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BACKGROUND AND PURPOSE
Infections with respiratory viruses induce exacerbations of asthma, increase acetylcholine release and potentiate vagally
mediated bronchoconstriction by blocking inhibitory M2 muscarinic receptors on parasympathetic neurons. Here we test
whether virus-induced M2 receptor dysfunction and airway hyperresponsiveness are tumour necrosis factor-alpha (TNF-a)
dependent.

EXPERIMENTAL APPROACH
Guinea pigs were pretreated with etanercept or phosphate-buffered saline 24 h before intranasal infection with parainfluenza.
Four days later, pulmonary inflation pressure, heart rate and blood pressure were measured. M2 receptor function was
assessed by the potentiation by gallamine (an M2 receptor antagonist) of bronchoconstriction caused by electrical stimulation
of the vagus nerves and measured as increased pulmonary inflation pressure. Human airway epithelial cells were infected with
influenza and TNF-a concentration in supernatant was measured before supernatant was applied to human neuroblastoma
cells. M2 receptor expression in these neuroblastoma cells was measured by qRT-PCR.

KEY RESULTS
Influenza-infected animals were hyperresponsive to vagal stimulation but not to intravenous ACh. Gallamine did not
potentiate vagally induced bronchoconstriction in virus-infected animals, indicating M2 receptor dysfunction. Etanercept
prevented virus-induced airway hyperresponsiveness and M2 receptor dysfunction, without changing lung viral titres.
Etanercept caused a non-significant decrease in total cells, macrophages and neutrophils in bronchoalveolar lavage.
Influenza infection significantly increased TNF-a release from isolated epithelial cells, sufficient to decrease M2 receptors in
neuroblastoma cells. This ability of supernatants from infected epithelial cells to inhibit M2 receptor expression was blocked by
etanercept.

CONCLUSIONS AND IMPLICATIONS
TNF-a is a key mediator of virus-induced M2 muscarinic receptor dysfunction and airway hyperresponsiveness.

Abbreviations
BAL, bronchoalveolar lavage; MBP, major basic protein

Introduction

Viruses cause 80–85% of asthma exacerbations in children
(Johnston et al., 1995) and are also associated with the major-
ity of asthma exacerbations in adults (Nicholson et al., 1993;
Johnston et al., 1996). Virus-induced airway hyperresponsive-

ness can be mediated by increased vagal reflexes in humans
(Empey et al., 1976) and in animals (Fryer and Jacoby, 1991;
Jacoby and Fryer, 1991). Parasympathetic nerves normally
control airway tone (Caulfield and Birdsall, 1998) and cause
bronchoconstriction by releasing acetylcholine (ACh) onto
M3 muscarinic receptors (Alexander et al., 2009) on airway
smooth muscle. Release of ACh is limited by the negative
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feedback provided by inhibitory M2 muscarinic receptors on
airway parasympathetic nerves. Decreased neuronal M2 mus-
carinic receptor function leads to increased ACh release and
airway hyperresponsiveness (Fryer and Maclagan, 1984).
Virus infection reduces M2 muscarinic receptor function
(Fryer and Jacoby, 1991) through a mechanism potentially
shared by different respiratory RNA viruses because double-
stranded RNA (dsRNA), produced as a replicative intermedi-
ate during infection, also causes M2 muscarinic receptor
dysfunction and airway hyperresponsiveness (Bowerfind
et al., 2002). However, the signalling mechanism following
virus infection that leads to M2 muscarinic receptor dysfunc-
tion is not completely understood.

