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The recent discovery of sensory (tastant and odorant) G protein-
coupled receptors on the smooth muscle of human bronchi sug-
gests unappreciated therapeutic targets in the management of
obstructive lung diseases. Here we have characterized the effects
of a wide range of volatile odorants on the contractile state of
airway smooth muscle (ASM) and uncovered a complex mecha-
nism of odorant-evoked signaling properties that regulate
excitation-contraction (E-C) coupling in human ASM cells. Initial
studies established multiple odorous molecules capable of increas-
ing intracellular calcium ([Ca?*];) in ASM cells, some of which were
(paradoxically) associated with ASM relaxation. Subsequent stud-
ies showed a terpenoid molecule (nerol)-stimulated OR2W3
caused increases in [Ca%*]; and relaxation of ASM cells. Of note,
OR2W3-evoked [Ca?*]; mobilization and ASM relaxation required
Ca* flux through the store-operated calcium entry (SOCE) path-
way and accompanied plasma membrane depolarization. This che-
mosensory odorant receptor response was not mediated by
adenylyl cyclase (AC)/cyclic nucleotide-gated (CNG) channels or
by protein kinase A (PKA) activity. Instead, ASM olfactory re-
sponses to the monoterpene nerol were predominated by the ac-
tivity of Ca®*-activated chloride channels (TMEM16A), including
the cystic fibrosis transmembrane conductance regulator (CFTR)
expressed on endo(sarco)plasmic reticulum. These findings dem-
onstrate compartmentalization of Ca®* signals dictates the odor-
ant receptor OR2W3-induced ASM relaxation and identify a
previously unrecognized E-C coupling mechanism that could be
exploited in the development of therapeutics to treat obstructive
lung diseases.
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Asthma, an inflammatory disorder of airways, presents a
global healthcare challenge with over 300 million individ-
vals now afflicted worldwide (1). The root cause of asthma
morbidity, and in some cases death, is airway hyperresponsiveness
(AHR) or excessive airway narrowing due to airway smooth
muscle (ASM) shortening (2—4). An enhanced shortening of ASM
cells contributes to asthma exacerbations from a variety of stimuli
such as exercise, cold air, allergens, air pollution, and viral
infection (5-8).

B-Agonists are effective bronchodilators, routinely utilized for
the acute treatment of bronchospasm and for the prophylactic
management of asthma symptoms when chronically adminis-
tered. These agents relieve airflow obstruction by activating -
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adrenergic receptors (B,ARs) that are G protein-coupled re-
ceptors (GPCRs) expressed on the smooth muscle of human
bronchi, inhibiting basal tone and ASM shortening (9, 10). The
regular use of B-agonists, however, can induce drug tolerance or
loss of their clinical efficacy (11). In addition, increased airway
inflammation (12), bronchial hyperreactivity (13, 14), and other
adverse effects, including death (15, 16), have been observed in
various clinical trials of p-agonists. Consequently, there is an
unmet need to identify new therapeutic targets whose activation
or inhibition can directly modulate excitation-contraction (E-C)
coupling and relax ASM.

We have recently reported “sensory” GPCRs of the bitter
taste receptor (TAS2R) family and the olfactory receptor (OR)

Significance
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family expressed on human ASM cells (17-19). TAS2Rs reverse
bronchoconstriction by an unclear mechanism that is associated
with Ca?*-activated K* (BKc,) channels, evoking membrane
hyperpolarization and ASM relaxation (19-22). Human ASM
cells also express multiple ORs and their obligate downstream
effectors, the olfactory G protein (Gor) and adenylyl cyclase III
(AC3) (17). Of note, activation of the odorant receptor ORS1E2
via its cognate ligands acetate and propionate results in marked
reductions in cytoskeletal remodeling and ASM proliferation
(17). These physiological outcomes mediated by endogenous
metabolic byproducts of the gut microbiota (i.e., short chain fatty
acids) suggest previously unidentified “ancient” chemosensors of
the gut-lung axis. The findings also give rise to the notion that
ectopic expressions of sensory receptors can be exploited to
discover disease-modifying therapeutics for asthma (23).

Here we tested on ASM the physiological effects of volatile
chemicals occupying a wide odorant space, using optical mag-
netic twisting cytometry (OMTC). After having established both
procontractile and prorelaxant effects of various odorous mole-
cules, subsequent studies focused on the regulatory mechanism
of a terpenoid odorant (nerol) on ASM signaling and shortening
through its reported odorant receptor OR2W3 (24-26). The
monoterpene nerol evoked calcium flux, relaxed isolated human
ASM cells in vitro, and reversed carbachol-induced broncho-
constriction ex vivo in human precision cut lung slices (hPCLSs).
Down-regulation of OR2W3 in human ASM cells by RNA in-
terference led to significant inhibitions of nerol-induced [Ca®*];
mobilization and ASM relaxation. Surprisingly, OR2W3-
mediated increases in [Ca®*]; and the associated ASM relaxa-
tion were narrowly tuned to the store-operated calcium entry
(SOCE) pathway and accompanied membrane depolarization,
displaying signaling properties distinct from those of the f,AR
and TAS2R. The chemosensory mechanism of the odorant re-
ceptor OR2W3 in ASM did not involve adenylyl cyclase (AC)/
cyclic nucleotide-gated (CNG) channels, but was predominated
by the activity of Ca®*-activated chloride channels belonging to
the anoctamine family of membrane proteins (TMEM16A) and
the cystic fibrosis transmembrane conductance regulator
(CFTR) expressed on endo(sarco)plasmic reticulum (ER).
These findings further advance the fledgling concept that com-
partmentalization dictates the multifaceted effects of [Ca®*]; on
ASM contractile state.

