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Role of nicotinic receptors and acetylcholine in mucous cell
metaplasia, hyperplasia, and airway mucus formation

in vitro and in vivo
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Background: Airway mucus hypersecretion is a key
pathophysiologic feature in a number of lung diseases. Cigarette
smoke/nicotine and allergens are strong stimulators of airway
mucus; however, the mechanism of mucus modulation is
unclear.

Objectives: We sought to characterize the pathway by which
cigarette smoke/nicotine regulates airway mucus and identify
agents that decrease airway mucus.

Methods: IL-13 and y-aminobutyric acid type A receptors
(GABA 4Rs) are implicated in airway mucus. We examined the
role of IL-13 and GABARs in nicotine-induced mucus
formation in normal human bronchial epithelial (NHBE) and
A549 cells and secondhand cigarette smoke—induced,
ovalbumin-induced, or both mucus formation in vivo.

Results: Nicotine promotes mucus formation in NHBE cells;
however, the nicotine-induced mucus formation is independent
of IL-13 but sensitive to the GABA ,R antagonist picrotoxin.
Airway epithelial cells express a7-, a9-, and a10-nicotinic
acetylcholine receptors (nAChRs), and specific inhibition or
knockdown of a7- but not &9/a10-nAChRs abrogates mucus
formation in response to nicotine and IL-13. Moreover, addition
of acetylcholine or inhibition of its degradation increases mucus
in NHBE cells. Nicotinic but not muscarinic receptor
antagonists block allergen- or nicotine/cigarette smoke—induced
airway mucus formation in NHBE cells, murine airways, or
both.

Conclusions: Nicotine-induced airway mucus formation is
independent of IL-13, and a7-nAChRs are critical in airway
mucous cell metaplasia/hyperplasia and mucus production in
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response to various promucoid agents, including IL-13. In the
absence of nicotine, acetylcholine might be the biological ligand
for a7-nAChRs to trigger airway mucus formation. a7-nAChRs
are downstream of IL-13 but upstream of GABA  Ra2 in the
MUCSAC pathway. Acetylcholine and a7-nAChRs might serve
as therapeutic targets to control airway mucus. (J Allergy Clin
Immunol 2012;umN:NEN-NEN,)
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Normal mammalian airway epithelium produces and is coated
by mucins, such as MUC5B and MUCS5AC, and after stimulation
by an allergen/infection, MUCSAC is the predominant mucin
produced in human airways. These mucins assist in clearing
inhaled particulate matter from the airways.1 However, excessive
mucous cell metaplasia and mucus hypersecretion contribute to
the pathology of many respiratory diseases, such as chronic ob-
structive pulmonary disease, asthma, and cystic fibrosis.” In addi-
tion, excessive mucus production prolongs lung infections and
decreases lung function.’ Cigarette smoke is a strong inducer of
airway mucus production and a major risk factor for asthma, bron-
chitis, and chronic obstructive pulmonary disease.*? Moreover,
recent studies suggest that nicotine promotes airway mucus for-
mation®’; however, the mechanism by which cigarette smoke/
nicotine promotes mucus formation is not well established. Stud-
ies have demonstrated that T2 cytokines, particularly IL-13, are
key mediators of mucous cell metaplasia/hyperplasia and mucus
productions’w; however, in a rat allergic asthma model, chronic
nicotine treatment strongly downregulated IL-4 and IL-13 pro-
duction but increased mucous cell metaplasia and mucus produc-
tion in the lung."' Thus in this model of allergic asthma, nicotine
might stimulate mucus formation independently or semi-
independently of IL-13.

A number of nonneuronal cells, including T cells, macro-
phages, and lung epithelial cells, express nicotinic acetylcholine
receptors (nAChRs) and might synthesize acetylcholine.'*"?
Mucus-producing lung epithelial cells from rats, mice, and human
subjects also express several different y-aminobutyric acid type
A receptor (GABAAR) subunits, which have been implicated in
airway mucus formation.'* Nicotine is a major constituent of cig-
arette smoke, and in the central nervous system nicotine activates
GABA4Rs in some neurons. Moreover, the o7/a9/a10-nAChR
antagonist methyllycaconitine (MLA) moderates mucus forma-
tion in monkey lungs.6 We hypothesized that in airway epithelial
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Abbreviations used
AB/PAS: Alcian blue/periodic acid—Schiff
ALI: Air-liquid interface
GABAAR: y-Aminobutyric acid type A receptor
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
IHC: Immunohistochemistry
MLA: Methyllycaconitine
MM: Mecamylamine
nAChR: Nicotinic acetylcholine receptor
NB: Neostigmine bromide
NHBE: Normal human bronchial epithelial
OVA: Ovalbumin
PIC: Picrotoxin
qPCR: Quantitative PCR
siRNA: Small interfering RNA
SS: Secondhand smoke
TBST: Tris-buffered saline containing 0.05% Tween-20
TCR: T-cell receptor

cells nicotine activated GABA 5Rs through nAChRs, thereby pro-
moting mucus formation. In this communication we show that al-
though normal human bronchial epithelial (NHBE) cells express
the a7-, a9-, and a10-nAChR subunits, a7-nAChRs play a criti-
cal role in mucous cell metaplasia and mucus formation in NHBE
cells. Moreover, (1) nicotine promotes mucus formation indepen-
dently of IL-13, (2) the normal biological ligand for the nAChRs
in the bronchial epithelial cells for mucus formation might be ace-
tylcholine, and (3) antagonists of nAChRs but not muscarinic re-
ceptors suppress mucus formation in vivo and in vitro.