The multifunctional cytokine TNF-a plays a key role in
development of airway hyperresponsiveness in asthma
(Gosset et al., 1991; Ying et al., 1991; Broide et al., 1992; Brad-
ding et al., 1994; Hallsworth et al., 1994; Thomas, 2001; Berry
et al., 2006). TNF-a expression, TNF-a receptor I and TNF-a
converting enzyme are all increased in airway lavage from
patients with asthma compared with normal subjects
(Thomas, 2001; Berry et al., 2006; Cazzola et al., 2006). In
patients with severe and steroid-resistant asthma, anti-TNF-a
therapy decreases airway hyperresponsiveness and reduces
frequency of asthma exacerbations (Howarth et al., 2005;
Berry et al., 2006). In antigen sensitized and challenged
animals, we have shown that TNF-a causes M2 muscarinic
receptor dysfunction by increasing inter-cellular adhesion
molecule 1 (ICAM-1) expression on parasympathetic nerves.
Increased ICAM-1 in turn facilitates migration and adhesion
of inflammatory cells onto parasympathetic nerves (Nie et al.,
2007). Inflammatory cell adhesion to nerves, particularly
eosinophil adhesion, is associated with airway hyperrespon-
siveness in humans and animal models (Costello et al., 1997;
Fryer et al., 1999; Sawatzky et al., 2002). We have also shown
that TNF-a directly reduces M2 muscarinic receptor expres-
sion on airway nerves (Nie et al., 2009) and M2 muscarinic
receptor function in antigen-challenged guinea pigs can be
protected by anti-TNF-a therapy (Nie et al., 2009). TNF-a
expression is also increased in airways with influenza and
parainfluenza virus infection (Uhl et al., 1998). Here we test
whether viruses initiate TNF-a signalling which inhibits M2

muscarinic receptor function on airway nerves leading to
airway hyperresponsiveness.

Method

Animals
All animal care and experimental procedures were in accor-
dance with standards established by the US Animal Welfare
Acts set forth in the National Institutes of Health guidelines
and were approved by the Oregon Health and Science Uni-
versity Animal Care and Use Committee. Specific pathogen-
free female Dunkin-Hartley guinea pigs (300–350 g; Elm Hill,
Chelmsford, MA, USA) were shipped in filtered crates and
housed in high-efficiency particulate-filtered air.

Viral infection and titration
Parainfluenza type 1 (Sendai virus, VR-105; ATCC) was grown
in rhesus monkey kidney cell monolayers and titred as pre-

viously described (Fryer and Jacoby, 1991). Human influenza
A/Port Chalmers/72 (H3N2) was grown in Rhesus monkey
kidney cells, and the virus in the lysate was purified by
sucrose gradient centrifugation. For control experiments,
influenza viruses were inactivated by exposure to ultraviolet
light for 15 min.

Pathogen-free guinea pigs were treated with etanercept
(3 mg·kg-1 i.p, Immunex) or PBS. The dose of etanercept was
chosen based upon previous animal (Kivilcim et al., 2007; Nie
et al., 2009) and clinical studies (Takei et al., 2001). Etanercept
is a human dimeric fusion protein consisting of p75 TNF-a
receptor linked to the Fc of IgG1 (Lesslauer et al., 1991; Peppel
et al., 1991; Suffredini et al., 1995; Ritchlin et al., 2003; Wang
et al., 2006; Baumann et al., 2007). Twenty-four hours after
etanercept or PBS treatment, animals were anesthetized with
ketamine (30 mg·kg-1 i.m.) and xylazine (5 mg·kg-1 i.m.) and
infected with parainfluenza virus type 1 (Sendai virus,
ATCC-VR 105, 105 TCID50 per animal, intranasal) or PBS
(vehicle control). TCID50 is defined as the amount of virus
required to infect 50% of monolayers of cultured rhesus
monkey kidney cells (Jacoby et al., 2000). At the end of each
experiment, viral content in the lungs was determined by real
time RT-PCR (primer pairs: sense: ATG CGG CTG ATC TTC
TCA CT, antisense: CTT TGC CAC GAC ATT AGG GT). Based
on the standard curve, viral titres are presented as TCID50

per mg tissue.

Vagal nerve activity and M2 receptor function
Four days after infection, guinea pigs were anesthetized with
urethane (1.9 g·kg-1 i.p.). Heart rate and blood pressure were
measured via a carotid artery cannula. Both jugular veins
were cannulated for administration of drugs. After vagotomy,
distal ends of both vagus nerves were placed on shielded
electrodes immersed in mineral oil. Body temperature was
maintained at 37°C on a heating blanket. Animals were
paralysed with succinylcholine (10 mg·kg-1·min-1 i.v.) and
ventilated via a tracheal cannula (tidal volume 1 mL per
100 g body weight at 100 breaths·min-1; Harvard Apparatus,
South Natick, MA, USA). All animals were treated with
guanethidine (5 mg·kg-1, i.v.) 20 min before physiological
measurements to deplete noradrenaline as previously
described (Fryer and Maclagan, 1984).

