low-speed centrifugation and stored in aliquots at 

 

2

 

70

 

8

 

C.
Viral content was determined by titration in Rhesus monkey kidney
cell monolayers, as previously described (22). Viral content was de-
termined as the multiple of the amount of stock solution required to
produce infection in 50% of the Rhesus monkey kidney cell monolay-
ers, the TCID

 

50

 

 (TCID 

 

5

 

 tissue culture infectious dose).
Guinea pigs were anaesthetized using ketamine (45 mg/kg, i.m.)

and xylazine (8 mg/kg, i.m.). Animals in the infected group were inoc-
ulated intranasally with 0.5 ml of stock solution that contained 10

 

6

 

TCID

 

50

 

/ml, obtained by diluting the virus stock in Dulbecco’s phos-
phate-buffered saline. Animals in the uninfected control group were
inoculated intranasally with fluids obtained from virus-free eggs that
were prepared and diluted in phosphate-buffered saline in the same
way as the viral solutions. Control and infected animals were housed
separately in pathogen-free environments and allowed to recover for
4–6 wk.

 

Ozone exposure.

 

Specific pathogen-free guinea pigs were ex-
posed to 2 ppm ozone for 4 h as previously described (25). Control
animals were placed in the same chambers and exposed to filtered air.
The ozone exposure chambers are located within rooms where the air
supply is high efficiency particulate filtered to remove dust and
pathogens. Masks and gloves were worn by all personnel entering the
room or handling the guinea pigs. Thus, despite using ozone to induce
an inflammatory response in the lungs, the specific pathogen-free
guinea pigs were maintained in a pathogen-free environment.

Guinea pigs were exposed to either air or to 2 ppm ozone for 4 h.
This dose causes an acute inflammatory response, acute loss of M

 

2

 

 re-
ceptor function and hyperresponsiveness (25). All of these effects are
temporary. 2 wk after ozone M

 

2

 

 receptor function is restored. In addi-
tion the numbers of inflammatory cells recovered by bronchoalveolar
lavage are back to normal and the response to vagal nerve stimula-
tion as well as to intravenous bronchoconstrictor agents is also nor-

mal by 14 d after ozone (25, 26). Animals were studied 8 wk after expo-
sure to ozone, at which time the lungs are histologically normal (27).

 

Measurement of viral antibodies in ozone exposed pathogen-free

guinea pigs.

 

At the end of each experiment, arterial blood was col-
lected from each animal, allowed to clot, and the serum removed. The
serum was diluted in 0.9% saline and heated for 30 min at 56

 

8

 

C. Heat-
inactivated serum samples were sent to Microbiological Associates
Inc. (Rockville, MD) for measurement of viral antibody titers to Sen-
dai virus, reovirus type 3, pneumonia virus of mice, lymphocytic
choriomeningitis virus, and simian myxovirus type 5.

 

Anesthesia and measurement of pulmonary inflation pressure.

 

The guinea pigs were anesthetized with urethane (1.5 g/kg) injected
intraperitoneally. This dose produces a deep anesthesia lasting 8–10 h
(28), although none of the experiments reported here lasted for
longer than 6 h. Heart rate and blood pressure were measured with a
Spectromed pressure transducer (DTX; Spectromed, Oxnard, CA)
connected to a cannula inserted into the carotid artery. Drugs were
administered via cannulas placed in both jugular veins. Both vagus
nerves were cut and the distal ends were placed on shielded elec-
trodes immersed in a pool of mineral oil. The animal’s body tempera-
ture was maintained at 37

 

8

 

C using a heating blanket. The animals
were paralyzed with suxamethonium infused at 10 

 

m

 

g/kg/min and ar-
tificially ventilated via a tracheal cannula using a positive pressure,
constant volume animal ventilator (tidal volume 1 ml/100 g body
weight, 100 breaths/min; Harvard Apparatus Co., South Natick,
MA). Pulmonary inflation pressure (Ppi) was measured from a side-
arm of the tracheal cannula with a Spectromed (DTX) pressure trans-
ducer. All signals were displayed on a Grass polygraph (Grass Instru-
ments, Quincy, MA). PO

 

2

 

 and PCO

 

2

 

 were measured from carotid
arterial blood samples at the beginning and the end of each experi-
ment to ensure that they were within the normal range (28) (Corning
170 pH /blood gas analyzer; Corning Glass, Medfield, MA).

Basal pulmonary inflation pressures of 90–120 mm H

 

2

 

O were pro-
duced by positive pressure ventilation of the specific pathogen-free
guinea pigs. Bronchoconstriction was measured as an increase in Ppi
over the basal pressure produced by the ventilator (29). The sensitiv-
ity of the method was increased by taking the output Ppi signal from
the driver to the input of the preamplifier of a second channel on the
polygraph. Thus, baseline Ppi was recorded on one channel and in-
creases in Ppi above the baseline were recorded on a second channel
at a higher sensitivity. With this method, increases in Ppi as small as
2–3 mm H

 

2

 

O can be recorded accurately.