METHODS

NHBE and A549 cells were cultured by using standard procedures.'
DO11.10 ovalbumin (OVA)-T-cell receptor (TCR) transgenic mice on a
BALB/c background were exposed to air, secondhand smoke (SS) or nicotine
(1.5 mg total particulate material/m®), heat-aggregated OVA aerosol (5 mg/
m3), or OVA plus SS or nicotine for 2 weeks (6 h/d for 5 d/wk). In some ex-
periments normal (wild-type) BALB/c mice were sensitized to Aspergillus fu-
migatus extract, as described previously.m Where indicated, mice were
subcutaneously implanted with mecamylamine (MM)—containing minios-
motic pumps (2 mg/kg body weight per day) 3 weeks before exposure.'” In
another group of BALB/c mice, animals were first exposed subcutaneously
to saline (control)— or MM-containing ALZET pumps (DURECT Corp, Cu-
pertino, Calif) for 2 weeks and then sensitized with A fumigatus allergen ex-
tracts, as described in the Methods section in this article’s Online
Repository at www.jacionline.org. To determine the effects of nicotine,
IL-13, or acetylcholine on NHBE or A549 cells, cells were treated with nico-
tine base (100 nmol/L), recombinant human IL-13 (10-50 ng/mL), or indicated
concentrations of neostigmine bromide (NB), respectively, and the cultures
were harvested approximately 48 hours later. GABAAR, nAChR, or musca-
rinic receptor inhibitors were added at the indicated concentrations 2 hours be-
fore the addition of IL-13, nicotine, or NB. NHBE cells (5-pum-thick sections)
were stained with Alcian blue/periodic acid—Schiff (AB/PAS) staining for mu-
cus, '™ MUC5AC, or GABA sRa2 by using appropriate reagents, and the cell
number and mucus volume were determined by using microscopy.''** Murine
lung sections were stained for MUC5AC and GABA sRa2 by using immuno-
histochemistry (IHC). Total RNA was isolated from lung tissues, NHBE cells,
and A549 cells with TRI-Reagent (Molecular Research Center, Inc, Cincin-
nati, Ohio). GABA ARa2-specific mRNA was assayed by using SuperScript
IIT One-Step RT-PCR with Platinum Taq (Invitrogen, Carlsbad, Calif).
RT-PCR primers for GABAsRa2 were 5'-AGGCTTCCGTTATGATACAG
(forward) and 5'-AGGACTGACCCCTAATACAG (reverse), and those for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 5'-CCCATCA
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CCATCTTCCAGGAG (forward) and 5'-TTCACCACCTTCTTCTTGATGT
CAT (reverse). Quantitative PCR (qPCR) was performed with a TagMan
One-Step RT-PCR kit containing AmpliTaq Gold DNA polymerase with
ABI primers and probes. Fold differences were determined by using the
2(7A4CD method.?' nAChR subtypes were knocked down by specific small in-
terfering RNAs (siRNAs); changes in specific mRNAs were determined 48
hours after siRNA treatment. Protein levels of GABA \Ra2 were determined
by means of Western blot analysis.'” GraphPad Prism Software 5.03 (Graph-
Pad Software, Inc, La Jolla, Calif) was used to determine statistical signifi-
cance by means of 2-way ANOVA. Detailed methods are given in the
Methods section in this article’s Online Repository.

RESULTS
Nicotinic receptors are critical in mucus formation
We examined the effects of nicotine (100 nmol/L) on mucus
formation in NHBE cells grown at the air-liquid interface (ALI).
This is a realistic concentration of nicotine and is several-fold
lower than the median effective concentration (10-100 pmol/L) of
nicotine/nicotine agonists required to activate the ligand-gated
cationic channel in neurons.*? As seen with AB/PAS mucus stain-
ing (Fig 1, A), control NHBE cells have a low baseline level of mu-
cus; however, when the cells were treated with nicotine, IL-13, or
IL-13 plus nicotine for 48 hours (predetermined optimal time), the
mucus content in these cells increased strongly. Furthermore, the
o7/a9/a10-nAChR-specific antagonist MLA (Fig 1, A), as well
as the nonselective nAChR antagonist MM (Fig 1, B), suppressed
the nicotine plus IL-13—induced mucus formation in NHBE cells.
MLA also blocked the increase in mucus formation in NHBE cells
in response to either nicotine or IL-13 (see Fig E1 in this article’s
Online Repository at www.jacionline.org). To determine whether
nicotine, IL-13, or both affected mucous cell hyperplasia and met-
aplasia, we measured the number of mucous cells per millimeter
of basal lamina and the volume of mucus-containing cells (mucus
volume per cubic millimeter of basement membrane), respec-
tively. Nicotine and IL-13 significantly increased both mucous
cell numbers (Fig 1, C, left panel) and volume (Fig 1, C, right
panel), and these effects were blocked by MLA. These results sug-
gest that both nicotine and IL-13 affect mucous cell physiology
and require the activation of nAChRs (a7, a9/a10, or both).
Although in some experiments a combined treatment with nico-
tine and IL-13 appeared to increase cell volume over that seen
after individual treatment with IL-13 or nicotine, these differences
varied from experiment to experiment and were not statistically
significant (data not shown). Thus nicotine and IL-13 might affect
the same downstream pathway or pathways for mucous cell
hyperplasia/metaplasia and mucus production.

Nicotine and IL-13 increase MUC5AC expression
Mucin glycoproteins are the major constituents of airway
mucus. MUCSAC is the dominant mucin gene expressed in
airway goblet cells,”® and IL-13 is known to increase MUC5SAC
expression in these cells.”* NHBE cells were treated with nico-
tine, IL-13, or both and MUCS5AC expression was examined by
means of qPCR and IHC staining with the MUC5AC-specific an-
tibody to ascertain whether nicotine, IL-13, or both also induced
the expression of MUCSAC. Both nicotine and IL-13 signifi-
cantly increased the mRNA expression of MUCS5AC; however,
combined treatment with nicotine and IL-13 did not cause signif-
icantly higher MUCS5AC expression than that seen after nicotine
or IL-13 alone, and pretreatment with ML A blocked the increase
in MUC5AC mRNA caused by nicotine plus IL-13 (Fig 1, D).
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FIG 1. Nicotine (Ni) and IL-13 promote mucus formation in NHBE cells through nicotinic and GABA, recep-
tors. In NHBE cells IL-13/nicotine-induced mucus is suppressed by 1 pmol/L MLA (A) and 1 pmol/L MM (B).
MLA blocks mucus-containing cells (C, left panel), mucous cell volume (Fig 1, C, right panel), MUC5AC
mRNA (D), and MUC5AC-positive cells (E). Experiments were repeated at least 5 times, and bars represent

means + SEMs. *P < .05, **P < .01, and ***P <.001.