Pulmonary inflation pressure (Ppi) was measured via a
pressure transducer on a sidearm of the tracheal cannula, as
previously described (Nie et al., 2009). Electrical stimulation
of both vagus nerves (2–25 Hz, 0.2 ms pulse duration, 10 V,
and 5 s pulse train at 40 s intervals) caused bronchoconstric-
tion measured as an increase in Ppi. The function of post-
junctional M3 receptors on airway smooth muscle was
assessed by measuring bronchoconstriction in response to
exogenous ACh (1–10 mg·kg-1 i.v.) in vagotomized animals.

Neuronal M2 muscarinic receptor function was measured
by the ability of a selective M2 antagonist, gallamine (0.1–
10 mg·kg-1 i.v.), to potentiate vagally induced bronchocon-
striction in a dose-dependent manner. For these experiments,
both vagi were electrically stimulated at 15 Hz, 0.2 ms pulse
duration, 5–15 V, and 3 s pulses per train. The voltage was
chosen in the absence of gallamine to increase Ppi
10–15 mmH2O above baseline. The effect of gallamine on
vagally induced bronchoconstriction was measured as a ratio
of bronchoconstriction in the presence of gallamine to bron-
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choconstriction in the absence of gallamine. Voltages were
not significantly different between groups.

Atropine was applied to block the bronchoconstriction in
randomly selected animals to confirm the vagal-mediated
bronchoconstriction was mediated via muscarinic receptors.

Lung lavage
At the end of the experiment, the lungs were lavaged five
times with 10 mL aliquots of warm PBS via the tracheal
cannula. Cells were counted and 500–1000 cells were applied
to cytospin preparations. In total, 200 cells were counted for
cell differentials, using cytospin slides stained with Diff-Quik
(American Scientific Products, McGaw, IL, USA).

Primary culture and infection of human
tracheal epithelial cell, M2 muscarinic
receptor measurement in neuroblastoma cells
Airway epithelial cells were isolated from human tracheas
(provided by the Pacific Northwest Transplant Bank) as pre-
viously described (Fryer et al., 2006; Nie et al., 2007) and
grown in serum free (LHC8, Invitrogen) medium for 1 week
to near confluence in Collagen Type 4 (Sigma c5533 – 5 mg)
coated six-well tissue culture plates. Cultures were infected
with Human influenza A/Port Chalmers/72 (H3N2) influenza
virus (5.62 ¥ 103 TCID50 per ml) for 2 h. UV inactivated H3N2
virus and LHC8 medium were used as controls. The medium
was then removed and fresh serum-free LHC8 medium was
replaced. Infected cells were incubated at 34°C under 5% CO2

in humidified air. Four days later, supernatants were collected
and TNF-a concentration was measured by ELISA (R&D
Systems Human TNF-a DuoSet ELISA Development Kit, Cat#
DY210). The supernatants with or without etanercept
(1 mg·mL-1) from every condition were subsequently applied
to SK-N-SH human neuroblastoma cells (ATCC) for 24 h. RNA
from treated SK-N-SH cells was isolated using RNeasy Mini Kit
(74106; QIAGEN) and reverse transcribed using SuperScript
III (18080-051; Invitrogen Corp) with random hexamer
primers. Quantitative PCR was carried out in triplicate at
60°C annealing temperature over 45 cycles using Applied
Biosystems SYBR Green PCR kit (4309155; Applied Biosys-
tems). PCR products were quantified using the Applied Bio-
systems 7500 Real-Time PCR System. Oligonucleotide PCR
primer pairs were designed from published sequences as
follows: human M2 muscarinic receptor: sense, TTA AAG
TCA ACC GCC ACC TC, antisense, CAA AGG TCA CAC ACC
ACA GG; 18S rRNA: sense, GTAACCCGTTGAACCCCATT,

antisense, CCATCCAATCGGTAGTAGCG. Threshold cycle
number was measured and relative expression of M2 musca-
rinic receptor mRNA was normalized to 18S rRNA.