 

Vagal stimulation and M

 

2

 

 receptor function.

 

Stimulation of both
vagi at one minute intervals (2–15 Hz, 0.2 ms pulse duration, 4–10 V,
45 pulses/train) caused bronchoconstriction and a fall in heart rate.
Both of these responses were rapidly reversed upon cessation of stim-
ulation. For each series of experiments bronchoconstriction in re-
sponse to stimulation of the vagus nerves was matched between ani-
mals at the beginning of each experiment by adjusting the voltage.

Because the response of the neuronal M

 

2

 

 receptors to endoge-
nous agonists (acetylcholine released from the nerves) is greater at
high stimulus frequencies (4), the effects of antagonists are more
readily apparent at the higher frequencies. Conversely, at low fre-
quencies of stimulation exogenous agonists do not have to compete
with endogenous acetylcholine, thus the effects of the exogenous ago-
nists are more apparent. Because of this, experiments testing the
function of the neuronal M

 

2

 

 muscarinic receptor with gallamine and
pilocarpine in the presence of indomethacin were carried out using a
range of frequencies of stimulation (pulses/train were constant). The
rest of the experiments, using only the antagonist gallamine, were
carried out at 15 Hz.

All animals were pretreated with guanethidine (10 mg/kg, i.v.) to
deplete noradrenaline and thus eliminate any involvement of the
sympathetic nerves (30). When reproducible baseline responses to
vagal stimulation had been obtained, gallamine (0.1–10.0 mg/kg, i.v.)
or pilocarpine (1–100 mg/kg, i.v.) were administered in cumulative
fashion, and the effects on vagally mediated bronchoconstriction and
bradycardia were recorded. Doses of pilocarpine greater than 30 mg/
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kg caused transient bronchoconstriction. Therefore the effect of these
doses of pilocarpine on vagally induced bronchoconstriction was
measured after the Ppi had returned to baseline. Doses of pilocarpine
greater than 100 

 

m

 

g/kg were not used because they caused sustained
bronchoconstriction via stimulation of the M

 

3

 

 muscarinic receptors
on the airway smooth muscle. At the end of each experiment vagally
induced bronchoconstriction and bradycardia were abolished by atro-
pine (1 mg/kg, i.v.) indicating that both of these responses were medi-
ated via stimulation of muscarinic receptors.

 

M

 

2

 

 receptor function and indomethacin.

 

In pathogen-free guinea
pigs, not exposed to viruses or ozone the effect of indomethacin on
M

 

3

 

 receptors on airway smooth muscle and on the M

 

2

 

 receptors on
the heart, was tested by measuring bronchoconstriction and bradycar-
dia induced by acetylcholine (1 

 

m

 

g/kg, i.v.) before and 1 h after in-
domethacin. The effects of indomethacin on neuronal M

 

2

 

 receptor
function were determined by testing the effects of gallamine or pilo-
carpine on the response to vagal stimulation 1 h after indomethacin.

 

Effect of Indomethacin 

 

6

 

AA-861, or L-745,337 in postvirus and

postozone exposed guinea pigs.

 

1 h after treatment with either in-
domethacin (1 mg/kg, i.v.), AA-861 (an inhibitor of 5-lipoxygenase
activity; 10 mg/kg (31) 

 

6

 

indomethacin (1 mg/kg), or L-745,337 (a se-
lective cyclooxygenase II inhibitor; 2 mg/kg), the function of the neu-
ronal M

 

2

 

 receptor was determined by testing the effects of gallamine
or pilocarpine on the response to vagal stimulation, as described
above. To assess the effect of indomethacin on M

 

3

 

 receptors on air-
way smooth muscle and the M

 

2

 

 receptors on the heart, bronchocon-
striction and bradycardia induced by methacholine (1–10 

 

m

 

g/kg, i.v.)
were measured before and 1 h after indomethacin.

 

Measurement of inflammatory cells.

 

At the end of each experi-
ment, the lungs were lavaged with phosphate-buffered saline that
contained EDTA (0.2 M) and isoproterenol (10

 

2

 

4

 

 M). Lavage fluids
were centrifuged (400 

 

g

 

, 10 min) and the pellets resuspended in phos-
phate-buffered saline. Cells were counted in a hemocytometer. Slides
made of lavaged cells using a cytospin were stained with Diff-Quik
(American Scientific Products) to determine differential cell counts.
Blood was also obtained via the carotid artery cannula. After elimi-
nating erythrocytes by hypotonic lysis, the remaining leukocytes were
counted as above.

 

In vitro tracheal response to electric field stimulation.