Results and Discussion

Volatile Odorants Evoke Calcium Flux in Human ASM Cells. Odorant-
sensing GPCRs are the largest gene family in the human genome
(27) and are expressed on the smooth muscle of human bronchi
(17). The functional and physiological roles of olfactory recep-
tors expressed on ASM, and the ligands to which they respond,
are unestablished.

Using isolated human ASM cells, we characterized the direct
effects of 20 volatile chemicals comprised of ketones, aldehydes,
amines, alkenes, and alcohols (SI Appendix, Table S1), repre-
senting seven discrete odor types (i.e., putrid, nutty, fruity, floral,
caramellic, herbaceous, and minty). Because sensory transduc-
tion in the main olfactory epithelium primarily involves opening
of CNG, nonselective cation channels, and the consequent influx
of Ca®* (27-29), we first assessed in ASM cells the signaling
properties of each odorous molecule. We used the FLIPR Cal-
cium 5 assay to measure [Ca®*]; and used a conventional, col-
orimetric c(AMP ELISA to measure [cAMP];.

In this space of odorants tested, eight odorants evoked a rapid
rise in [Ca*]; (Fig. 14). The [Ca**]; transients elicited by these
odorant subsets (e.g., citralva, p-ionone, hedione, lilial, nerol,
geraniol, eugenol, and ethyl vanillin) were similar to those
stimulated by histamine, an agent which causes ASM contraction
(Fig. 14 and SI Appendix, Fig. S14). In contrast, compared to
vehicle control (0.1% dimethyl sulfoxide' [DMSO]), we found
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that two odorants tetramethylpyrazine and hedione appreciably
increased [cAMP]; in human ASM cells (SI Appendix, Fig. S1B,
ANOVA with Dunnet’s method, n = 4 to 6 independent sam-
ples). The magnitude of tetramethylpyrazine- and hedione-
induced [cAMP]; was similar to that elicited by the (prorelaxant)
B-agonist isoproterenol.

Volatile Odorants Have Diverse Effects on ASM Contractility. Using
OMTC, we next measured dynamic changes in cell stiffness in
response to volatile odorants, as an index of single-cell con-
tractility (7). Similar to the mechanical responses to histamine
and isoproterenol (i.e., contraction and relaxation) (7, 19), most
of the odorants (17/20) caused stiffness changes in individual
ASM cells (Fig. 1B). As shown in Fig. 1B, odorants occupying the
space of putrid smell (isovaleric acid, triethylamine, and pyrro-
lidine) markedly increased the stiffness of isolated human ASM
cells; the magnitude of cell stiffening was similar to that elicited
by histamine (SI Appendix, Fig. S1C). Conversely, odorants
spanning six nonmalodor types (i.e., nutty, fruity, floral, car-
amellic, herbaceous, and minty smells) decreased the cell stift-
ness, similar to the effect of the p-agonist isoproterenol (Fig. 1B
and ST Appendix, Fig. S1C). Strikingly, and contrary to histamine-
induced [Ca®*]; associated with ASM contraction, non-
malodorous scents capable of increasing [Ca®*]; caused the re-
laxation of ASM cells (Fig. 1 and SI Appendix, Fig. S1). Together
these results established that the smooth muscle of human
bronchi has the capacity to chemically sense a wide range of
odorants with differing abilities to regulate bronchomotor tone
and ASM shortening.

In this space of nonmalodorous chemicals, a class of terpenoid
molecules (nerol, citronellol, eugenol, and linalool) are reported
ligands for various human and mouse olfactory receptors (26,
30-32). The monoterpene nerol, for example, is a cognate ligand
for the odorant receptor OR2W3 in human spermatozoa, and
elicits [Ca**]; and sperm chemotaxis (24-26). Because terpenoid
molecules are known to possess antimicrobial, antiinflammatory,
and antispasmodic properties (33-36) that may serve therapeutic
functions in the management of obstructive lung diseases, we
focused herein on the physiological effects of the odorant nerol
and its mechanism of action through OR2W3 expressed on
human ASM cells.

The Monoterpene Nerol Evokes Calcium Signaling, Causes ASM
Relaxation, and Reverses Obstruction. In isolated human ASM
cells, the monoterpene nerol increased [Ca”*]; (Fig. 24) and
caused ASM relaxation (Fig. 2B) in a dose-dependent manner,
with half maximal effective concentrations (ECsp) of ~526 pM
and ~574 uM, respectively. The nerol ECs, values for [Ca**];
and ASM relaxation suggest a causal relationship between nerol-
evoked calcium signaling and ASM relaxation. In hPCLSs, nerol
(>500 pM) reversed carbachol-induced bronchoconstriction with
the patency of small airways equivalent to basal conditions (prior
to carbachol stimulation) (Fig. 2C). Fig. 2D showed the expected
between-lung and between-donor variations in nerol-induced
bronchodilation (12 lung slices derived from three different
nonasthmatic lung donors). Mixed effect analysis revealed sig-
nificant bronchodilatory responses to nerol at 1 mM and 3 mM,
resulting in ~18.8 + 7.6% and 47.0 + 9.8% increase in the lu-
minal area from carbachol-constricted airways, respectively
(Fig. 2D). These results suggested that the monoterpene nerol
can bronchodilate and reverse airflow obstruction via its pro-
relaxant effects on ASM, involving calcium signaling.