Similar results were observed by scoring for MUCS5AC protein by
using IHC staining (Fig 1, E).

Nicotine-induced MUC5AC is independent of IL-13

IL-13 is the critical cytokine in mucus formation and MUC5AC
expression.®'*?> Although unlikely, it was possible that nicotine
promoted MUC5AC/mucus formation by inducing IL-13 in
NHBE cells. To ascertain this possibility, we determined IL-13
mRNA levels by using qPCR in NHBE cells before and after nic-
otine treatment. Unlike human Jurkat cells (positive control),
qPCR analysis of NHBE cells (up to 40 cycles) did not show
any detectable expression of IL-13 mRNA in the presence or ab-
sence of nicotine (see Fig E2 in this article’s Online Repository at
www.jacionline.org). Thus although both nicotine and IL-13 in-
duce mucus formation and MUCSAC expression in NHBE cells,
the nicotine-induced MUCS5AC expression and mucus formation
do not necessarily require IL-13.

a7-nAChRs are required for mucus formation
Neuronal nAChRs are pentameric structures, and in mammals
nAChRs are derived from 8 a-subunit (a2-a7, a9, and «10) and 3
B-subunit (32-B4) genes; however, a7 and a9 form functional
homomeric receptors.”™ Moreover, o10 subunits are functional
only in the presence of the a9 subunit®’; the a7 and «10 subunits
colocalize in rat sympathetic neurons.*® Many nonneuronal cells,
including T cells,”” mast cells,®® and macrophages, express
nAChRs; mast cells express full-length a7-, a9-, and «l0-
nAChRs that respond interdependently to low concentrations of
nicotine.*® To ascertain whether a specific nAChR subtype medi-
ated the effects of nicotine on mucus formation in NHBE cells, we
determined the expression of nAChR subunits (a3, a4, a5, a7,
a9, a10, and B4) in these cells. Examining the expression of
a3-, a4-, and a7-nAChR subunits was warranted because they
are expressed in the lung tracheal tissue,' and genome-wide as-
sociation studies show single nucleotide polymorphisms in the
gene cluster encoding a3/a5/B4-nAChR subunits in patients
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FIG 2. a7-nAChR-specific conotoxin peptides suppress nicotine (Ni)/IL-13-induced mucus in NHBE cells. Effects
of RglA (500 nmol/L) and ArIB[V11L, V16D] (500 nmol/L) on nicotine-induced (A) and IL-13-induced (B) mucous
cell responses and on nicotine/IL-13-induced MUC5AC mRNA by using qPCR (C) are shown. Each experi-
ment was repeated at least 3 times, and bars on MUC5AC are means + SEMs from 3 inserts. ***P <.001.

with lung cancer.’” Our qPCR analysis suggested that the a3, a4,
a5, and 34 subunits were essentially undetectable in NHBE cells
(not shown); however, the cells expressed a7-, a9-, and a10-
nAChHR subunits (see Fig E3 in this article’s Online Repository
at www.jacionline.org). After normalizing with GAPDH, the
mRNA expression of the o7 subunit was much higher than that
of the o9 and «10 subunits (ie, a7 was detectable around 27 cy-
cles and a9/a10 was detectable around 35 cycles of qPCR anal-
ysis). Thus NHBE cells express much higher levels of a7 than
a9/a10 mRNA.

NHBE cells are generally refractory to various transfection/
transduction approaches, and we were unable to knock down the
expression of the a7-, a9-, or a10-nAChR subunits in these cells
by using siRNA (not shown). Therefore to evaluate the role of
a7-nAChR, a9/a10-nAChR, or both in mucus production, we
used receptor subtype—specific conotoxin peptides to inhibit o7-
and a9/a10-nAChRs in NHBE cells. At lower concentrations, the
conotoxin peptides ArIB[V11L, V16D] and RgIA preferentially
inhibit a7- and «9/a.10-nAChRs, respectively.**** By using these
peptides at concentrations that showed minimum cross-
inhibition, only ArIB[V11L, V16D] significantly reduced both
nicotine-induced (Fig 2, A) and IL-13-induced (Fig 2, B) mucus
production. Moreover, ArIB[V11L, V16D] (Fig 2, C), but not

RgIA (not shown), also suppressed nicotine-induced expression,
IL-13-induced expression, or both of MUC5AC mRNA, as deter-
mined by using qPCR. Thus a7-nAChRs are critical in the induc-
tion of airway mucus by nicotine and IL-13.

GABARs are downstream of «7-nAChRs

IL-13 has been shown to induce GABA 4Rs in the human bron-
chial epithelial cell line A549.'* Although A549 cells do not pro-
duce mucus, they contain mRNAs for a7-, a9-, and a10-nAChRs
(see Fig E4 in this article’s Online Repository at www.jacionline.
org), as well as a3-, a4-, and B2-nAChRs (not shown). Inhibiting
GABA Rs with picrotoxin (PIC) also blocked mucus production
in NHBE cells.'* We used 3 approaches to determine whether the
effects of nicotine on mucus formation involved GABA ARs.

First, we showed that the nonselective GABA 4R antagonist PIC
inhibited the IL-13 plus nicotine—-induced mucus (AB/PAS stain-
ing; Fig 3, A) and MUCSAC proteins (IHC staining; Fig 3, B) in
NHBE cells or by IL-13 and nicotine individually (see Fig E1).
Similarly, PIC also blocked the IL-13 plus nicotine—-induced mu-
cous cell hyperplasia (see Fig E5, A, in this article’s Online Repos-
itory at www.jacionline.org), metaplasia (see Fig E5, B), and
MUCS5AC mRNA expression (see Fig ES, C) in NHBE cells.
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FIG 3. GABAARs and a7-nAChRs are critical in nicotine (Ni)/IL-13-induced mucus formation. In NHBE cells
effects of 50 umol/L PIC on mucus-positive cells (A) and MUC5AC-positive cells (B) are shown. Nicotine/IL-
13-induced GABAAR«2 expression is detected by using RT-PCR (C), gPCR (D), and IHC (E) and blocked by
1 wmol/L MLA (F). In A-549 cells nicotine/IL-13-induced GABAARa2 (G) is blocked by siRNA knockdown
of a7-nAChRs (H) and «7-nAChR-specific conotoxin peptide ArIB[V11L, V16D] (l). *P <.05 and ***P <.001.

