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Abstract

M2 muscarinic receptors are expressed on both parasympathetic and sympathetic nerve
endings where they function as autoinhibitory receptors to limit release of acetylcholine and
norepinephrine, respectively. M2 muscarinic receptor expression on parasympathetic
nerves is decreased by viral infection and by gamma-interferon (IFNy) and increased by
dexamethasone; and these effects are of clinical relevance in the etiology and treatment of
asthma. Whether IFNy and dexamethasone similarly modulate M2 receptor expression on
sympathetic nerves is not known. To address this question, we examined the effects of IFNy
and dexamethasone on M2 receptor expression at the mRNA and protein level in primary
cultures of sympathetic neurons dissociated from the rat superior cervical ganglia (SCG).
Semi-quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) indicated that
neither IFNy nor dexamethasone altered M2 receptor transcript levels. However, western
blot analyses demonstrated that IFNy, but not dexamethasone, increases M2 receptor pro-
tein expression in sympathetic neurons. Increased expression did not significantly alter sub-
cellular localization of M2 receptors in sympathetic neurons as determined using immuno-
cytochemistry. These findings indicate that M2 receptors are differentially regulated in dif-
ferent types of autonomic neurons, and they suggest a novel mechanism by which IFNy may

contribute to airway hyperreactivity in viral-induced asthma.
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Introduction

Airway tone is controlled by the autonomic nervous sys-
tem, and in humans, airways are predominantly inner-
vated by the parasympathetic nervous system. Postgangli-
onic parasympathetic nerves release acetylcholine, which
activates postsynaptic receptors to cause smooth muscle
contraction and mucus secretion [1]. These actions are
opposed by neurons of the sympathetic nervous system,
which synapse on parasympathetic ganglia and nerve ter-
minals [2, 3]. The release of norepinephrine by sympa-
thetic neurons at either of these synaptic sites inhibits ace-
tylcholine release from parasympathetic nerves [4],
thereby reducing parasympathetic-mediated airway bron-
choconstriction (Fig. 1). Thus, even though sympathetic
neurons do not directly innervate airway smooth muscle
in humans, the sympathetic nervous system can play a
significant functional role in the human respiratory sys-
tem by inhibiting parasympathetic neurotransmission.
Understanding how sympathetic neurotransmission is
modulated may provide important insights into the patho-
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genesis or treatment of asthma and other respiratory dis-
eases characterized by clinically significant bronchocon-
striction. Decreased sympathetic nerve activity would be
expected to exacerbate airway hyperreactivity and secre-
tions via increased parasympathetic activity. Conversely,
enhanced sympathetic activity could potentially relieve
asthmatic symptoms by decreasing parasympathetic neu-
rotransmission.

Neurotransmitter release from parasympathetic nerves is
controlled by autoinhibitory M2 muscarinic receptors on
parasympathetic neurons. Activation of these neuronal
M2 receptors restricts acetylcholine release limiting bron-
choconstriction [6, 7]. In parasympathetic nerves, M2
receptor expression is modulated by pro- and anti-
inflammatory agents associated with asthma. Specifically,
the pro-inflammatory cytokine gamma-interferon (IFNy)
downregulates M2 receptor expression, resulting in in-
creased acetylcholine release that may contribute to the
airway hyperreactivity associated with virally-induced
asthma [8]. In contrast, dexamethasone, an anti-
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inflammatory glucocorticoid increases M2 receptor ex-
pression in parasympathetic neurons and this may con-
tribute to the therapeutic efficacy of steroids in treatment
of asthma [9]. Sympathetic neurons also express M2 mus-
carinic receptors that decrease norepinephrine release [5].
However, it is not known whether IFNy and dexa-
methasone similarly alter M2 receptor expression in sym-
pathetic neurons. To address this question, we examined
the effects of IFNy and dexamethasone on M2 receptor
expression at the mRNA and protein levels in primary
cultures of sympathetic neurons dissociated from rat supe-
rior cervical ganglia (SCG). Our data demonstrate that
IFNy but not dexamethasone modulates M2 receptor ex-
pression in sympathetic neurons. In contrast to previous
observations of parasympathetic nerves, IFNy increased
M2 receptor protein levels in sympathetic nerves. These
findings indicate that M2 muscarinic receptors are differ-
entially regulated in different autonomic neurons, and
suggest a novel mechanism by which IFNy may contrib-
ute to airway hyperreactivity in viral-induced asthma.