 

Guinea pigs
that had recovered from Sendai viral infection, or age matched con-
trols were anesthetized with urethane and their tracheas removed
and placed in Krebs-Henseleit solution (37

 

8

 

C) of the following com-
position: 117.5 mM NaCl, 5.6 mM KCl, 1.18 mM MgSO

 

4

 

, 2.5 mM CaCl

 

2

 

,

1.28 mM NaH

 

2

 

PO

 

4

 

, 25.0 mM NaHCO

 

3

 

, and 5.55 mM dextrose, bubbled
with 5% CO

 

2

 

 and 95% O

 

2

 

, pH 7.4. The tracheas were opened along
the anterior (cartilaginous) surface, and two strips were mounted un-
der isometric tension in 5 ml water jacketed organ baths (37

 

8

 

C). The
tracheal smooth muscle was incubated with propranolol 10

 

2

 

6

 

 M, and
indomethacin 10

 

2

 

5

 

 M in the absence and presence of prostaglandin
E2 (10

 

2

 

10

 

 and 10

 

2

 

8

 

 M) for 1 h. Electrical field stimulation of the mus-
cle (10 Hz, 2.0 ms pulse duration, 100 V, 5 s pulse train, at 1-min inter-
vals) caused brief, contractions of the strips. Pilocarpine (10

 

2

 

8

 

–4 

 

3

 

10

 

2

 

6 

 

M) was added to the bath in cumulative fashion, and the effects
on the response to electrical field stimulation were tested.

 

Drugs.

 

The drugs used in these experiments were: urethane,
guanethidine, suxamethonium, gallamine, pilocarpine, propranolol,
atropine, and methacholine, all purchased from Sigma Chemical Co.,
(St. Louis, MO.) Indocin (indomethacin sodium trihydrate) was pur-
chased from Merck, Sharpe & Dohme (West Point, PA) AA861 was
purchased from Biomol. L-745,337 was a generous gift from Dr. Ian
Rodger of Merck-Frosst (Montreal, Canada). All drugs were dis-
solved and diluted in 0.9% NaCl except L-745,337 which was dis-
solved in 5% dextrose in 10% DMSO and diluted in saline. The vol-
ume of DMSO used in these experiments was tested and found to
have no effect on either baseline Ppi, vagally induced bronchocon-
striction, or M

 

2

 

 receptor function.

 

Statistics.

 

All data are expressed as mean

 

6

 

SEM. The responses
to vagal stimulation or to intravenous acetylcholine before and after
indomethacin were compared using Student’s paired 

 

t

 

-test

 

. 

 

Dose–
response curves to intravenous methacholine before and after in-
domethacin, AA-861, or L-745,337 were compared using a two-way
analysis of variance. Control responses to vagal stimulation were
compared between groups of guinea pigs using Student’s

 

 t

 

-test for un-
paired samples. The effects of pilocarpine and gallamine on vagally
induced bronchoconstriction in the absence and presence of in-
domethacin, AA-861, or L-745,337 were compared using a two-way
analysis of variance for repeated measures. A two-way analysis of
variance was also used to test whether the effect of prior exposure to
ozone or viral infection altered the response to gallamine. A 

 

P

 

 value
of less than 0.05 was considered statistically significant.

 

Results

 

In pathogen-free guinea pigs, baseline heart rate was 280–320
beats/min and baseline Ppi was 90–120 mm H

 

2

 

O. Electrical

Figure 1. Indomethacin (1 mg/kg) 
causes a small but significant de-
crease in vagally and acetylcho-
line-induced bronchoconstriction 
in pathogen-free guinea pigs (A). 
In the heart, both vagally and ace-
tylcholine-induced bradycardia 
were potentiated by indometha-
cin (B). Bronchoconstriction and 
bradycardia were induced either 
by electrical stimulation of the va-
gus nerves (2, 5, or 15 Hz, 0.2 ms, 
5–15 V, 45 pulses/train) or by in-
travenously administered acetyl-
choline (1 mg/kg). Vagally and 
acetylcholine-induced broncho-
constriction and bradycardia are 
shown before (open columns) and 
1 h after indomethacin (shaded 

columns). Each column is the 
mean of 10 animals6SEM shown 
as vertical bars. *P , 0.05 using 
Student’s paired t-test).
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stimulation of the vagus nerves caused frequency related bron-
choconstriction (measured as an increase in Ppi, Fig. 1 

 

A

 

) and
bradycardia (Fig. 1 

 

B

 

). Intravenous acetylcholine (1 

 

m

 

g/kg)
also caused bronchoconstriction and bradycardia. In these ani-
mals, gallamine (0.1–10.0 mg/kg, i.v.) potentiated, and pilo-
carpine (1–300 

 

m

 

g/kg, i.v.) inhibited vagally induced broncho-
constriction (Fig. 2 and 3, 

 

left

 

). The effect of gallamine was
greatest at high frequencies of stimulation.