Second, in NHBE cells nicotine, 1L-13, or both induced the
expression of GABAsRa2, as detected by using RT-PCR (Fig 3,
C) and qPCR (Fig 3, D); the nicotine-induced expression of
GABAARa2 mRNA seen by RT-PCR was blocked by the a7/
09/a10-nAChR-specific antagonist MLA (Fig 3, E). Moreover,
as assayed with [HC, MLA also blocked the nicotine-induced ex-
pression of GABAsRa2 in NHBE cells (Fig 3, F).

Third, A549 and NHBE cells express a number of GABAAR
subtypes. RT-PCR analysis suggested that both nicotine and

IL-13 upregulated the expression of GABA Ra?2 in A549 cells
(Fig 3, G). Indeed, among several GABAAR subtypes
(GABAARa2, GABAARB2, GABAARY, and GABAAR™) only
the expression of GABA Ra2 was consistently upregulated by
IL-13 and nicotine in these cells (not shown). Moreover, MLA
suppressed GABA ARa2 expression in A549 cells (see Fig E6 in
this article’s Online Repository at www.jacionline.org). Thus
a7-nAChR, a9/a10-nAChRs, or both are involved in the in-
creased expression of GABA ARa2 by nicotine in A549 cells.
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To identify the type of nAChR subtype among the o7, a9, and
10 subunits that regulates GABA Ra?2 expression and mucus
formation, we used an siRNA approach to individually knock
down a7-, a9-, and a10-nAChRs in A549 cells. Specific siRNA
treatment selectively decreased the mRNA expression of a7-,
a9-, and a10-nAChRs by approximately 65%, 80%, and 70%, re-
spectively (see Fig E7 in this article’s Online Repository at www.
jacionline.org). As seen by using Western blotting (Fig 3, H), the
knockdown of a7, but not a9 and «10, significantly decreased
nicotine-induced expression of GABA,Ra2 in A549 cells. In
these cells the nicotine-induced expression of GABAsRa2
mRNA was also blocked by the a7-specific ArIB[V11L, V16D]
but not the a9/ 10-specific RgIA conotoxin peptide (Fig 3, I). Be-
cause MLA blocked both nicotine- and IL-13—induced expression
of GABA Ra2, activation of nAChRs must precede the activa-
tion of GABAsRa2 during mucus formation.

MM blocks GABA,Ra2 and mucus production in
mice

Cigarette smoke promotes goblet cell hyperplasia and mucus
formation.> Similarly, sensitization with allergens, such as OVA,
ragweed, and Aspergillus species extracts, promotes mucus for-
mation in airways.'"'® As seen by using immunostaining, a
2-week inhalation exposure of OVA-TCR transgenic mice on
the BALB/c background to OVA, SS, or both strongly upregulated
GABA pRa2 expression (Fig 4, A) and mucus formation (Fig 4, B)
in the airways. However, when the animals were pretreated with
the nAChR antagonist MM before exposure to SS plus OVA, the
amplifying effects of SS plus OVA on GABARa2 expression
(Fig 4, A) and airway mucus formation (Fig 4, B) were lost. More-
over, Western blot analysis of the lung extracts also indicated that
MM blocked the OVA- and SS-induced expression of GA-
BA Ra2 (Fig4, C). MM by itself had no detectable effect on nor-
mal bronchial epithelium, such as gross histopathology or nuclear
condensation (not shown). Similarly, qPCR analysis indicated
that MM also blocked the SS-induced, OVA-induced, or both Mu-
c5ac mRNA expression in the lung (Fig 4, D). In a separate exper-
iment lungs from BALB/c mice exposed to air (control) or
nicotine inhalation (1.5 mg/m3 for 6 h/d) for 2 weeks exhibited
increased expression of GABAsRa2 protein by using Western
blot analysis (Fig 4, E) and Muc5ac expression by using qPCR
(Fig 4, F). Although an OVA-TCR transgenic murine model has
been used extensively for delineating the mechanism of allergic
asthma, a weakness of this model is that more than 90% of the pe-
ripheral T cells in these mice are directed to OVA and do not nec-
essarily require sensitization with an allergen.36 Therefore it is
possible that the results might not be applicable to normal anti-
genic/allergic responses. To address this possibility, we used A fu-
migatus extracts containing the allergen in allergic
bronchopulmonary aspergillosis®’ as the sensitizing allergen in
normal BALB/c mice.'® Results presented in Fig 5 suggest that,
as in the OVA transgenic system, MM suppressed the mucus for-
mation in response to Aspergillus species in normal BALB/c
mice, including the increase in expression of Muc5ac (Fig 5,
A), airway mucus formation by AB/PAS (Fig 5, B), and GA-
BAARa2 IHC staining (Fig 5, C). In addition, MM inhibited the
inflammatory response and Aspergillus species—induced increase
in eosinophil and lymphocyte counts, as determined by using
BAL cell differential count (see Fig E8, A, in this article’s Online
Repository at www.jacionline.org), and the expression of the
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proinflammatory cytokines IL-13 (see Fig E8, B) and IFN-y
(see Fig E8, C) in the lung. Together these results suggest that nic-
otine promotes GABA s\Ra2 and mucus expression similar to that
seen after exposure to cigarette smoke, and nAChRs play a critical
role in both allergen- and cigarette smoke/nicotine—induced air-
way mucus formation in vivo.