Materials and Methods
Materials

Stock solution of purified recombinant rat IFNy (Prepro-
Tech;_Rocky Hill, NJ) was prepared at 2pg/ml in phos-
phate buffered saline (PBS). Stock solution of dexa-
methasone (Sigma Aldrich; St. Louis, MO; with specific
activity of 6.3%) was prepared at 2mM in PBS. Stocks
were stored at -80°C, thawed immediately prior to use,
and added directly to tissue culture medium. Purified hu-
man recombinant bone morphogenetic protein-7 (BMP-7)
was generously provided by Curis (Cambridge, MA).

Animals

All procedures and protocols involving animals were ap-
proved by the Institutional Animal Care and Use Commit-
tees of the University of California, Davis. Timed-pregn-
ant Sprague Dawley rats were purchased from Charles
River Laboratories (Hollister, CA) and housed individu-
ally in standard plastic cages with Alpha-Dri bedding
(Shepherd Specialty Papers, Watertown, TN) in a tem-
perature (22+2°C) controlled room on a 12h reverse light-
dark cycle. Food and water were provided ad libitum. All
animals were euthanized prior to harvesting of tissue for
culture.

Cell culture

Sympathetic neurons were dissociated from the superior
cervical ganglia (SCG) of embryonic day 21 rats accord-
ing to previously described methods [10]. Cells were
plated onto glass coverslips or 6 well plates pre-coated
with 100ug/ml poly-D-lysine (Sigma). Cultures were
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maintained in serum-free medium supplemented with B-
NGF (100ng/ml, Harlan Bioproducts, Indianapolis, IN),
bovine serum albumin (500pg/ml, Invitrogen, Carlsbad,
CA) and insulin-transferrin-selenium (10pg/ml, 5.5ug/ml
and 38.7nM, respectively, Invitrogen). To eliminate en-
dogenous non-neuronal cells, cytosine-p-D-arabinofura-
noside (ARA-C, Sigma) was added to the culture medium
at 1uM for 48h beginning on day 2. In a subset of cul-
tures, ARA-C was not added to allow endogenous non-
neuronal cells to proliferate. Previous studies have dem-
onstrated that under these culture conditions, the non-
neuronal cells are primarily ganglionic glia [11]. To sti-
mulate dendritic growth, cultures were treated with BMP-
7 (50ng/ml) beginning on day 5 in vitro [12]. After 2
weeks in culture, cells were treated with IFNy (30ng/ml)
or dexamethasone (1uM) for 24h.

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

Total RNA was extracted from cultured sympathetic neu-
rons using the Qiagen RNAeasy Mini Kit (Qiagen Inc.,
Valencia, CA). The quality and concentration of extracted
RNA were evaluated using the Nanodrop 1000 (Thermo
Scientific, Rockford, IL, USA). All samples were of high
purity (ratio 260/280 > 2). RNA samples (0.5ug) were
reverse transcribed using SuperScript® III Reverse Tran-
scriptase (Invitrogen) and random primers at an annealing
temperature of 65°C. Resultant cDNA was amplified by
PCR for 35 cycles using an annealing temperature of
55°C for Imin and denaturing temperature of 94°C for
15sec. Preliminary tests examining the relationship be-
tween cycle number and product formation confirmed that
under these conditions 35 cycles was in the linear portion
of the response curve with the response reaching a plateau
at 40 cycles. Primers obtained from Integrated DNA
Technologies, Inc. (San Diego, CA) were used to amplify
M2 muscarinic receptor transcripts and 18S rRNA and
were designed using PrimerQuest program (Integrated
DNA Technologies). The specific sequences of the M2
receptor primers were 5-ATC CCG GGC AAG CAA
GAG TAG AAT-3' and 5'-TCA CCG TGT AGC GCC
TAT GTT CTT-3'; the specific sequences for the 18S
rRNA primers were 5-CCA GAG CGA AAG CAT TTG
CCA AGA-3' AND 5'- AAT CAA CGC AAG CTT ATG
ACC CGC-3'. After synthesis, PCR products were sub-
jected to 1.2% agarose gel electrophoresis to confirm the
expected size of 775 base pairs for M2 receptor RT-PCR
products and 689 base pairs for 18S rRNA RT-PCR prod-
ucts. The density of each band was quantified using the
Kodak gel image system (Kodak, Rochester, NY) and the
values obtained for the M2 receptor were normalized to
the values obtained for 18S rRNA for the same sample.