In pathogen-free guinea pigs, indomethacin did not alter
baseline Ppi or heart rate. However, 1 mg/kg indomethacin
caused a small but statistically significant decrease in the bron-
choconstriction response to both vagal stimulation and intra-
venous acetylcholine when measured 60 min after administra-
tion (Fig. 1 

 

A

 

). A small increase in bradycardic responses to both
electrical stimulation of the vagus and intravenous acetylcholine
was also seen after indomethacin in these animals (Fig. 1 

 

B

 

).
In these pathogen-free animals, gallamine potentiated, and

pilocarpine inhibited, the bronchoconstriction response to va-
gal stimulation equally in the presence and absence of in-
domethacin (Fig. 2 and 3). Likewise, in these animals the re-
sponse to intravenous acetylcholine was also inhibited by

gallamine (due to the effect of gallamine on M

 

3

 

 receptors)
equally in the presence and absence of indomethacin (Fig. 2,

 

circles

 

).
In guinea pigs that had recovered from viral infections for 6

to 8 wk, the bronchoconstriction and bradycardic responses to
vagal stimulation and to intravenous methacholine were simi-
lar to those in pathogen-free guinea pigs (data not shown).
Furthermore, M

 

2

 

 receptor function appeared to be normal in
these animals, as shown by the dose-dependent potentiation of
vagally mediated bronchoconstriction at 15 Hz by gallamine
(Fig. 4, 

 

a

 

 and 

 

b

 

, 

 

open circles). However, in guinea pigs that had
recovered from viral infections, the function of the M2 recep-
tor was substantially decreased by indomethacin (Fig. 4 b,
closed triangles). In the absence of indomethacin gallamine po-
tentiated vagally mediated bronchoconstriction 5-fold in these
animals, whereas after indomethacin treatment, the maximal
potentiation by gallamine was only 2.5-fold.

When M2 receptor function in the heart was tested using in-
travenous methacholine (1–10 mg/kg), indomethacin did not
affect methacholine-induced bradycardia in either pathogen-
free or postvirus guinea pigs (data not shown). When M3 re-

Figure 2. Indomethacin does not al-
ter the potentiation of vagally in-
duced bronchoconstriction by gal-
lamine in pathogen-free guinea pigs. 
In the absence of indomethacin, gal-
lamine dose-dependently potenti-
ates vagally induced bronchocon-
striction (0.2 ms, 14.564.4 V, 45 
pulses/train) at 2 Hz (triangles), 5 
Hz (diamonds) and 15 Hz (squares) 
but not bronchoconstriction induced 
by intravenous acetylcholine (1 mg/
kg, circles) (a). The effect of gal-
lamine on vagally and acetylcholine-
induced bronchoconstriction is not 
altered by 1 mg/kg indomethacin 
(b). Vagally induced bronchocon-

striction before gallamine at each frequency for control and indomethacin treated were: at 2 Hz, 6.961.2 and 7.261.0; at 5 Hz, 10.761.8 and 
11.961.9; and at 15 Hz, 26.764.0 and 29.966.2; mm H20. Acetylcholine-induced bronchoconstriction before gallamine was for control 43.669.5 
and in indomethacin treated 60.8615.2 mm H20. Each point is the mean of five animals6SEM.

Figure 3. Indomethacin does not al-
ter the inhibition of vagally induced 
bronchoconstriction by pilocarpine 
in pathogen-free guinea pigs. In the 
absence of indomethacin, pilo-
carpine dose-dependently inhibits 
vagally induced bronchoconstriction 
(0.2 ms, 22.467.4 V, 45 pulses/train) 
at 2 Hz (triangles), 5 Hz (diamonds), 
and 15 Hz (squares), (a). The effect 
of pilocarpine on vagally induced 
bronchoconstriction is not altered 
by 1 mg/kg indomethacin (b). Va-
gally induced bronchoconstriction 
before pilocarpine at each fre-
quency for control and indometha-
cin treated were: at 2 Hz, 34.466.25 
and 35.7615.9; at 5 Hz, 70.069.9 
and 73.8634.5; and at 15 Hz; 
133.5620.1 and 192.5679.9 mm 
H20. Each point is the mean of four 
animals6SEM.
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ceptor function on the airway smooth muscle was tested using
intravenous methacholine (1–10 mg/kg), a very small, but sta-
tistically significant, increase in bronchoconstriction was ob-
served after indomethacin treatment in postvirus guinea pigs
(data not shown).

To determine whether the development of cyclooxygenase
dependence of M2 receptor function after viral infection was
specific to viral infection or a general phenomenon associated
with pulmonary inflammation, pathogen-free guinea pigs were
exposed to 2 ppm ozone or filtered air for 4 h. 8 wk later both
air and ozone exposed guinea pigs had normal baseline Ppi,
baseline heart rates, and identical yields of inflammatory cells
from lung lavage (data not shown). Gallamine potentiated va-
gally induced bronchoconstriction equally in both groups (Fig.