Statistical analysis
All data were expressed as means � SE. Frequency, gallamine
and ACh responses were analysed by two-way ANOVAs for
repeated measures. Baseline parameters for Ppi, heart rate,
blood pressure, TNF-a concentration and M2 muscarinic
receptor mRNA expression were evaluated by one-way ANOVA

for analysis of variance. Bronchoalveolar lavage (BAL) cell
counts were evaluated by two-way ANOVA. Viral titre in lung
tissue and total number of cells in BAL was analysed by t-test.
A P-value of <0.05 was considered significant. All statistical
analyses were made with the software package Graphpad
Prism5 (Version 5.01, Graphpad Software).

Materials
ACh chloride, atropine, guanethidine, succinylcholine chlo-
ride, urethane and human TNF-a (T0157 Sigma) were pur-
chased from Sigma (St. Louis, MO, USA). Rhesus monkey
kidney cells were purchased from Viromed (Minneapolis,
MN, USA). Dulbecco′s modified Eagle’s medium (DMEM) and
LHC8 medium were purchased from Invitrogen (Carlsbad,
California). Etanercept (Immunex) was purchased from
OHSU pharmacy.

Results

Baseline responses
There was no statistically significant difference in any of the
baseline parameters for Ppi, heart rate and blood pressure
among groups (Table 1).

Virus caused airway hyperresponsiveness
Electrical stimulation of both vagus nerves produced
frequency-dependent bronchoconstriction measured as a
rapid and reversible increase in Ppi (Figure 1). Vagally
induced bronchoconstriction was significantly increased in
virus-infected animals compared with vehicle controls (PBS),
indicating airway hyperreactivity. This potentiation was
prevented by pretreatment with etanercept. In our previous
study, etanercept did not affect airway responses to vagal
stimulation in control guinea pigs (Nie et al., 2009).

Table 1
Baseline parameters of the experimental groups of guinea pigs

Treatment group Ppi (mmH2O)
Heart rate
(beat•min-1) Systolic BP (mmHg) Diastolic BP (mmHg)

Control (n = 5) 114 � 2.5 296 � 4 32.5 � 4.9 17.5 � 6.9

Virus (n = 5) 147 � 18.9 306 � 19 43.5 � 4.9 30 � 5.6

Virus + etanercept (n = 5) 122 � 5.8 285 � 4 44 � 2.0 25 � 5.0

Ppi, pulmonary inflation pressure.
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Airway smooth muscle M3 muscarinic
receptor function
Neither virus infection nor etanercept changed M3 muscar-
inic receptor function (Figure 2) as there were no significant
differences in ACh dose–response curves among control,
virus-infected and etanercept-treated virus-infected animals,
that were all vagotomized to prevent any reflex.

Neuronal M2 muscarinic receptor function
Gallamine, a M2 muscarinic receptor antagonist, potentiated
vagally induced bronchoconstriction in a dose-dependent
manner in control guinea pigs (Figure 3) demonstrating
normal M2 muscarinic receptor function. In virus-infected
guinea pigs, the ability of gallamine to potentiate vagally
induced bronchoconstriction was significantly reduced
compared with controls, indicating virus-induced dysfunc-
tion of neuronal M2 muscarinic receptors. Etanercept pre-
treatment protected M2 receptor function in virus-infected
guinea pigs.

Cardiac M2 muscarinic receptor function
Bradycardia was induced by either electrical stimulation of
both vagus nerves or by intravenous injection of ACh; both
of which decreased heart rate via stimulation of cardiac M2

muscarinic receptors (Figure 4). Bradycardia was not changed
by virus infection or by etanercept.