Immunocytochemistry
After 2 weeks in vitro, cultures were fixed in methanol at
-20°C for 5min, rinsed 3 times with PBS and blocked in



PBS with 5% BSA for 20min. Cultures were then incu-
bated with rabbit anti-muscarinic M2 receptor (1:500;
Research & Diagnostic Antibodies, Las Vegas, NV) for
1h at room temperature, rinsed 3 times with PBS and in-
cubated with goat anti-rabbit IgG conjugated to Alexa488
(1:500; Invitrogen) for 30min at room temperature. After
rinsing 3 times with PBS, the cells were rinsed once with
distilled water and mounted onto glass slides using Vecta-
shield (Vector Laboratories, Burlingame, CA). Cells were
analyzed using an Olympus IX81 confocal microscope
equipped with a cooled CCD camera (Olympus America
Inc., Center Valley, PA).

Western blot analyses

Western blot analyses were performed on cell lysates of
cultured sympathetic neurons to assess the effects of dex-
amethasone and IFNy on M2 muscarinic receptor expres-
sion at the protein level. Cell lysates were obtained by
rinsing 2 week-old cultures with ice-cold PBS prior to
trituration in ice-cold lysis PBS supplemented with 1%
Igepal (Sigma), 0.5% sodium deoxycholate (Fisher-
Scientific, Fair Lawn, NJ), 0.1% SDS (Sodium Dodecyl
Sulfate; FisherScientific), 100pug/ml PMSF (Phenyl-
methylsulfonyl Fluoride; Sigma) and 300pg/ml aprotinin
(Sigma). Cell lysates were centrifuged in an Eppendorf
5417R microfuge (Eppendorf, Hauppauge, NY) at maxi-
mum speed for 5min and the resultant supernatant col-
lected. Protein concentration was determined using the
micro BCA™ Protein Assay Kit (Thermo Scientific,
Rockford, IL, USA). Samples (25ug total protein) were
resolved by 12% SDS polyacrylamide gel electrophoresis
and electroblotted onto Immobilon-FL membranes (Milli-
pore, Bedford, MA). Blots were blocked at room tempera-
ture for 1h in Odyssey blocking buffer (LI-COR, Biosci-
ences, Lincoln, NE ) diluted 1:1 with PBS, then incubated
overnight at 4°C in Odyssey blocking buffer diluted 1:1
with PBS containing 0.1% tween 20 and anti-M2 anti-
body (1:2000; Sigma) and anti-o tubulin antibody
(1:10,000; Sigma). Blots were washed 4 times with PBS
containing 0.1% tween 20 and incubated at room tem-
perature for 1h in Odyssey blocking buffer diluted 1:1
with PBS containing 0.1% tween 20 and goat anti-rabbit
infrared (IR)700 diluted 1:1,000 and goat anti-mouse
IR800 diluted 1:20,000. Subsequently, blots were washed
4 times as described above, visualized and quantified us-
ing the Odyssey Infrared Imaging system (LI-COR Bio-
sciences).

Statistical analysis

All data are presented as the mean + SEM. Data were
analyzed by ANOVA for treatment effects using GraphPad
Prism 4 software (San Diego, CA). If significant effects
were identified (p < 0.05), post-hoc analyses were per-
formed using the Tukey’s test.
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Results

IFNy and dexamethasone do not alter M2 mRNA levels
in cultured sympathetic neurons

We used semi-quantitative RT-PCR to quantify M2 re
ceptor transcripts in cultured sympathetic neurons treated
with IFNy at 30ng/ml and dexamethasone at 1uM for 24h.
In sympathetic neurons cultured in the absence of gangli-
onic glial cells, neither IFNy nor dexamethasone signifi-
cantly altered M2 mRNA levels relative to control cul-
tures treated with vehicle (Fig. 2A, 2B). Because IFNy
and dexamethasone alter M2 receptor mRNA expression
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Figure 1. Regulation of airway caliber by parasympa-
thetic and sympathetic nervous systems. Acetylcholine
released from parasympathetic nerves activates postsy-
naptic M3 muscarinic receptors resulting in contraction
of airway smooth muscle and bronchoconstriction. ACh
also binds to presynaptic M2 muscarinic receptors on
parasympathetic nerves to limit further ACh release from
parasympathetic nerves. Release of ACh from parasympa-
thetic nerves is also inhibited by norepinephrine (NE)
released from postganglionic sympathetic nerves, which
binds to adrenergic receptors on parasympathetic neu-
rons. Sympathetic nerves also express M2 receptors that
inhibit neurotransmitter release. Thus, there is the poten-
tial that acetylcholine released from parasympathetic
nerves inhibit sympathetic transmission, and by inhibiting
norepinephrine release, indirectly increase acetylcholine
release. Increased ACh release increases parasympa-
thetic-mediated bronchoconstriction.