5, a and b, open circles). In the age and weight-matched air-
exposed guinea pigs, indomethacin did not significantly alter
the response to gallamine (Fig. 5 a, closed triangles). However,
in those guinea pigs previously exposed to ozone, gallamine
did not potentiate vagally induced bronchoconstriction in the
presence of indomethacin (Fig. 5 b, closed triangles). There
were no detectable viral antibodies in the sera of any of the
ozone exposed animals indicating that they were still pathogen
free.

To test whether diversion of arachidonic acid into the li-
poxygenase pathway, with production of leukotrienes, was re-
sponsible for the loss of M2 receptor function after indometha-
cin, the effect of indomethacin on M2 receptor function was
studied in postvirus-infected guinea pigs after pretreatment

Figure 4. The effect of indometha-
cin on potentiation of vagally in-
duced bronchoconstriction by gal-
lamine is altered after virus 
infection. In guinea pigs acutely in-
fected with parainfluenza virus, and 
then allowed to recover for 8 wk, 
gallamine potentiated vagally in-
duced bronchoconstriction (all at 15 
Hz, 0.2 ms, 13.562.8 V, 45 pulses/
train) in the absence of indometha-
cin (postvirus: open circles and 
dashed line, b). This potentiation by 
gallamine was not significantly dif-
ferent from the effect of gallamine 
on guinea pigs exposed to control 
medium and then allowed to re-
cover for 8 wk (control: open circles 
and solid line, a). Treatment with 1 
mg/kg indomethacin did not alter 

the potentiation of vagally induced bronchoconstriction by gallamine in control animals (indomethacin: solid triangles and dashed line, a) but sig-
nificantly attenuated the potentiation by gallamine in postvirus guinea pigs (virus 1 indomethacin: solid triangles and dashed line, b). Vagally in-
duced bronchoconstriction before gallamine was not different between groups (control, 20.062.8; indomethacin, 15.561.8; postvirus, 13.961.7; 
postvirus and indomethacin, 13.560.9 mm H2O). Each point is the mean of four to six animals6SEM.

Figure 5. The effect of indometha-
cin on potentiation of vagally in-
duced bronchoconstriction by gal-
lamine is altered following exposure 
to ozone. In guinea pigs acutely ex-
posed to ozone, and then allowed to 
recover for 8 wk, gallamine potenti-
ated vagally induced bronchocon-
striction (all at 15 Hz, 0.2 ms, 
10.362.7 V, 45 pulses/train) in the 
absence of indomethacin (post- 

ozone: open circles and dashed line, 
b). This potentiation by gallamine 
was not significantly different from 
the effect of gallamine on guinea 
pigs exposed to air and then allowed 
to recover for 8 wk (control: open 

circles and solid line, a). Treatment 
with 1 mg/kg indomethacin did not 
alter the potentiation of vagally in-

duced bronchoconstriction by gallamine in air exposed animals (indomethacin: solid triangles and dashed line, a) but significantly attenuated the 
potentiation by gallamine in ozone-exposed guinea pigs (ozone and indomethacin: solid triangles and dashed line, b). Vagally induced broncho-
constriction before gallamine was not different between groups (control, 18.362.4; indomethacin, 18.361.0; postozone, 22.061.2; ozone and in-

domethacin, 18.761.8 mm H2O). Each point is the mean of four animals6SEM.
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with the 5-lipoxygenase inhibitor AA861 (10 mg/kg, i.v.).
Treatment with AA861 did not in itself affect the potentiation
of vagally mediated bronchoconstriction by gallamine in post-
virus guinea pigs (Fig. 6 a). In these animals, potentiation of
vagally mediated bronchoconstriction by gallamine was blocked
by indomethacin equally in the presence or absence of AA861
(Fig. 6 b). Treatment with AA861 did not affect the brady-
cardic response to intravenous methacholine (1–10 mg/kg), and
caused a very small potentiation of methacholine-induced
bronchoconstriction (data not shown).

To determine whether inhibition of the constitutive (COX
I) or the inducible (COX II) form of cyclooxygenase was re-
sponsible for the effects of indomethacin, a selective COX II
inhibitor L-745,337 (2 mg/kg, i.v.) was used in place of in-
domethacin. In postvirus guinea pigs, L-745,337 blocked po-

tentiation of vagally mediated bronchoconstriction by gal-
lamine to a degree similar to that seen after indomethacin (Fig.
7). Treatment with L-745,337 did not affect the bradycardic re-
sponse to intravenous methacholine (1–10 mg/kg), and caused
a very small potentiation of methacholine-induced broncho-
constriction (data not shown).