Inflammation
The average number of total cells in BAL from vehicle control
animals (mock infection with PBS) was 17 ¥ 106 cells, higher
than uninfected control (no PBS and no virus infection, the

average of total cell number was 5.6 ¥ 106 cells), which was
done within the same time period and published previously
(Nie et al., 2009). Total cells, macrophages and neutrophils in
BAL were slightly, but not significantly, decreased in virus-
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Figure 1
Etanercept prevents virus-induced airway hyperreactivity. Electrical
stimulation of both vagus nerves produces frequency-dependent
bronchoconstriction measured as an increase in pulmonary inflation
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tiated in virus-infected guinea pigs compared with controls and this
potentiation is blocked by etanercept. n = 5 in each group and points
are mean � SEM. *The entire frequency response is significantly
different from controls, using ANOVA.

400

500

300

200

B
ro

nc
ho

co
ns

tr
ic

tio
n

(in
cr

ea
se

 in
 P

pi
 in

 m
m

H
2O

)

100

0
2

Acetylcholine (μg·kg−1, i.v.)
1 4 6 10

Virus (n = 5)

Control (n = 5)

Virus + Etanercept (n = 5)

Figure 2
Etanercept does not change M3 muscarinic receptor function on
smooth muscle in virus-infected guinea pigs. ACh-induced bron-
choconstriction, measured as an increase in pulmonary inflation
pressure, is not changed by virus infection or by etanercept, com-
pared with controls. n = 5 in each group and points are mean � SEM.

0

2

4

6

8

10

12

14

Virus (n = 5)*

Virus + Etanercept (n = 5)

Control (n = 5)

0.1
Gallamine (μg·kg−1, i.v.)

br
on

ch
oc

on
st

ric
tio

n 
be

fo
re

 g
al

la
m

in
e

B
ro

nc
ho

co
ns

tr
ic

tio
n 

af
te

r 
ga

lla
m

in
e

0 0.3 1 3 10

Figure 3
Etanercept protects neuronal M2 muscarinic receptor function in
virus-infected guinea pigs. In controls, gallamine potentiates vagally
induced bronchoconstriction by inhibiting M2 muscarinic receptor
function. Virus infection significantly reduces gallamine-induced
potentiation of vagally induced bronchoconstriction and this is
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curve is significantly different from control animals and etanercept-
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infected animals, compared with vehicle control (Figure 5).
In our previous study, etanercept pretreatment did not
change the total inflammatory cells in BAL from control
guinea pigs [no PBS and no virus infection (Nie et al., 2009)].
Similarly, pretreatment with etanercept in virus-infected
guinea pigs did not cause a significant decrease in total cells
in BAL, compared with that of virus-infected animals
(Figure 5A, P = 0.134). This non-significant decrease was
made up predominantly of macrophages (P = 0.095) and
neutrophils (P = 0.279, Figure 5B).

Viral titres in the lungs of infected
guinea pigs
Virus was recovered from all infected guinea pigs demonstrat-
ing that they all had active infections. The average viral titres
recovered from infected guinea pig lung was 40.4 TCID50 per
mg, which were not significantly different to that from etan-
ercept pretreated virus-infected lung (79.3 TCID50 per mg,
t-test P = 0.233).

TNF-a release from human trachea
epithelial cells
Non-infected primary cultures of human airway epithelial
cells express and release baseline TNF-a protein as measured
by ELISA. Each donor had different baseline expression of
TNF-a and the average of baseline TNF-a expression was
10 pg·mL-1. Influenza virus infection increased TNF-a con-
centration in the supernatants threefold over uninfected con-
trols (Figure 6) and the average of TNF-a expression induced
by virus was 30 pg·mL-1. UV-inactivated influenza virus did
not increase TNF-a protein in the supernatant as compared
with baseline (Figure 6).

TNF-a reduces M2 receptor mRNA in
neuroblastoma cells
Supernatants from virus-infected human tracheal epithelial
cells in primary culture significantly reduced M2 muscarinic
receptor mRNA in SK-N-SH cells (Figure 7). This inhibitory
effect was completely blocked by adding etanercept to the
supernatant (Figure 7). These findings demonstrate that
virus-infected human airway epithelial cells produce physi-
ologically significant levels of TNF-a. Supernatants from
uninfected epithelial cells in culture and supernatants from
epithelial cells exposed to UV-inactivated virus slightly
decreased M2 receptor expression, but not significantly, com-
pared with control media. This decrease was also blocked by
etanercept (Figure 7). This confirmed our previous data in
Figure 6 that there was a basal release of TNF-a in uninfected
airway epithelial cells.