in parasympathetic neurons [8, 9] that are grown with
glial and other non-neuronal cells, we also tested sympa-
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thetic neurons cultured in the presence of endogenous
ganglionic glia cells. Neither IFNy nor dexamethasone
significantly changed M2 receptor mRNA levels in these
neuron-glia co-cultures relative to vehicle controls (Fig.
2C, 2D).
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Figure 2. Dexamethasone and IFNy do not alter M2
receptor mRNA levels in cultured sympathetic neurons.
Sympathetic neurons were cultured in the absence (A, B)
or presence (C, D) of ganglionic glia. Cultures were ex-
posed to IFNy (30ng/ml), dexamethasone (Dexa, 1uM) or
vehicle (control) for 24h prior to extraction of total RNA.
Shown are representative gels of RT-PCR products gen-
erated using primers specific for M2 muscarinic receptors
or 18s rRNA (A, C) and densitometric analyses of M2
receptor mRNA expression normalized to 18s rRNA ex-
pression (B, D). Data presented are the mean +/- SEM (n
= 3 independent experiments). No statistically significant
treatment effects were detected by one-way ANOVA.

IFNy and dexamethasone do not significantly alter sub-
cellular localization of M2 receptors in cultured sympa-
thetic neurons

In sympathetic neurons grown in the absence of gangli-
onic non-neuronal cells, M2 receptor immunoreactivity
was observed throughout the extranuclear compartment of
the soma and throughout the neuritic complex (Fig. 3A).
Quantification of fluorescence intensity demonstrated no
effect of IFNy or dexamethasone on M2 receptor expres-
sion (data not shown) or localization (Fig. 3B, 3C) in
these cultured neurons. In mixed cultures of sympathetic
neurons and ganglionic glial cells, M2 immunoreactivity
was associated with not only neurons but also glial cells
(Fig. 3D). Co-culturing with ganglionic glial cells did
seem to cause subtle changes in M2 receptor immunore-
activity in neurons evident as a more punctuate pattern of
immunofluorescence in neurites (Fig. 3D versus Fig. 3A).

However, as observed in cultures of purified sympathetic
neurons, exposure to [FNy or dexamethasone did not sig-
nificantly change either the fluorescence intensity (data
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not shown) or the subcellular distribution of M2 receptor
immunoreactivity in neuron-glia co-cultures (Fig. 3E, 3F).

IFNy increases M2 protein expression in cultured sym-
pathetic neurons

We used western blotting to quantify M2 receptor expres-
sion in cell cultures exposed to IFNy and dexamethasone
for 24h. Cell lysates from purified sympathetic neuronal
cell cultures and from neuron-glia co-cultures were sepa-
rated using SDS PAGE and then immunoblotted for M2
receptor and a-tubulin. In sympathetic neurons cultured in
the absence of glia, IFNy significantly increased M2 re-
ceptor expression; however, dexamethasone had no effect
(Fig. 4). However, in neuron-glia co-cultures neither
treatment caused a significant change in levels of M2 re-
ceptor expression (data not shown).
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Figure 3. The subcellular localization of M2 muscarinic
receptors in cultured sympathetic neurons is not altered
by exposure to IFNy or dexamethasone. Sympathetic
neurons were cultured in the absence (A, B, C) or pres-
ence (D, E, F) of ganglionic glia. After 2 wk in vitro, cul-
tures were exposed to IFNy (30ng/ml) (B, E) or dexa-
methasone (Dexa, 1uM) (C, F) for 24h, then fixed and
immunostained to localize M2 muscarinic receptors.
Quantification of fluorescence did not indicate treatment-
related differences in intensity of staining (data not
shown). Photomicrographs are representative of data
obtained from 3 independent experiments. Scale bar =
20um.
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Figure 4. IFNy but not dexamethasone increases M2
receptor protein levels in cultured sympathetic neurons.
Sympathetic neurons were dissociated from perinatal rat
superior cervical ganglia (SCG) and non-neuronal cells
were eliminated using an anti-mitotic agent. After 2 wk in
vitro, cultures were exposed to IFNy (30ng/ml), dexa-
methasone (Dexa, 1uM) or vehicle (control) for 24h prior
to collection of cell lysates for western blot analyses. (A)
Representative blot of cell lysates separated by gel elec-
trophoresis then immunoblotted for M2 or a-tubulin. (B)
Densitometric analyses of M2 receptor levels were nor-
malized to a-tubulin levels. Data are presented as the
mean * SEM (n = 3 per experimental condition).
*Significantly different from control at p<0.05 by 1 way
ANOVA followed by post hoc Tukey’s test.