Of note, exposure to nerol (500 to 1,000 pM), at both short
and long time scales, did not induce cAMP generation in human
ASM cells (SI Appendix, Fig. S24). Moreover, nerol-induced
ASM relaxation was unaffected in cells treated with pharmaco-
logical inhibitors of adenylyl cyclase (SQ22536, 100 pM) and
protein kinase A (H89, 10 pM) (SI Appendix, Fig. S2B); cells
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Fig. 1. Intracellular calcium flux and single-cell contractility evoked by 20 volatile odorants. (A) Odorant-evoked [Ca®*]; was measured using FLIPR Calcium 5
assay. For each well of human ASM cells (~30,000 cells/well), baseline Calcium 5 dye fluorescence was measured for the first 15 s, and after odorant addition
(t = 155), the fluorescent reading was continuously measured using a FlexStation 3. For vehicle control, [Ca?*]; was measured in response to 0.1% DMSO. As
positive control, cells were stimulated with 10 pM histamine. Data are presented as mean + SE (n = 3 independent measurements). (B) Dynamic changes in the
stiffness of human ASM cells were measured in response to each odorant molecule using OMTC. For each individual human ASM cell, baseline stiffness was
measured for the first 60 s, and after odorant addition (t = 60 s), stiffness was continuously measured for the next 240 s. For each cell, stiffness was normalized
to its baseline stiffness prior to odorant stimulation (normalized baseline is indicated by dotted line). For vehicle control, stiffness was measured in response to
0.1% DMSO. As positive controls, cell were contracted with 10 uM histamine and relaxed with 10 pM isoproterenol. Data are presented as mean + SE (n = 92
to 403 individual cell measurements). The colors indicated the odor types of 20 volatile chemicals (putrid, nutty, fruity, floral, caramellic, herbaceous, and

minty); the concentrations used for each odorant molecule are shown in S/ Appendix, Table S1.

treated with H89 exhibited significant (P < 0.001) increases in
baseline cell stiffness, suggesting the regulation of basal tone by
protein kinase A (PKA) (37). In addition, costimulation with
nerol and isoproterenol (B-agonist), both at submaximal doses,
induced ASM relaxation that was greater than that with either
compound alone (SI Appendix, Fig. S2 C and D). These data
showed that nerol-induced ASM relaxation is additive with
B-agonists, is not mediated by G signaling, and is independent of
PKA activity.

Nerol-Induced ASM Relaxation Is Not Mediated via TRP Channels. A
number of studies have reported that monoterpenes can act
upon the transient receptor potential (TRP) family of nonse-
lective cation channels, i.e., as agonist for TRPV1 (transient
receptor potential vanilloid 1) and agonist/antagonist for
TRPMS (transient receptor potential melastatin 8) (38—40). In
our OMTC studies, we found that TRPMS8 agonist menthol,
including TRPAL1 [ankyrin (A) TRP channel] agonist allyl iso-
thiocyanate (AITC), markedly decreased the cell stiffness, but
not TRPV1 agonist capsaicin (SI Appendix, Fig. S3, as ascer-
tained by one-sample ¢ test). Compared with vehicle control
(0.1% DMSO), the stiffness decrease in response to menthol was
evident within 10 s (P < 0.001 at t = 70 s) while evident within
29's (P < 0.005 at t = 88.7 s) for AITC (ANOVA at each time).
None of the pharmacological antagonists decreased the cell
stiffness (SI Appendix, Fig. S3).

Of note, preexposing human ASM cells for 10 min with either
TRPMS antagonist BCTC, TRPA1 antagonist HC-030031, or
TRPV1 antagonist capsazepine had little effects on nerol-
induced calcium signaling (Fig. 34) and stiffness decreases
(Fig. 3B). Although we cannot rule out a possible role of other
TRP channels, these results suggested that nerol-induced ASM
relaxation does not invoke ligand-gated extracellular Ca* influx
and/or Ca®" release through classical “pain™, “temperature”-,
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and “itch”-sensitive TRP channels (i.e., TRPV1, TRPMS, and
TRPAL). Based on these findings, we next assessed the mecha-
nism of action of the monoterpene nerol through its reported
odorant receptor OR2ZW3.

OR2W3 Is a Discriminatory GPCR Sensor for Terpenoid Odorants.
OR2W3 is one of the most highly abundant odorant-sensing
GPCR transcripts mapped to the human ASM olfactome (17).
We confirmed the presence of OR2W3 at the mRNA and pro-
tein levels in human ASM cells. As shown in Fig. 44, we detected
the full-length OR2W3 mRNA at the expected 945 bp using
PCR; the PCR product was sequenced to confirm its identity.
Using qRT-PCR and Western blots, we validated the mRNA
and protein expressions of OR2W3 in ASM cells derived from
three different nonasthmatic lung donors (Fig. 4 B and C). The
specificity and sensitivity of primary antibodies used against
OR2W3 are shown in SI Appendix, Fig. S4. Using immunohis-
tochemistry, we also detected the expression of OR2W3 in hu-
man ASM cells (SI Appendix, Fig. S4 C and D). Of note, we
found that the transcript levels of OR2W3, as well as the extent
of ASM relaxation in response to nerol, were not significantly
different in cells derived from nonasthmatic (n = 6) vs. asthmatic
(n = 6) lung donors (Fig. 4 D and E).

In order to show that nerol-evoked ASM signaling and func-
tion are mediated through the odorant receptor OR2W3, we
next performed loss-of-function studies using short-hairpin (sh)
RNAs targeting OR2W3. As shown in Fig. 54, shRNAs com-
plementary to OR2W3 mRNAs decreased OR2W3 transcripts in
human ASM cells (65 + 3.0% reduction in shOR2W3-1 and 53 +
6.0% in shOR2W3-2). The transcripts for other highly enriched
ASM ORs (e.g., OR1J1 and OR6A2) (17), including p,-adren-
ergic receptor (ADRB2), were unaffected in shOR2W3-1 and
shOR2W3-2 clones (Fig. 54). Under these levels of
OR2W3 down-regulation, the magnitude of nerol-induced
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Fig. 2. Nerol evokes calcium flux, ASM relaxation, and bronchodilation. (A) Nerol-evoked [Ca%*]; and ECsq of [Ca?*]; response in isolated human ASM cells.
Data are presented as mean + SE (n = 90 to 123 cells per group). (B) Nerol-induced stiffness changes and ECs, of stiffness response. Data are presented as
mean + SE (n = 124 to 219 individual cell measurements). (C) Representative images of small airways before and after constricted with 10 uM carbachol (for 10
min), followed by stimulation with increasing doses of nerol (5 min for each dose). After nerol exposures, lung slices were relaxed with forskolin (1 pM) as
positive control. (D) Individual hPCLS responses to increasing doses of nerol. Nerol-induced bronchodilation was measured in a total of 12 hPCLSs derived from
three different nonasthmatic lung donors. To control for random effects from multiple lung slices from the same donor, we applied a linear mixed effect

model using SAS V.9.2 (SAS Institute). ns, not significant.