In tracheal tissues from postvirus infected guinea pigs, pilo-
carpine inhibited the contractile response to electrical field
stimulation (Fig. 8). Pilocarpine’s effect was decreased by in-
domethacin (1025 M). Even though PGE2 1028 M decreased
the contractile response to electrical field stimulation by 50%,
the ability of pilocarpine to further inhibit electrical field stim-

Figure 6. The effect of indometha-
cin on potentiation of vagally 
induced bronchoconstriction by 
gallamine is not affected by the 
5-lipoxygenase inhibitor AA861. In 
guinea pigs infected with parain-
fluenza virus, and then allowed to 
recover for 8 wk, gallamine po-
tentiated vagally induced broncho-
constriction equally in the absence 
(squares) or presence (triangles) of 
AA-861 (10 mg/kg, i.v.; a). The in-
hibitory effect of indomethacin was 
not affected by pretreatment with 
AA861 (b). Vagally induced bron-
choconstriction before gallamine 
was not different between groups 
(control, 13.961.7; AA861, 
16.060.9; indomethacin, 13.560.9; 
AA861 and indomethacin, 21.564.8 
mm H2O). Each point is the mean of 
three to six animals6SEM.

Figure 7. The effect of the cyclooxygenase II inhibitor L-745,337 on 
potentiation of vagally induced bronchoconstriction by gallamine was 
identical to the effect of indomethacin. In guinea pigs infected with 
parainfluenza virus, and then allowed to recover for 8 wk, gallamine 
potentiated vagally induced bronchoconstriction (square). Both 
L-745,337 (2 mg/kg, i.v.; circles) and indomethacin (1 mg/kg, i.v.; tri-

angles) inhibited the ability of gallamine to potentiate vagally in-
duced bronchoconstriction. Vagally induced bronchoconstriction be-
fore gallamine was not different between groups (control, 13.961.7; 
L-745,337, 16.361.2; indomethacin, 13.560.9 mm H2O). Each point is 
the mean of five to six animals6SEM.

Figure 8. Indomethacin decreases the inhibitory effect of pilocarpine 
on the contractile response to electrical field stimulation (100V, 
15Hz, 0.4 ms pulse duration, 5 s pulse train); the effect of pilocarpine 
is not restored by adding prostaglandin E2 to the bathing medium. 
Tracheal tissues were taken from guinea pigs that had recovered from 
parainfluenza virus infection for 8 wk. Cumulative dose response 
curves for pilocarpine were generated in untreated tissues (open 

squares), tissues that had been exposed to indomethacin (1025 M, cir-

cles), or indomethacin 1 prostaglandin E2 at concentrations of either 
10210 M (closed squares) or 1028 M (triangles). Each doseresponse 
curve represents data from five to eight tissues, each from a separate 
guinea pig.
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ulation induced contractile responses was not affected by ex-
ogenous prostaglandin E2 (10210–1028 M; Fig. 8).

Discussion

Eight weeks after viral infection or exposure to ozone the
function of the M3 muscarinic receptors on airway smooth
muscle was not altered since the contractile responses to i.v.
acetylcholine and methacholine were not different (data not
shown). Since the function of the postjunctional M3 receptors
is not altered during acute viral infection (22) or immediately
following exposure to ozone when the inflammatory response
is greatest (25) it is not surprising that there are no long term
effects of inflammation on M3 function.

The function of inhibitory neuronal M2 muscarinic recep-
tors in the airways, which is lost acutely after viral infections
(22) or exposure to ozone (25), recovers after 2–4 wk (23).
Thus the ability of gallamine to potentiate vagally mediated
bronchoconstriction, and of pilocarpine to inhibit vagally me-
diated bronchoconstriction, by blocking and stimulating M2 re-
ceptors, respectively, appears normal in guinea pigs that have
recovered from viral infection or exposure to ozone (see Figs.
2 and 3).

Despite the apparent recovery of neuronal M2 muscarinic
receptor function in the lungs of animals that have recovered
from a viral infection, the mechanism by which the M2 recep-
tor functions is not in fact the same as in pathogen-free ani-
mals. In pathogen-free guinea pigs the function of inhibitory
neuronal M2 receptors in the airways is largely independent of
the generation of cyclooxygenase products since gallamine po-
tentiated and pilocarpine inhibited vagally induced broncho-
constriction in the presence of indomethacin in these animals
(Figs. 2 and 3). In contrast, after recovery from acute viral in-
fection, M2 receptor function becomes nearly totally depen-
dent on cyclooxygenase activity and is largely blocked by treat-
ment with indomethacin (Fig. 4). This was not due to age or
weight, since in the age and weight matched, sham-infected an-
imals, indomethacin had no effect on the potentiation of va-
gally induced bronchoconstriction by gallamine (Fig. 4). This
effect on M2 receptor function is clearly the result of the cy-
clooxygenase-inhibiting properties of indomethacin, as the
same result can be obtained by using the cyclooxygenase in-
hibitor naproxen in nonpathogen-free guinea pigs (but not
with the inactive enantiomer of naproxen; 32).