The difference between the reduction in mRNA for M2

receptors caused by supernatant with virus infection and that
caused by supernatant from uninfected epithelial cells was
significant (P = 0.0129) (Figure 7). Additionally, the difference
in reduction in mRNA for M2 receptors caused by supernatant
with virus infection versus UV-inactivated virus was also sig-
nificant (P = 0.009) (Figure 7). This indicates active virus
infection contributes to the further reduction of expression of
M2 receptor mRNA.

Discussion

Here we have shown that virus-induced airway hyperrespon-
siveness and M2 muscarinic receptor dysfunction are blocked
by etanercept and thus are likely to be TNF-a dependent.
Etanercept caused a non-significant decrease in macrophages,
neutrophils and total cells in BAL (Figure 5) but did not affect
viral titre in lung.

Neuronal M2 muscarinic receptor dysfunction is a
common mechanism underlying airway hyperresponsiveness

–300

–200

Fa
ll 

in
 h

ea
rt

 r
at

e 
(b

ea
t·m

in
−

1 )
Fa

ll 
in

 h
ea

rt
 r

at
e 

(b
ea

t·m
in

−
1 )

–100

0

–300

–200

–100

0

A

B

Virus (n = 5)

Virus + Etanercept
(n = 5)

Control (n = 5)

Virus (n = 5)

Virus + Etanercept
(n = 5)

Control (n = 5)

Acetylcholine (μg·kg−1, i.v.)
21 4 6 10

2 4 6 8 10

Frequency (Hz)

12 15 20 25

Figure 4
Etanercept does not change M2 muscarinic receptor function in the
heart. Bradycardia induced either by electrical stimulation of both
vagus nerves (A) or intravenous ACh (B) was not changed by virus
infection, or by etanercept in virus-infected animals.

BJP Z Nie et al.

448 British Journal of Pharmacology (2011) 164 444–452



in human asthma patients (Minette et al., 1989), antigen
challenged animals (Fryer and Jacoby, 1992), virus-infected
animals (Fryer and Jacoby, 1991), ozone exposed animals
(Gambone et al., 1994) and animals exposed to organophos-
phate pesticides (Lein and Fryer, 2005). We have shown that
M2 muscarinic receptor dysfunction is mediated by a variety
of mechanisms and that preventing M2 muscarinic receptor
dysfunction prevents airway hyperresponsiveness. In antigen
challenged animals, eosinophils are recruited to airway
nerves, where they degranulate and release major basic
protein (MBP), which blocks the function of M2 receptors
acting as an M2 receptor antagonist (Jacoby et al., 1993). In
contrast, in virus-infected animals, depleting macrophages (a
major source of TNF-a) protects M2 receptors and prevents

virus-induced airway hyperresponsiveness (Lee et al., 2004).
In vitro, inflammatory cytokines such as TNF-a directly
inhibit M2 muscarinic receptor mRNA expression (Nie et al.,
2009).

TNF-a concentration in BAL is increased in virus-infected
patients (Calhoun et al., 1994; McNamara et al., 2004) and
animals (You et al., 2006). A major source of TNF-a produc-
tion in airway diseases are macrophages. Depleting macroph-
ages by pretreating with liposome-encapsulated clodronate
prevented both vagally mediated airway hyperresponsiveness
and M2 receptor dysfunction in virus-infected guinea pigs
(Lee et al., 2004). Here, we show that there was no statistically

Figure 5
Etanercept (Etan) treatment in virus-infected animals does not significantly reduce total cells (A), macrophages and neutrophils (B) in broncho-
alveolar lavage (BAL), compared with virus-infected animals. n = 5 in each group and points are mean � SEM. * significant difference between
vehicle control and etanercept-treated, virus-infected animals (P < 0.05, using ANOVA with Bonferroni’s correction).