calcium signaling displayed a varied effect at below ECs, values
(e.g., 125 to 250 pM). Both shOR2W3-1 and shOR2W3-2,
however, showed appreciable attenuations in nerol-induced
[Ca**]; (peak) and ASM relaxation compared to that of scram-
ble shRNA control (Fig. 5 B and C). Of note, in both clones,
ASM relaxation responses to nerol were markedly attenuated in
all concentrations of nerol tested, except 1 mM (SI Appendix,
Fig. S5C). These results suggested that, in human ASM cells, the
physiological responses to the monoterpene nerol are tranduced
in part by the activation of its reported odorant-sensing
OR2W3 (26).

To further characterize the potential receptor-ligand interac-
tions of the odorant receptor OR2W3 with its reported ligand
nerol, we also applied a recently described method called
DREAM (deorphanization of receptors based on expression
alterations in mRNA levels) (41, 42). This method identifies the
cognate receptor-ligand pairs through dynamic alterations of the
receptor transcripts (42). Human ASM cells exposed to nerol
showed decreases in OR2W3 transcripts that were dose and time
dependent, with the maximal effects at 1 mM and at 24 h (S/
Appendix, Fig. S5 A and' B). Nerol exposure had little effect on

28488 | www.pnas.org/cgi/doi/10.1073/pnas.2003111117

the transcript levels of OR1J1 and OR6A2 (SI Appendix, Fig.
S5 B and C). Interestingly, the monocyclic monoterpene eugenol
also decreased OR2W3 transcripts in human ASM cells, whereas
monoterpenoids L-menthone (monoterpene ketone) and euca-
lyptol (monoterpene oxide) did not (SI Appendix, Fig. S5C). In
addition, human ASM cells exposed to geraniol (a geometric
isomer of nerol) and citronellol (dihydrogeraniol) showed
marked reductions in OR2W3 mRNAs, but not to linalool (a
structural isomer of nerol/geraniol). Together these data pro-
vided further support that OR2W3 expressed on human ASM
cells is a monoterpene-activated olfactory GPCR.

OR2W3-Evoked Ca®* Flux Is Functionally Divergent from That of
TAS2Rs. In human ASM cells, TAS2Rs signal to phospholipase
C (PLCP) and produce a localized Ca®" release, membrane
hyperpolarization, and smooth muscle relaxation partially
through large conductance BK¢, channels (19, 20). Accordingly,
we examined whether OR2W3-induced ASM relaxation may
also involve a compartmentalized Ca®* signal.

To this end, we employed selective pharmacological inhibitors
of TAS2R signaling intermediates (gallein for G, and U73122

Huang et al.
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Fig. 3. The role for classical pain-, temperature-, and itch-sensitive TRP channels on nerol-induced ASM responses. Human ASM cells were treated for 10 min
with 5 pM BCTC, 30 pM HC-030031, or 5 uM capsazepine, and then stimulated with 1 mM nerol. For vehicle control, cells were treated for 10 min with 0.1%
DMSO. Nerol-induced [Ca®*]; (A) and stiffness changes (B) were measured using Fura-2 and OMTC, respectively. Data are presented as mean + SE (A, n =94 to

153 individual cell measurements; B, n = 140 to 281 individual cell measurements). Arrows indicated the time at which nerol was added.

for PLCP), including iberiotoxin and charybdotoxin for BKc,
channels (19, 20). In addition, we measured nerol-induced ASM
relaxation under experimental conditions in which internal stores
were depleted of calcium with thapsigargin (19, 43). Nerol-
induced ASM relaxation was not inhibited by pharmacological
inhibitions of Gg,, PLCB, and BK¢, channels (Fig. 64), nor de-
pleting intracellular calcium stores with thapsigargin (Fig. 6B).
While U73122 treatment had little effect on the cell stiffness or
nerol-induced stiffness decreases (Fig. 64), it markedly reduced
[Ca®*]; transients evoked by nerol (ST Appendix, Fig. S64). These
findings suggest that OR2W3-evoked calcium release through
PLCp is necessary, but not sufficient to cause ASM relaxation.
Interestingly, nerol-stimulated increases in [Ca**]; and the
associated relaxation of ASM cells were completely inhibited by
chelating extracellular calcium with ethylene glycol-bis(f-ami-
noethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) (Fig. 6B and

A Full-length OR2W3 B
in HASMC

SI Appendix, Fig. S6B); depleting intracellular calcium stores had
little effects. As expected, depleting intracellular stores markedly
inhibited [Ca®*]; transients and ASM contraction induced by
Gg-coupled receptor agonist histamine (Fig. 6B and SI Appendix,
Fig. S6B). These results showed that OR2W3-dependent ASM
responses require extracellular Ca** influx, suggesting a mech-
anism distinct from Ca”* signal tranduced by TAS2Rs. Consis-
tent with this notion, costimulation with submaximal doses of
nerol and chloroquine (TAS2R agonist) showed enhanced re-
laxation responses relative to that caused by stimulation with
either compound alone (SI Appendix, Fig. S6C).