Role of acetylcholine in mucus formation in NHBE
cells

If the activation of nAChRs on airway epithelial cells were to
play a decisive role in mucus formation, even in the absence of
nicotine/cigarette smoke (eg, nonsmokers), it is important to
understand how mucus-promoting molecules, such as allergens,
would activate nAChRs in vivo. Nicotine is not normally found in
mammals; rather, nicotinic cholinergic transmission is mediated
by the neurotransmitter acetylcholine.38 There is increasing evi-
dence that airway epithelial cells have the enzymes to synthesize,
degrade, and transport acetylcholine.'**° gPCR analysis indicated
that NHBE cells express primarily M3 and lower levels of M1 and
M2 muscarinic receptors (see Fig E9, A, in this article’s Online Re-
pository at www.jacionline.org). Acetylcholine is a highly labile
molecule and difficult to assay. Therefore to ascertain that acetyl-
choline promotes mucus formation in airway epithelial cells, we
determined first whether inhibiting the degradation of acetylcho-
line through the acetylcholinesterase inhibitor NB promoted mu-
cus formation in NHBE cells. NHBE cells were treated with
indicated concentrations of NB in the absence of IL-13 or nicotine.
As little as 5 wmol/L NB (Fig 6, A) significantly upregulated the
mucus formation in NHBE cells. NB also increased MUCS5SAC
mRNA to less impressive but highly statistically significant level
(Fig 6, B). Second, acetylcholine (100 pwmol/L) was added to
NHBE cells, and 48 hours later, the cells were analyzed for MU-
C5AC and GABA \Ra2 mRNA expression by using qPCR. Com-
pared with control cells, addition of acetylcholine significantly
increased the expression of both MUC5AC and GABAsRa2 by
approximately 2-fold (see Fig E9, B and C). These results suggest
that acetylcholine is a trigger for mucus formation in airway epi-
thelial cells. However, it should be noted that we were unable to
detect acetylcholine in NHBE cells in the presence of NB and
IL-13. It is likely that the cellular level of acetylcholine in these
cells is lower than the sensitivity of our HPLC assay.

Acetylcholine is the biological ligand for both nicotinic and
muscarinic receptors. NHBE cells were treated with the nonselec-
tive muscarinic receptor antagonist atropine before NB or IL-13 to
ascertain that acetylcholine mediates its promucoid effects through
nAChRs. Fig 6, C, shows that atropine had no significant effect on
the MUC5SAC mRNA expression induced by NB, IL-13, or NB
plus IL-13. Similarly, atropine did not affect mucus formation
(AB/PAS staining) in NHBE cells in response to NB or IL-13
(Fig 6, D). Moreover, unlike MLA, the increased level of
GABARa?2 in NHBE cells in response to nicotine or IL-13 plus
nicotine was not affected by atropine treatment (Fig 6, E). These
results suggest that, in the absence of nicotine or nicotine-
containing substances, acetylcholine might be the critical molecule
in the activation of nAChRs for mucus production in NHBE cells.

DISCUSSION
NAChRs are seen in tissues from both vertebrates and inver-
tebrates, such as nematodes and insects.* In the central nervous
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system nAChRs are ligand-gated ion channels that mediate fast
synaptic cholinergic transmission, and these properties are
strongly conserved across species. nAChRs are present in neuro-
nal** and many nonneuronal'**%39 cell types. At least in some
nonneuronal cell types nAChRs are not ligand-gated ion channels
but signal through second messengers.29 Thus far, the function of
nAChRs in nonneuronal cells is described primarily as regula-
tory*'; however, the near-ubiquitous presence of nAChRs in var-
ious cell types and their evolutionary conservation suggest that

these receptors might have some critical functions outside the
central nervous system.** Results presented herein indicate that
nAChRs are essential for airway mucus production, as well as
mucous cell hyperplasia and metaplasia, in response to nicotine
and allergen in vivo, in vitro, or both, and it is likely that nAChRs
are critical in other cellular functions.

Nicotine is immunosuppressive and anti-inflammatory,*' and
our previous in vivo experiments indicated that chronic low-dose
nicotine exposure significantly inhibited some parameters of
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allergic asthma, including a dramatic reduction in levels of T2 cy-
tokines/chemokines, such as IL-13, IL-4, IL-5, and eotaxin, and at-
opy, yet the nicotine-treated rats exhibited increased mucous cell
metaplasia and mucus formation in the airways."' Possible expla-
nations for these paradoxical results are that nicotine either de-
creased the amount of IL-13 required or substituted for IL-13 in
mucus production. Our results clearly indicate that nicotine acts
independently of IL-13 in promoting mucus formation and mu-
cous cell metaplasia/hyperplasia. The ability of nAChR inhibitors
to block nicotine- and IL-13—induced mucus production suggests
that both IL-13 and nicotine activate nAChRs to trigger mucus for-
mation, and IL-13’s effects are upstream of nAChRs.

Previous studies have shown that IL-13 affects mucus by
increasing GABAAR expression in NHBE cells."* We showed

that GABAAR activation is downstream of nAChR activation in
mucus formation and MUCS5AC expression, and of the known
GABA AR subtypes expressed in NHBE cells, GABARa2 was
the only one that was significantly upregulated by IL-13 and nic-
otine in NHBE cells. GABA Ra2 was also the only GABAAR
subtype the expression of which was increased by OVA, second-
hand cigarette smoke, or both in OVA-TCR transgenic BALB/c
mice. The interaction between nAChRs and GABAARs has
been shown in the central nervous system,43 and in Caenorhabdi-
tis elegans cholinergic motor neurons activate GABAergic neu-
rons.** Moreover, rhesus monkeys exposed prenatally to
nicotine show increased GABA signaling in the lungs®; however,
the significance of this observation is not clear because prenatal
nicotine exposure also affects the development of several organs,
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including the lung.45 Thus although the mechanism by which To ascertain the role of nAChRs in the regulation of airway
nicotine promotes the GABAergic response has not been fully = mucus in vivo, we used 2 models of allergic asthma to trigger mu-
delineated, it is clear that GABA,Ra?2 is critical in nicotine-  cus formation. OVA-TCR transgenic BALB/c mice (a frequently
and IL-13—-mediated mucus formation. used model for lung allergic responses) were exposed to OVA, SS,
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or both. These treatments promoted airway inflammation (leuko-
cytic infiltration in the lung), airway mucus formation, and in-
creased expression of MucSac and GABAARa2 in the lung.
However, when the animals were treated with the nonselective
nAChR antagonist MM, the inflammatory and mucoid responses
to OVA, SS, or both were significantly reduced, suggesting that
nAChRs are intimately involved in the regulation of allergen-
induced inflammation and mucus formation. The major question
about the suitability of using OVA-TCR transgenic animals to
study the regulation of allergic asthma is that although normal na-
ive (unimmunized) animals have extremely low frequencies of
antigen-specific T cells,*® the majority of the peripheral T cells
in the OVA transgenic animals are directed to OVA and do not re-
quire immunization to detect OVA-induced T-cell proliferation,3 6
although in the absence of presensitization by OVA, the cells
might not differentiate into Ty2-type cells. Therefore we used
normal (wild-type) BALB/c mice and the allergen—A fumigatus
extracts that require sensitization to induce airway responses'®
and cause allergic bronchopulmonary aspergillosis in human sub-
jects.47 In these animals MM was able to ameliorate Aspergillus
species—induced airway inflammation and various indices of air-
way mucoid response. Thus activation of nAChRs is critical in
allergen-induced mucous cell metaplasia and airway mucus
formation.