Figure 6
-Human tracheal epithelial cells infected with influenza virus release
TNF-a. Four days post infection, the TNF-a concentration in the
supernatant of infected cells is measured by ELISA and significantly
higher than in uninfected controls.

Figure 7
Reduction of M2 muscarinic receptor mRNA in neuroblastoma cells is
prevented by etanercept. M2 receptor mRNA in neuroblastoma cells
are measured by real time RT-PCR and expressed as fold change from
control media. The supernatant from virus-infected cells significantly
reduces M2 receptor mRNA in neuroblastoma cells and this reduction
is blocked by etanercept (etan). *P < 0.05,significant difference,
(two-way ANOVA with Bonferroni’s post-test).
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significant decrease of macrophages in BAL from etanercept-
treated virus-infected animals (Figure 5). This indicates the
protective effect of etanercept on M2 receptor function is not
due to reducing macrophages. However, our data (Figure 6)
and another study (Matsukura et al., 1998) have shown that
airway epithelial cells, the primary site of airway virus infec-
tion, are another important source of TNF-a after virus infec-
tion. Although virus-infected epithelial cells produce many
cytokines in addition to TNF-a (Noah and Becker, 1993;
Bryan et al., 2005), blocking TNF-a with etanercept com-
pletely reversed the decrease in neuronal M2 muscarinic
receptor expression in response to treatment with epithelial
cell supernatants. This indicates that among the pro-
inflammatory cytokines released from virus-infected epithe-
lial cells, TNF-a was a predominant inhibitor of neuronal M2

muscarinic receptor expression.
Baseline inflation pressure, blood pressure and heart rate

were not different among control, virus-infected and
etanercept-treated virus-infected animals (Table 1). The M2

muscarinic receptor function and airway hyperresponsive-
ness were significantly different between virus-infected and
etanercept-treated virus-infected animals (Figures 1 and 2),
but viral titres and BAL inflammatory cell numbers were not
significantly different between these two groups. This indi-
cates titres of virus and inflammatory cell numbers in BAL
may not be critical in the effect of etanercept on virus-
induced airway hyperresponsiveness.

Asthma is a heterogeneous disease with diverse environ-
mental causes. A synergistic interaction between allergen
sensitization, allergen exposure and viral infection has
been shown in adult asthmatic subjects during acute
exacerbations (Green et al., 2002; Murray et al., 2006). Indi-
viduals who are sensitized, exposed to allergen and virus-
infected have significantly increased risk of admission for
exacerbations. Our data help explain this synergistic inter-
action. We have shown both virus-induced (Fryer and
Jacoby, 1991) and antigen challenge-induced (Fryer and
Wills-Karp, 1991; Fryer and Jacoby, 1992) airway hyperre-
sponsiveness is due to dysfunction of M2 muscarinic
receptors. In antigen sensitized and challenged animals, M2

muscarinic receptors are blocked by MBP release by eosino-
phils in contact with the parasympathetic nerves (Fryer and
Wills-Karp, 1991; Fryer and Jacoby, 1992). These airway
eosinophils are redistributed away from the nerves by etan-
ercept, suggesting a prominent role for TNF-a (Nie et al.,
2009). Here, we show virus-induced dysfunction of M2 mus-
carinic receptor was through a TNF-a dependent pathway
too, as etanercept completely protected M2 receptor func-
tion (Figure 3) in virus-infected guinea pigs. Thus, TNF-a is
a common factor in the molecular mechanisms of virus
infection and antigen challenge-induced airway hyperre-
sponsiveness, although the mechanisms in these two
models are different. Our previous studies have shown that
TNF-a reduces neuronal M2 muscarinic receptor expression
by increasing the rate of M2 mRNA degradation (Nie et al.,
2009).

The results of the current study suggest TNF-a mediated
M2 muscarinic receptor dysfunction is central in virus
induced vagally mediated airway hyperresponsiveness. Our
results provide evidence supporting anti-TNF-a therapy in
treating and preventing virus-induced asthma exacerbation.
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