Chemosensory OR2W3 Responses Are Associated with Depolarization
of the Cell Membrane. Contrary to the regulation of E-C coupling
in smooth muscle by other prorelaxant agents (19, 44, 45), nerol-
mediated ASM relaxation was accompanied by depolarization of

OR2WS3 PCR products C
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Nerol-Induced Relaxation
(% change from baseline)
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Fig. 4. Human ASM cells express OR2WS3. (A) Expression of OR2W3 transcripts in human ASM cells was detected using PCR with (+) or without (=) reverse
transcriptase. Full-length OR2W3 is indicated at 945 bp. (B) PCR was also applied to RNAs isolated from cells derived from three additional nonasthmatic lung
donors (N1 to N3); PCR products were subsequently run on an agarose gel with or without reverse transcriptase. (C) Protein expression of OR2W3 (35 kDa) was
assessed by Western blot in human ASM cells derived from three nonasthmatic lung donors (N1 to N3). Tubulin (50 kDa) was used as loading control. (D)
Transcript levels of OR2W3 and (E) nerol-induced ASM relaxation in cells derived from six nonasthmatic and six asthmatic lung donors. Group mean of nerol-
induced ASM relaxation is presented as percent change from the respective baseline stiffness.
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Fig. 5. OR2W3-evoked calcium flux causes ASM relaxation. (A) Short hairpin RNAs complementary to OR2W3 mRNAs markedly knockdown OR2WS3, but not
other ORs and B,-adrenergic receptor (ADRB2) in human ASM cells. Data are presented as mean + SE (n = 3 independent measurements). We used
Kruskal-Wallis test and applied Dunn’s method for multiple comparisons. P values indicate the statistical differences from shControl. (B) Peak [Ca®*]; and (C)
stiffness changes to nerol in shOR2WS3 vs. shControl cells. Data are presented as mean + SE (control shRNA, n = 282 to 377; OR2W3 shRNA #1, n = 266 to 368;
OR2WS3 shRNA #2, n = 210 to 345 individual cell measurements). (B and C) We used ANOVA with adjusting for multiple comparisons by applying the Dunnet’s
method. P values indicate the statistical differences from shControl. *P < 0.05, **P < 0.01.

the cell membrane (Fig. 6C). As expected, the bitter tastant chlo-  OR2W3-Evoked Membrane Depolarization Is Linked to SOCE Pathway.
roquine caused membrane hyperpolarization while the contractile ~ To explore the dichotomy of OR2W3-evoked chemosensory
agonist histamine caused membrane depolarization in human ASM  responses, we applied pharmacological blockers of Ca**-selec-
cells (Fig. 6D). Nerol-induced plasma membrane depolarization tive cation channels that are involved in the E-C coupling
was not due to cell injury as the concentrations of nerol tested mechanisms in smooth muscle (44, 46), as well as potent inhib-
(125 pM to 1 mM) were significantly below the concentrations itors of Ca®*- and cAMP-activated channels that are involved in
producing 50% toxicity (ICso) (SI Appendix, Fig. S6D). These re-  the induction and adaptation of olfaction (29, 47).

sults showing ASM relaxation despite increases in [Ca®*]; and In human ASM cells, treatment with the CNG channel blocker
membrane depolarization suggested an unappreciated functional di-  L-cis diltiazem or the adenylyl cyclase inhibitor SQ22536 had
versity of Ca®* signaling in the regulation of E-C coupling in ASM. little effect on nerol-induced [Ca®*]; (peak) and ASM relaxation
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Fig. 6. OR2W3-evoked ASM relaxation is divergent from TAS2R signaling and accompanies membrane depolarization. (A) Human ASM cells were treated for
10 min with gallein (20 uM), U73122 (1 uM), iberiotoxin (10 nM), or charybdotoxin (10 nM), and then stimulated with 1 mM nerol. For vehicle control, cells
were treated for 10 min with 0.1% DMSO. For each treatment group, baseline stiffness was measured for the first 60 s, and after nerol addition (t = 60 s,
arrow), stiffness was continuously measured for the next 240 s. To satisfy the normal distribution assumptions associated with ANOVA, cell stiffness data
(steady-state baseline and nerol-induced stiffness) were converted to log scale prior to analyses. Data are presented as mean + SE (n = 140 to 306 individual
cell measurements). (B) To chelate extracellular calcium, human ASM cells were treated for 10 min with 2 mM EGTA. To deplete calcium from the intracellular
stores, human ASM cells were treated for 20 min with 10 uM thapsigargin (19, 43). ASM cells were then stimulated with 1 mM nerol or 10 uM histamine. Data
are presented as mean + SE (n = 157 to 270 individual cell measurements). We used ANOVA with adjusting for multiple comparisons by applying the Dunnet’s
method. Treatment groups (EGTA and thapsigargin) were compared with respective Controls for nerol or histamine stimulation. (C) Dynamic changes in
membrane potential with increasing doses of nerol added at 30 s (arrow) and followed up to 250 s. (D) Membrane potential (area under curve, AUC) evoked
by nerol in comparison to 10 pM histamine (His) and 1 mM chloroquine (CQ). Data are presented as mean + SE (n = 3 independent measurements). *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired t test). ns, not significant.
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(SI Appendix, Fig. S7TA). Human ASM cells treated with L-cis
diltiazem showed modest increases in [Ca®*]; (9.6 + 5.8% from
untreated cells) and muscle relaxation (13.8 + 5.6% from un-
treated cells) in response to nerol. In addition, nerol-stimulated
ASM relaxation was significantly augmented in cells treated with
the BK(, channel inhibitor iberiotoxin (S Appendix, Fig. S7A4).
These results provided a further support that nerol-induced
ASM relaxation is not mediated by PKA activity or opening of
the BKc, channels and is independent of Ca’* flux through
CNG channels. Of note, we found that pharmacological inhibi-
tion of the store-operated calcium channel (SOC) component
Orail with MRS1845 (48), but not of L-type Ca** channels with
verapamil, inhibited both nerol-evoked increases in [Ca®*]; and
ASM relaxation (SI Appendix, Fig. S74). SOC inhibition also
markedly attenuated nerol-induced plasma membrane depolar-
ization in human ASM cells (SI Appendix, Fig. S7B). These data
suggest that nerol-evoked Ca®* flux and the associated ASM
relaxation involve store-operated calcium entry (SOCE) pathway
and membrane depolarization, at the junction between plasma
membrane and the ER (49, 50).