Discussion

Both branches of the autonomic nervous system innervate
airways: parasympathetic nerves, which decrease airway
diameter directly via release of acetylcholine onto postsy-
naptic M3 muscarinic receptors, and sympathetic nerves,
which inhibit release of acetylcholine from parasympa-
thetic nerves. Clinical and experimental evidence demon-
strate that loss of autoinhibitory M2 receptor function on
parasympathetic nerves contributes to airway hyperreac-
tivity associated with asthma and other respiratory dis-
eases, and that restoration of M2 receptor function pre-
vents airway hyperreactivity [13], [14-16]. IFNy, a pro-
inflammatory cytokine implicated in the pathogenesis of
asthma [17, 18], decreases levels of M2 receptor mRNA
in parasympathetic neurons, and this effect is thought to
mediate virally-induced asthma [8]. Conversely, dexa-
methasone, an anti-inflammatory glucocorticoid, has been
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demonstrated to decrease airway responsiveness in animal
models of asthma by increasing M2 receptor expression
and function in parasympathetic nerves [9]. Here we
tested whether IFNy and dexamethasone similarly regu-
late M2 receptor expression in sympathetic neurons.

Our findings demonstrate that in primary neuronal cell
cultures derived from rat SCG, dexamethasone, at the
same concentration and for the same exposure time used
in prior studies of parasympathetic nerve cell cultures [8,
9], had no effect on M2 receptor expression as determined
by RT-PCR, immunocytochemistry and western blotting.
IFNy had no effect on M2 receptor transcript levels in
cultured sympathetic neurons, but did significantly in-
crease M2 receptor expression at the protein level in puri-
fied neuronal cell cultures; however, this did not cause
significant changes in the subcellular localization of M2
receptors as determined by immunocytochemistry. It may
be important that IFNy did not upregulate M2 receptor
expression in neuron-glia co-cultures. Glial cells can alter
the response of neurons to various environmental stress-
ors [19], so it is possible that co-culture with ganglionic
glial cells altered the neuronal response to IFNy. How-
ever, ganglionic glial cells also express M2 receptors [20,
21], as confirmed in our immunocytochemical analyses of
neuron-glia co-cultures, and after 14 days in culture, glial
cells significantly outnumber neurons by several orders of
magnitude in SCG neuron-glia co-cultures. Thus, it is
likely the different results obtained in western blot analy-
ses of purified neuronal cell cultures versus neuron-glia
co-cultures is due in large part to the fact that the majority
of M2 receptor protein in glia-neuron co-cultures is glial
and the effects of IFNy on neuronal M2 receptor expres-
sion were masked by the overwhelming glial M2 receptor
signal. Regardless, an outstanding question raised by the
observation that IFNy is increasing M2 receptor protein in
sympathetic neurons concerns the mechanism(s) underly-
ing this effect. Our data support post-transcriptional me-
chanisms, which is consistent with previous reports of
IFNy regulation of nitric oxide synthetase expression [22].

The reason(s) for the differential effects of dexa-
methasone and IFNy on sympathetic versus parasympa-
thetic neurons are not known. One potential factor we
considered was that non-neuronal cells present in the
parasympathetic nerve cell cultures [8, 9], may have in-
fluenced the effect of dexamethasone and IFNy on neu-
ronal M2 receptor expression. To address this possibility,
we examined the effects of IFNy and dexamethasone on
sympathetic neurons co-cultured with ganglionic non-
neuronal cells, which are primarily glia [11]. However,
inclusion of ganglionic glial cells did not modify the M2
receptor response of sympathetic neurons to more closely
replicate that of parasympathetic nerve cell cultures. It is
possible that other non-neuronal cells, present in para-
sympathetic nerve cultures and absent from sympathetic
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neuron-glia co-cultures, mediate the effect of IFNy and
dexamethasone on M2 receptor expression in parasympa-
thetic nerves. Alternatively, since parasympathetic nerves
were derived from guinea pig trachea while sympathetic
nerves were derived from rat SCG, the differential re-
sponse between the two autonomic nerve cell types may
reflect species-specific differences. However, it seems
more likely that our findings demonstrate fundamental
differences in the pharmacology of parasympathetic and
sympathetic neurons.

The physiological significance of IFNy-induced M2 re-
ceptor expression in postganglionic sympathetic neurons
has yet to be determined. However, we predict that
upregulation of M2 receptor expression would decrease
norepinephrine release from sympathetic neurons, reliev-
ing sympathetic suppression of parasympathetic neuro-
transmission. This, in turn, would increase release of ace-
tylcholine from parasympathetic nerves, exacerbating
airway hyperreactivity. Because IFNy is a key cytokine
stimulated by viral infection [8], these data suggests a
novel mechanism that may contribute to virally-induced
airway hyperreactivity.
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