Recently, MLA was shown to suppress mucus formation in
monkey lungs.6 Although MLA was believed to preferentially
block a7-nAChRs, recent reports suggest that MLA also reacts
with ®9/a10-nAChRs.*® NHBE cells express a7-, a9- and a10-
nAChRs, and a10-nAChRs are functional only in association
with a9 subunits?’; moreover, the «7 and a9 subunits colocalize
in rat sympathetic neurons.”® In rat mast cells the suppressive ef-
fect of nicotine on leukotriene production is mediated by an inter-
dependent action of a7-, «9- and a10-nAChRs.*® Therefore to
identify the nAChR subtype or subtypes that regulated mucus for-
mation, we used specific conotoxin peptides to inhibit a9/a10-
and a7-nAChRs and observed that only the a7-specific conotoxin
peptide ArIB[V11L, V16D]**** blocked the nicotine- and IL-13—
induced mucus production in NHBE cells. This inference was fur-
ther confirmed by the demonstration that knockdown of a7- but
not a9-/a10-specific mRNA blocked the nicotine- and IL-13—in-
duced expression of GABA Ra2 in A549 cells.

Although these results clearly implicate a7-nAChRs in mucous
cell physiology and mucus production, it was important to
understand how the activation of these receptors would be
regulated in nonsmokers (ie, in the absence of nicotine). In vivo
cholinergic transmission involves both nicotinic and muscarinic
receptors and is mediated by acetylcholine. There is increasing
evidence that many nonneuronal cells, including airway epithelial
cells, express enzymes to synthesize, degrade, and transport ace-
tylcholine.12’39 Indeed, blocking the degradation of acetylcholine
by the cholinesterase inhibitor NB promoted mucus formation
and increased MUCS5AC expression in NHBE cells in the com-
plete absence of IL-13 or nicotine. Acetylcholine is the biological
ligand for both nAChRs and muscarinic receptors, and bronchial
epithelial cells have functional muscarinic receptors.49 Results
with MLA and atropine suggest that muscarinic receptors are
not involved in the IL-13— or NB (acetylcholine)-induced mucus
formation seen in bronchial epithelial cells. Although, with the
use of nAChR inhibitors, we were able to show that the effects
of IL-13 on mucus formation in NHBE cells are regulated by
nAChRs, we were unable to show that IL-13 induces detectable
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FIG 7. Potential relationship between nAChRs and mucus formation in
NHBE cells. Allergens or IL-13 directly or indirectly increase acetylcholine
levels in airway epithelial cells. Acetylcholine activates a7-nAChRs that
increase GABARa2 expression that is blocked by nAChR antagonists (MM,
MLA, and ArIB[V11L, V16D]). Increased GABAaRa2 stimulates mucus for-
mation that is blocked by the GABAAR antagonist PIC. Dashed lines repre-
sent not formally proved interactions.

levels of acetylcholine in these cells. Nonetheless, it is likely
that in the absence of nicotine, acetylcholine is important in air-
way mucus formation and mucous cell hyperplasia/metaplasia.
Together, our results suggest that a7-nAChRs, GABARa?2,
and the acetylcholine metabolic pathway or pathways can serve
as potential targets to control airway mucus formation.
A tentative scheme by which nAChRs might regulate airway mu-
cus is presented in Fig 7.

Clinical implications: This study shows that nicotine and acetyl-
choline promote mucus formation independently of IL-13 and

in a manner totally dependent on the activation of a7-
nAChRs. Moreover, nicotinic receptor antagonists block mucus
formation.
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METHODS

Cell cultures

NHBE cells were obtained from rejected lung transplant donor material and
provided by Greg Connor of the University of Miami. Use of these cells was
approved by the Institutional Review Board of Lovelace Respiratory Research
Institute. Cells were grown at the ALI by using standard procedures.F' Briefly,
cells were seeded into 100-mm collagen-coated plastic dishes (Corning, Inc,
Corning, NY) and grown in bronchial epithelial cell growth medium (Lonza,
Basel, Switzerland) supplemented with bovine pituitary extract, hydrocorti-
sone (0.5 wg/mL), recombinant human epidermal growth factor (0.5 ng/
mL), epinephrine (0.5 pg/mL), transferrin (10 wg/mL), insulin (5 pwg/mL), ret-
inoic acid (0.1 ng/mL), triiodothyronine (6.5 ng/mL), gentamicin sulfate (50
png/mL), and amphotericin B (50 ng/mL). Cultures were maintained at 37°C
in 5% CO,, and the medium was changed every alternate day until the cells
reached approximately 90% confluence. Cells were harvested, and 2.5 X
10° cells were seeded onto a 12-mm collagen-coated Corning Costar
Transwell-Clear insert with 0.4-pm pores and submerged in the differentiation
medium (1:1 Dulbecco modified Eagle medium and bronchial epithelial cell
growth medium with the above supplements except gentamicin sulfate and
amphotericin B and with 50 nmol/L all-trans retinoic acid and 1.5 pg/mL
BSA added). After 7 days, the medium was removed from the top side of
the insert to allow cell differentiation and establish the ALI The culture me-
dium was replaced every alternate day, and the apical surfaces of the cells were
rinsed with PBS once every week. Alternatively, predifferentiated NHBE cells
(EpiAirway Tissue Model) were purchased from Mattek (Ashland, Mass).
A549 cells (CCL-185) were purchased from ATCC (Manassas, Va) and grown
according to the vendor’s directions.