Chemosensory Mechanism of OR2WS3 Is Tuned to Ca**-Activated CI~
Channels. Recently, Li et al. (51) have demonstrated a role for
calcium-activated chloride (CaC) channels (Anoctamin 2
[ANO2] or TMEM16B), and the CI™ current, in chemosensory
signal amplification of olfactory transduction in mice. The
TMEM16 family of membrane proteins is now considered a bona
fidle Ca?*-activated CI~ channel (52-54). Of note, ANOI
(TMEM16A) is broadly expressed (55-59) and, in ASM,
TMEMI16A expression and activity, but not TMEM16B, modu-
late smooth muscle tone and shortening (56, 60, 61).

Human ASM cells treated with a pharmacological inhibitor of
TMEMI16A (100 pM CaCCinh-A01) showed complete reversal
of membrane potential in response to nerol (Fig. 74). In addi-
tion, consistent with earlier studies using tissues (56, 60, 61), cells
treated with CaCCinh-A01 (100 uM) exhibited appreciable de-
creases in baseline cell stiffness and showed marked decreases in
cell stiffening responses to histamine (Fig. 7B). Consequently,
under these conditions, nerol-induced ASM relaxation was
completely ablated (Fig. 7C). As this may be attributable to the
maximal relaxation of ASM cells caused by TMEM16A inhibi-
tion (i.e., no head room left to observe further decreases in
stiffness in response to nerol), we lowered the concentration of
CaCCinh-A01 (10 pM) pretreatment. Cells treated with 10 pM
CaCCinh-A01 exhibited the level of baseline cell stiffness that
was comparable to that of untreated cells; and, both showed a
similar magnitude of cell stiffening response to histamine
(Fig. 7B). The subsequent ASM relaxation responses to nerol,
however, were markedly attenuated in cells treated with 10 pM
CaCCinh-A01 (Fig. 7C). These results suggested a close prox-
imity of TMEM16A activation, in time and space, to a macro-
molecular signaling complex that may be comprised of the
assembly of store-operated calcium channel Orail and the ER-
resident stromal interaction molecule 1 (STIM1) (49, 50). The
question then becomes how such signal amplification or elec-
trical responses lead to ASM relaxation.

Using MQAE halide ion-quenched fluorescent indicator, we
assessed whether nerol-activated CaC channels cooperatively
invoke the electroneutral cation-chloride exchangers (Na*-K*-
Cl™ cotransporter 1, NKCC1) and the consequent intracellular
CI™ accumulation (56). As a positive control, Nal induced halide
into ASM cells in a dose-dependent manner, which was blocked
by pretreatment with NPPB, a chloride channel blocker (SI
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Fig. 7. OR2W3-evoked chemosensory responses are tuned to Ca**-activated CI~ channels. (A) Nerol-induced changes in membrane potential were measured
in cells treated with Ca®*-activated Cl~ (CaC) channel inhibitor (100 uM CaCCinh-A01). For vehicle control, cells were treated with 0.1% DMSO. Arrow indicates
time (t = 20 s) at which nerol was added. Data are presented as mean + SE (n = 3 independent measurements). ****P < 0.0001 (area under the curve [AUC],
unpaired t test). (B) Human ASM cells were treated for 10 min with or without CaCCinh-A01 (10 and 100 pM) and then contracted with 10 pM histamine
(histamine was added at t = 60 s, arrow). Data are presented as mean + SE (n = 228 to 326 cells). ANOVA was applied after data transformation. *P < 0.05. (C)
Histamine-contracted cells were subsequently stimulated with 1 mM nerol. For each individual cell, stiffness was normalized to its stiffness prior to nerol
stimulation (nerol was added at t = 60 s, arrow). Data are presented as mean + SE (n = 182 to 319 individual cell measurements). RFU, relative

fluorescence units.
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Fig. 8. OR2Ws3-induced ASM relaxation is inhibited by pharmacological blockers of CFTR. (A—C) Human ASM cells were treated with or without 100 uM
CFTRinh-172 for 10 min. Using OMTC, we measured the stiffness changes in response to A 10 pM isoproterenol, (B) 250 pM chloroquine, and (C) 1 mM nerol.
For each individual cell, stiffness changes were normalized to its respective baseline stiffness. Data are presented as mean + SE (A, n =97 to 168; B, n = 144 to

145; C, n = 52 to 185 individual cell measurements).

Appendix, Fig. S7C). Nerol had little effect on halide flux in cells
treated with or without NPPB; MQAE fluorescent intensities
were similar between vehicle (control)- and nerol-stimulated
cells (SI Appendix, Fig. S7C). Moreover, nerol-evoked ASM re-
laxation was not inhibited by bumetanide, a pharmacological
blocker of NKCC1 (SI Appendix, Fig. STD), that is involved in
the regulation of cell volume and in the accumulation of intra-
cellular CI™ (62). These results showed that nerol-evoked ASM
relaxation is not facilitated by intracellular CI~ accumulation
and/or involves the electroneutral NKCC1 belonging to the
SLC12A family of cation-chloride cotransporters.