The lack of effect of indomethacin on M2 receptor function
in pathogen free guinea pigs is reflected in the failure of in-
domethacin to potentiate vagally induced bronchoconstriction
in these animals (Fig. 1). In nonpathogen-free guinea pigs, in-
domethacin increases vagally induced bronchoconstriction by
blocking M2 receptor function (32).

It has been suggested that some of the deleterious effects of
indomethacin and other cyclooxygenase inhibitors on airway
function in patients with asthma are due to redirection of arachi-
donic acid into the 5-lipoxygenase pathway, generating bron-
choconstricting leukotrienes (33, 34). This mechanism does not
appear to be responsible for the effects of cyclooxygenase in-
hibitors on M2 receptor function, as the 5-lipoxygenase inhibi-
tor AA-861 does not prevent loss of M2 receptor function after
indomethacin treatment of postvirus animals (Fig. 6).

In postvirus animals M2 muscarinic receptor function is
blocked by treatment with L-745,337 (Fig. 7), which inhibits
COX II activity at less than one-five hundredth the concentra-

tion required to inhibit COX I activity (35). Thus, it appears to
be the inducible form of cyclooxygenase (COX II) that is re-
quired for M2 receptor function in the postvirus animals.

Muscarinic receptor stimulation causes release of prosta-
glandins in the brain (7), endothelium (8), and electoplax (6).
We postulate that, in postvirus infected guinea pigs, stimula-
tion of M2 muscarinic receptors causes release of prostaglan-
dins that then decrease the release of acetylcholine from the
nerve endings. Such effects of prostaglandin E2 have been
demonstrated both in functional studies (13) and by direct
measurement of acetylcholine release (36). An alternative ex-
planation of the effects of cyclooxygenase inhibitors is that
prostaglandins, produced independently of M2 receptor stimu-
lation, are required for M2 receptor function. We tested this
possibility in vitro, adding prostaglandin E2 (the principal cy-
clooxygenase product in the airway; 37) to the bathing medium
in indomethacin-treated airway segments. No effect of exoge-
nous prostaglandin on M2 muscarinic receptor function was
found in these experiments, despite the concentration of prosta-
glandin being great enough to significantly inhibit vagally medi-
ated bronchoconstriction (Fig. 8). Thus it does not appear that
prostaglandins have an effect on M2 receptor function. It appears
more likely that stimulating the M2 receptor causes production of
prostaglandins that, in turn, inhibit acetylcholine release.

Virus-induced inflammation might be expected to partici-
pate in making the M2 muscarinic receptor dependent on COX
II, as expression of this enzyme is induced by some inflamma-
tory mediators (see reference 38). To determine whether in-
flammation caused by a nonviral stimulus had similar effects
on M2 receptor function, we tested the effects of ozone inhala-
tion. Ozone exposure converted the neuronal M2 receptors in
pathogen-free guinea pig lungs to prostaglandin-dependent re-
ceptors like those in the non pathogen-free guinea pigs (Fig.
5). Acute exposure to 2 ppm ozone for 4 h results in an imme-
diate influx of inflammatory cells into the lungs and acute loss
of function of the neuronal M2 receptors (25, 26). This loss of
function is temporary; it appears immediately following ozone
exposure and resolves by two weeks following exposure (25).
At eight weeks after ozone, the response of the M2 receptors
to gallamine was identical to the air-exposed guinea-pigs (Fig.
5, open circles) indicating that the immediate effects of ozone
exposure on the M2 receptors had resolved. However, in the
guinea-pigs that were previously exposed to ozone, indometha-
cin blocked the potentiation of vagally induced bronchocon-
striction by gallamine (Fig. 5). Thus it appears that it is inflam-
mation, rather than another effect specific to viruses, that
causes long-term changes in M2 receptor dependence on cy-
clooxygenase.

We have previously demonstrated that acute viral infection
does not impair M2 muscarinic receptor function in the heart
(22, 25). This is not surprising in that the virus, and its inflam-
matory response, are largely localized to the lungs. In the
present study, we have shown a similar limitation of the
chronic effects of viral infection and ozone exposure to the M2

receptors of the lungs. Thus bradycardia, induced by stimulat-
ing M2 receptors in the heart, in response to exogenous ago-
nists or vagal stimulation was not altered by indomethacin in
these guinea pigs.