Animal studies

OVA-TCR transgenic hemizygous mice (DO11.10) on a BALB/c back-
ground were bred in our animal facility by mating DO11.10 +/— hemizygous
males with BALB/c females. Mice were exposed in whole-body inhalation
exposure chambers (Hazelton H2000, Lab Products, Maywood, NJ) to air, SS,
or nicotine (1.5 mg total particulate material/m®), heat-aggregated OVA aerosol
(5 mg/m3), or OVA plus SS or nicotine for 2 weeks (6 h/d for 5 d/wk). In some
experiments normal (wild-type) BALB/c mice were sensitized to A fumigatus
(Greer Laboratories, Lenoir, NC) extract, as described previously.* Briefly, the
allergen used in the study was a lyophilized culture filtrate preparation of A fi-
migatus; the filtrates were stored at —70°C until use. Mice were immunized in-
tratracheally with A fumigatus extract (50 mg/0.1 mL of endotoxin-free sterile
saline) or sterile saline alone and subsequently challenged with the A fumigatus
extract (100 mg/0.1 mL administered intratracheally) 3 times at 5-day intervals.
For MM treatment, mice were subcutaneously implanted with MM-containing
miniosmotic pumps 3 weeks before exposures, as previously described.* The
pumps delivered 2 mg of MM/kg body weight per day. The trachea was surgi-
cally exposed and cannulated and the right lobe was lavaged twice with 1 mL of
sterile Ca>*/Mg*"-free PBS (pH 7.4) to collect lung lavage fluid. Total and dif-
ferential BAL cells were counted microscopically.®> The left lung was fixed
and the right lung was processed for RNA and protein extraction.®* All animal
protocols used in this study were approved by the Institutional Animal Care and
Use Committee of the Lovelace Respiratory Research Institute.

Mucus staining and IHC

NHBE cells at the ALI were fixed in 10% neutral buffered formalin and
embedded in paraffin; 5-pwm-thick sections were stained for mucus with AB/
PAS.F5F€ Briefly, after deparaffinization, the slides were stained with AB so-
lution at pH 2.5 for 30 minutes, and after washing, they were treated with 1%
periodic acid for 10 minutes. The slides were stained with Schiff reagent for 10
minutes, rinsed 3 times with sodium metabisulfite, washed, dehydrated,
mounted, and examined microscopically at the indicated magnification. To
quantify mucus-producing cells and mucus volume, we determined the num-
ber of AB/PAS-positive cells per millimeter of basal lamina and the mucus
volume per cubic meter of basement membrane. The tissue sections were ex-
amined and quantified blind by using an Olympus BH-2 light microscope
(Olympus, Center Valley, Pa) equipped with the National Institutes of Health
image analysis system, as described previously.=
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Immunohistochemical staining was performed according to the protocol
previously described.®” Mouse monoclonal anti-MUC5AC (45M1; Thermo
Scientific, Lafayette, Colo) and rabbit polyclonal anti-GABARa2 (Sigma,
St Louis, Mo) antibodies were used at preoptimized concentrations of 1:100
and 1:50 dilution, respectively. The tissue sections were treated with the pri-
mary antibodies overnight at 4°C, followed by incubation with biotinylated
secondary antibody (VECTASTAIN Elite ABC kit; Vector Laboratories, Bur-
lingame, Calif). Binding was visualized with an avidin-biotinylated enzyme
complex (VECTASTAIN Elite ABC kit), with 3, 3’-diaminobenzidine as
substrate.

Cell treatments

Cells were treated with 100 nmol/L nicotine base (Sigma), 10 to 50 ng/mL
recombinant human IL-13 (R&D Systems, Minneapolis, Minn), or indicated
concentrations of NB, respectively, and the cultures were harvested 48 hours
later. GABAAR, nAChR, or muscarinic receptor inhibitors were added at
the indicated concentrations 2 hours before the addition of IL-13, nicotine,
or NB.

RT-PCR and gqPCR

Total RNA from murine lungs, NHBE cells, and A549 cells was isolated by
using TRI-Reagent. One-step RT-PCR was performed with the SuperScript I1I
One-Step RT-PCR System with Platinum Taq. RT-PCR primers for
GABAsRa2 were 5'-AGGCTTCCGTTATGATACAG (forward) and 5'-AG-
GACTGACCCCTAATACAG (reverse), and those for GAPDH were 5'-
CCCATCACCATCTTCCAGGAG (forward) and 5'-TTCACCACCTTCTT
CTTGATGTCAT (reverse); primers were purchased from Sigma.

qPCR was performed with the Step One plus Detection System (Applied
Biosystems, Foster City, Calif) and the TagMan One-Step RT-PCR kit
containing AmpliTaq Gold DNA polymerase. Specific primers and probes
for MUCS5AC; the nAChR a7/09/ac10 subunits; muscarinic receptors M1, M2,
M3; and GABAsRa2 (forward 5'-CCACCATCTCCAAGAGTGCAA and re-
verse 5'-TGCTTCAGCTGGCTTGTTTTC and probe CACGCCAGAACC-
CAACAAGAAGCC) for qPCR were obtained from Applied Biosystems.
Fold differences were determined by using the 2(785CD method B8

Knockdown of a7-, 9-, and a10-nAChRs with

siRNAs

siRNAs were purchased from Thermo Scientific. The siRNA SMART-
pool contained 4 pooled siRNA duplexes with “UU” overhangs and a 5’
phosphate on the antisense strand. Briefly, the siRNA-DharmaFECT
1 complex was added to the cells in complete medium and incubated at
37°C in 5% CO, for 48 hours. The mRNA levels of a7-, @9-, and «l10-
nAChRs were assessed 48 hours after transfection with TagMan One-Step
RT-PCR. Protein levels of GABA Ra2 were determined by using Western
blot analysis.