TMEM16A Cooperates with CFTR to Relax ASM. In differentiated
airway epithelial cells, TMEM16A is indispensable for the apical
expression of cystic fibrosis transmembrane conductance regu-
lator (CFTR) (63). CFTR is another major secretory anion
channel whose defect leads to cystic fibrosis (CF) (64). In human
ASM cells, CFTRs are localized to the sarco(endo)plasmic re-
ticulum (65) and are in close proximity to the same micro-
domains that comprise the assembly of Ca’* and cAMP
signaling proteins, including Orail-STIM1 complex regulating
SOCE (49, 50). Most recently, Bozoky et al. (66) reported that
CFTR can be directly activated by calcium signaling, indepen-
dent of PKA phosphorylation. Based on these earlier studies, we
considered whether mechanisms of nerol-induced ASM relaxa-
tion entail direct activation of CFTR via OR2W3-evoked
regulation of [Ca®];.

To this end, we treated isolated human ASM cells for 10 min
with or without 100 pM of the CFTR inhibitor CFTRinh-172 and
subsequently measured dynamic changes in cell stiffness in re-
sponse to either 10 pM isoproterenol (Fig. 84), 250 uM chlo-
roquine (Fig. 8B), or 1 mM nerol (Fig. 8C). As shown in Fig. 8,
while CFTRinh-172 had little effect on isoproterenol- or
chloroquine-induced ASM relaxation, CFTRinh-172 marked
attenuated nerol-induced ASM relaxation. On the other hand,
nerol-induced ASM relaxation was enhanced in cells treated for
30 min with the CFTR-gating potentiator ivacaftor (SI Appendix,
Fig. S84). These results established that the mechanism of nerol-
induced ASM relaxation is distinct from that of $,AR and
TAS2R pathways, suggesting a role for calcium sequestration
through CFTRs expressed on the sarco(endo)plasmic reticulum
in human ASM cells. Of note, nerol alone or in combination with
ivacaftor (30-min pretreatment) had little effect on the stiffness
of human ASM cells derived from a CF lung donor with AF508
deletion in CFTR gene (SI Appendix, Fig. S8B). Taken together,
these results are consistent with a mechanistic framework in
which nerol-induced ASM relaxation requires cooperative acti-
vation of TMEMI16A and CFTR to compartmentalize Ca**
signaling within discrete cellular microdomains, including the
sequestration of calcium through CFTRs expressed on the
endo(sarco)plasmic reticulum of human ASM cells (Fig. 9).

28492 | www.pnas.org/cgi/doi/10.1073/pnas.2003111117

Conclusion

We showed that the monoterpene nerol evokes calcium flux and
causes smooth muscle relaxation through OR2W3 expressed on
human ASM cells. Paradoxically, we demonstrated that OR2W3-
stimulated relaxation of ASM cells requires Ca®* influx and
plasma membrane depolarization, and that these chemosensory
mechanisms are predominated by a cooperative activation of
TMEMI16A and CFTR. These observations reveal a previously
unrecognized sensory GPCR circuitry in human ASM cells and
identify multiple points for signal amplification, attenuation, and
duration of chemosensory responses localized to discrete cellular
microdomains. Importantly, our study uncovers a surprising role
for localized Ca®* regulation that affects E-C coupling mecha-
nisms in human ASM cells.

Methods

Materials. Unless otherwise stated, all odorants of the highest purity available
were purchased from Sigma-Aldrich (S/ Appendix, Table S1). Odorants were
freshly prepared on each day of the experiments; they were first recon-
stituted in DMSO and serially diluted in the appropriate buffer or media. The
following pharmacological inhibitors were reconstituted in DMSO, kept
at —20 °C, and diluted in the appropriate buffer or media prior to experi-
ments: gallein, U73122, iberiotoxin, charybdotoxin, MRS1845, CaCCinh-A01,
H89, CFTRinh-172 (all from Tocris), SQ22536 (Abcam), L-cis diltiazem (Enzo
Life Sciences), verapamil (Sigma), and ivacaftor (VX-770, Selleck).

Human ASM Cell Culture. Human ASM cultures were established from the
proximal airways (first through third order bronchi) of deceased donor lungs
unsuitable for transplantation in accordance with the Institutional Review
Boards at Rutgers University. Cells were cultured in Dulbecco’s Modified
Eagle Medium-Ham’s F-12 medium (1:1 vol/vol) supplemented with 10%
fetal bovine serum (FBS), antibiotics (100 U/mL penicillin, 100 pg/mL strep-
tomycine), and 2.5 pg/mL amphotericin-f. As described elsewhere (7), cells
were grown until confluence at 37 °C in humidified air containing 5% CO,
and then maintained in serum-free media for at least 24 h prior to all ex-
periments. In this study, cells were used at or before passage 6.

Generation of PCLS and Bronchodilation Assays. hPCLSs were prepared as
previously described (67, 68). In brief, whole human lungs from three non-
asthmatic donors were dissected and inflated using 2% (wt/vol) low melting
point agarose. Once the agarose set, the lobe was section, and cores of
8-mm diameter were made. The cores that contained a small airway by vi-
sual inspection were sliced at a thickness of 350 pm (Precisionary Instruments
VF300 Vibratome) and collected in wells containing supplemented Ham’s F-
12 medium. Suitable airways (<1-mm diameter) on slices were selected on
the basis of the following criteria: presence of a full smooth muscle wall,
presence of beating cilia, and unshared muscle walls at airway branch points
to eliminate possible counteracting contractile forces. Each slice contained
~98% parenchyma tissue; hence, all airways situated on a slice had sufficient
parenchymal tissue to impart basal tone. Adjacent slices containing contig-
uous segments of the same airway were paired and served as controls and
were incubated at 37 °C in a humidified air-CO, (95 to 5%) incubator. Sec-
tions were rinsed with fresh media two to three times on day 1 and day 2
to remove agarose and endogenous substances released that variably
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Fig. 9. Conceptual model of OR2W3-evoked ASM relaxation and bronchodilation. Activation of the odorant receptor OR2W3, a GPCR expressed on human
ASM cells causes Ca®* release through PLCB-IP3 signaling leading to decline in Ca®* in the intracellular store [endo(sarco)plasmic reticulum, ER/SR]. The re-
duction in ER Ca?* initiates extracellular calcium influx through the SOCE pathway via activation of Stim1 and its subsequent physical interactions with Orai1
at the discrete cellular microdomains. Ca®* flux through store-operated calcium channels leads to plasma membrane depolarization and is potentiated by a
cooperative activation of TMEM16A and CFTR localized at the same junction between plasma membrane and the ER/SR. The action of the latter causes CI~
uptake into the SR, facilitating Ca®* sequestration that results in a decrease in cytosolic calcium concentration promoting ASM relaxation.