Acute loss of M2 muscarinic receptor function after infec-
tion with virus, or exposure to antigen or ozone, depends on
lung inflammation (39, 40). The similar chronic effects of both
viral infection and ozone exposure on the cyclooxygenase de-
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pendence of M2 receptor function suggest that inflammation is
also important in causing these changes. However, persistent
inflammation is not required to maintain cyclooxygenase de-
pendence, as lung lavage in the postvirus-infected animals did
not show an increase in leukocytes. Similarly, the change in M2

receptor dependence on cyclooxygenase after recovery from
ozone exposure cannot be explained by the continued pres-
ence of inflammatory cells since the inflammatory cell popula-
tions, measured in bronchoalveolar lavage and by histological ex-
amination, are back to normal by four weeks post ozone (25, 27).

Our previous study demonstrating cyclooxygenase depen-
dence of M2 receptor function in nonpathogen-free guinea pigs
(32) suggested that this change may be permanent. However,
in a single guinea pig tested one year after viral infection, in-
domethacin did not affect the ability of pilocarpine to inhibit
vagally induced bronchoconstriction compared to an age-
matched control (data not shown). Thus virus-induced cy-
clooxygenase dependence may not be permanent.

While the continued presence of inflammatory cells is not
necessary for dependence of M2 receptor function on prosta-
glandins it is possible that the inflammatory process may have
triggered other events within the lung. A variety of pro-inflam-
matory substances, including interleukin-1, lipopolysaccha-
ride, and platelet-activating factor, may induce expression of
COX II, which appears to be responsible for the cyclooxygen-
ase dependence of M2 receptor function in these studies. Cy-
clooxygenase-II has been demonstrated in neurons in the cen-
tral nervous system, where it appears to be increased by
synaptic activity as in seizures (41). It is therefore possible that
the increase in acetylcholine release and synaptic activity
caused by acute loss of neuronal M2 muscarinic receptor func-
tion during the viral infection contributes to the chronic induc-
tion of COX-II.

While inflammation can induce expression of COX II,
there is no good explanation of how a receptor can alter cou-
pling to second messengers as suggested by the data in this
manuscript. This change in receptor linkage seen after inflam-
mation is, to our knowledge, the first example of such a
change. Stimulation of M2 muscarinic receptors can have mul-
tiple effects within the same cell (such as inhibition of adeny-
late cyclase and stimulation of phospholipase A2 and phos-
pholipase C), all achieved via the same Gi protein (42). After
stimulation of the receptor, the heterotrimeric G protein disso-
ciates and the a subunit inhibits adenylate cyclase. The prod-
uct of this enzyme, cAMP, increases acetylcholine release in
airway parasympathetic nerves (43). At the same time the b
subunit of the Gi protein can activate phospholipase A2 (44),
the rate limiting step in prostaglandin synthesis. Thus the M2

receptor has the potential to simultaneously decrease cAMP
and increase prostaglandin production, both of which inhibit
acetylcholine release.

Alternatively, a new pathway may be activated by inflam-
matory mediators, which the muscarinic receptors can influ-
ence. For example, when phospholipase A2 activity is stimu-
lated via purinergic receptors, stimulation of M2 receptors
substantially potentiates this stimulation by a mechanism
thought to involve protein kinase C (45). Thus, it is possible in
vivo that phospholipase A2 activity is stimulated via another
receptor after inflammation, and that this stimulation is then
potentiated via M2 muscarinic receptors.

Cyclooxygenase inhibitors such as indomethacin and aspi-
rin can induce asthma attacks in a subgroup of patients with

asthma. Although the role of vagal reflexes in aspirin-sensitive
asthma has not been tested, several animal models suggest that
inhibiting cyclooxygenase can increase release of acetylcholine
in the airways. Ito showed that dogs wheeze after receiving in-
domethacin, and that this was due to increased vagally medi-
ated bronchoconstriction (12). Similarly, in nonpathogen-free
guinea pigs the bronchoconstriction response to vagal stimula-
tion is increased by indomethacin (32).

In nonasthmatic humans it has been demonstrated that the
neuronal M2 muscarinic receptor is not dependent upon pros-
taglandins (46). However, it is tempting to speculate that in as-
pirin-sensitive asthma previous exposure to inflammatory me-
diators at some critical period has altered coupling of the
neuronal M2 muscarinic receptor to cyclooxygenase. Loss of
neuronal M2 receptor function has been linked to asthma (47,
48), and it may be that in some people with asthma the M2 re-
ceptor requires cyclooxygenase to function.

Thus, viral infections and exposure to ozone, probably by
causing inflammation, cause a chronic change in M2 receptors
on the airway parasympathetic nerves, resulting in their de-
pendence on the inducible form of cyclooxygenase, COX II.
Thus in nonpathogen-free animals, and in those that have been
exposed to ozone (another proinflammatory stimulus), M2

muscarinic receptor function can be largely blocked by both
indomethacin and L-745,337, an inhibitor of COX II. This ef-
fect does not involve diversion of arachidonic acid into the 5-lipo-
xygenase pathway, nor is it the result of chronic inflammation.
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