Western blot analysis

Western blot analysis was performed as described previously.®” Briefly,
lung tissues were homogenized in RIPA buffer (20 mmol/L Tris, 150 mmol/
L NaCl, 20 mmol/L B-glycerol-phosphate, 1% Triton-X, 10 mmol/L. NaF,
5 mmol/L EDTA, and 1 mmol/L NazVO,) containing protease inhibitors
(1 mmol/L phenylmethylsulfonyl fluoride and 1 pwg/mL each of aprotinin, an-
tipain, and leupeptin) at 4°C. The protein content of the extracts was deter-
mined by using the BCA Protein Assay Kit (Pierce, Rockford, Ill). Samples
were electrophoresed on 10% SDS-PAGE and transferred onto a nitrocellulose
membrane (Bio-Rad Laboratories, Hercules, Calif). Nonspecific binding was
blocked with 5% nonfat dry milk in Tris-buffered saline containing 0.05%
Tween-20 (TBST) for 30 minutes at room temperature, followed by overnight
incubation with the indicated specific primary antibody at 4°C. GABARa2
expression was determined by probing the blot with anti-GABA AR o2 murine
mAb (Millipore, Temecula, Calif). The blots were washed with TBST (3X),
incubated for 1 hour at room temperature with horseradish peroxidase—conju-
gated secondary antibody, and washed with TBST (3X). Blots were developed
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with ECL (GE Healthcare, Hertfordshire, United Kingdom) with x-ray photo

film.

Statistical analysis

All data were analyzed with GraphPad Prism software 5.03. One-way
ANOVA was used to compare means between the groups by using the Tukey
post hoc test, which compares all groups at 95% Cls. Results are presented as
means * SDs. Differences with a P value of less than .05 were considered sta-
tistically significant.
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Cont MLA+Ni MLA+IL-13

FIG E1. MLA and PIC block the nicotine (Ni)- and IL-13-induced mucus formation in NHBE cells. NHBE cells
were cultured at the ALI with 100 nmol/L nicotine and 50 ng/mL IL-13 for 48 hours. Where indicated, 1 p.mol/L
MLA or 50 wmol/L PIC was added to cultures 2 hours before nicotine, IL-13, or both. The inserts were fixed
and stained for mucus (AB/PAS).
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FIG E2. Unlike human Jurkat T cells, NHBE cells do not express the IL-13 gene, even after nicotine
treatment. RNA was isolated from Jurkat cells and NHBE cells (with and without 100 nmol/L nicotine
treatment for 48 hours) and analyzed for the expression of IL-13 by using gPCR. The experiments were
repeated 3 times with different batches of RNA. ARn, The magnitude of the signal generated by the given set
of PCR conditions.
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FIG E3. NHBE cells express a7-, a9-, and «10-nAChR subunits. RNA from NHBE cells was analyzed for the
expression of a3-, ad-, ab-, a7-, a9-, «10-, and B2-nAChR subunits by using gPCR. Only the a7, @9, and 10
subunits were detected within 40 cycles of amplification. ARn, The magnitude of the signal generated by the
given set of PCR conditions.
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FIG E4. A549 cells express a7-, a9-, and a10-nAChR subunits. RNA from A549 contained mRNA for a7-, a9-,
and «10-nAChR subunits, as detected by using gPCR. However, these cells also contained detectable levels
of a3, a4, and B2 subunit mMRNA (not shown). ARn, The magnitude of the signal generated by the given set of
PCR conditions.
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FIG E5. Picrotoxin blocks the effects of nicotine (Ni) and IL-13 on mucus formation. NHBE cells were treated
with nicotine, IL-13, or both, as described in the Methods section. In some cultures 50 umol/L PIC was added
2 hours before IL-13 and nicotine. The number of mucus-containing cells per millimeter of basal lamina (A),
the volume of mucus-positive cells (B), and MUC5AC expression determined by means of gPCR (C) in the
presence and absence of PIC are shown. Bars represent values = SEMs for 3 inserts. Each experiment was
repeated at least 5 times. *P< .05 and **P < .01.
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FIG E6. MLA blocks nicotine (Ni)~induced GABAAR2a in A549 cells. mRNA
from Ab549 cells after treatment with nicotine and nicotine plus MLA
(1 wmol/L) was analyzed by using RT-PCR, as described in the Methods
section.
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FIG E7. Specific siRNAs decrease the mRNA expression of the selected
nAChR subtypes. A549 cells were treated with «7-, a9-, and a10-specific
siRNA, as described in the Methods section. At 48 hours after siRNA
treatment, the expression of the a7-, «9-, and a10-nAChR subunits was
assayed by using qPCR. The increased expression of the «10 subunit after
o7 siRNA treatment was consistently observed. The experiment was
repeated twice. Bars represent means = SEMs from 2 separate siRNA-
treated cell cultures.
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FIG E8. Aspergillus species (Asp)induce MM-sensitive GABAARa2 and mu-
cus formation in the airways. BALB/c wild-type mice were exposed to As-
pergillus fumigatus extract, as described in the Methods section. Some
animals received the nAChR inhibitor MM. Differential cell counts in bron-
choalveolar lavage fluid (A), lung IL-13 expression determined by using
gPCR (B), and lung IFN-y expression determined by using qPCR in various
groups (C) are shown. The results represent 2 independent in vivo exposure
experiments with 3 to 6 mice per group. *P<.05, **P<.01, and ***P<.001.
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FIG E9. NHBE cells express M1, M2 and M3 muscarinic receptor subunits. A, RNA from NHBE cells was an-
alyzed for the expression of M1, M2, and M3 muscarinic subunits by using qPCR. B, Acetylcholine (Ach; 100
wmol/L) was added to NHBE cells, and 48 hours later, the cells were analyzed for MUC5AC and GABAARa2
mRNA expression by using qPCR. ARn, The magnitude of the signal generated by the given set of PCR
conditions. *P < .05.
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