confound the production of inflammatory mediators and/or alter airway
tone (67, 68). Airways were bronchoconstricted to carbachol (107> M), fol-
lowed by sequential stimulation with increasing doses of nerol (250 pM,
500 uM, 1 mM, and 3 mM) and then forskolin (107> M).

To assess luminal area, lung slices were placed in a 12-well plate in media
and held in place using a nylon weight with platinum attachments. The
airway was located using a microscope (Nikon Eclipse; model no. TE2000-U;
magnification, x40) connected to a live video feed (Evolution QEi; model no.
32-0074A-130 video recorder). Airway luminal area was measured using
Image-Pro Plus software (version 6.0; Media Cybernetics) and represented in
units of square micrometers (67, 68). Bronchodilation was calculated as the
percent reversal of maximal bronchoconstriction.

Quantitative Reverse Transcription PCR (qRT-PCR). RNA was extracted from
human ASM cells using the RNeasy Mini Kit (Qiagen) and digested with
RNase-free DNase (Qiagen) according to the manufacturer’s protocol. RNA
was reverse transcribed using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Fisher Scientific), and no-enzyme controls (in which
the reverse transcriptase was replaced with water) were made concurrently.
Real-time PCR was performed using TagMan probes for OR2W3 or SYBR
green primers for OR2W3 (forward: 5° CTGCCGGGGCTTGGTGTCAG 3/, re-
verse: 5 TCCACCTCGTGGTGCCCACA 3’) using a StepOne real-time PCR sys-
tem (Thermo Fisher).

PCR. PCR was performed with TaKaRa Tag DNA Polymerase (Clontech) at an
annealing temperature of 50 °C to amplify the full-length OR2W3. To verify
the product size, PCR products were visualized by UV after ethidium bro-
mide staining on agarose gels.

Immunocytochemistry. Human ASM cells were seeded on 12-mm glass cov-
erslips (VWR) at 30,000 cells/coverslip. The adherent cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 20 min, washed
three times in PBS, and permeabilized with 0.2% Triton X-100 (Bio-Rad) for
15 min at room temperature. Coverslips were then blocked with 2% bovine
serum albumin (BSA) in PBS for 1 h at room temperature and incubated
overnight at 4 °C with mouse anti-OR2W3 primary antibody (1:300, Sigma).
Subsequently, coverslips were incubated with an Alexa Fluor goat anti-
mouse 488 (1:400, The Jackson Laboratory) for 1 h at room temperature.
Coverslips were washed three times with 2% BSA in PBS and mounted with
ProLong Gold Antifade Mountant with DAPI (Thermo Fisher). Samples were
imaged at 20x magnification.

The sensitivity of the OR2W3 antibody (Sigma) was tested by transfecting
HEK 293T cells with Flag-tagged OR2W3 or Flag-tagged OIfr78, as we have
previously done for OR trafficking and surface localization studies (17, 69,
70). This consisted of first staining live nonpermeabilized cells with rabbit
polyclonal anti-Flag antibody (Sigma) at 4 °C. Cells | were then fixed,
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permeabilized, and stained with mouse anti-OR2W3 primary antibody
(1:300, Sigma). Primary antibodies were detected using Alexa Fluor goat
anti-rabbit 555 (for surface OR) and goat anti-mouse 488 (for internal OR)
secondary antibodies, and nucleus was stained with Hoechst 33342 (1:2,500).

PHYSIOLOGY

Western Blotting. Cells were grown in six-well plates to confluency, followed
by 24-h serum deprivation. Serum-deprived cells were washed with PBS and
lysed with 1x SDS Protein Gel Loading Solution (Quality Biological, Inc.).
Proteins were separated by SDS/PAGE and transferred to nitrocellulose
membranes. Membranes were blocked with 5% BSA in Tris-buffered saline
with 0.1% Tween 20, and incubated with primary antibodies overnight
(OR2Ws3 [1:1,000; GeneTex] and tubulin [1:500; Sigma]), followed by HRP-
conjugated secondary antibody for 1 h. HRP-labeled bands were detected
using an enhanced chemiluminescence (ECL) kit (Pierce) according to the
manufacturer’s instructions. The specificity of the OR2W3 antibody (Gene-
Tex) was verified by blocking peptide competition assay.

Calcium Imaging. Intracellular calcium ([Ca?*])) for the initial odor screen was
quantified using the FLIPR Calcium 5 assay kit (Molecular Devices). Human
ASM cells were seeded at 30,000 cells/well in collagen I-coated wells (96-well
black-well/clear-bottom plates, Corning) in serum-free media. Cells were
incubated with Calcium 5 dye for 1 h at 37 °C and subsequently allowed to
recover at room temperature for 15 min. Odorants were added, and fluo-
rescent readings were measured using a FlexStation 3 (Molecular Devices).
Hanks' balanced salt solution (HBSS) adjusted to a pH of 7.4 and supple-
mented with 20 mM Hepes was used during the experiments and as a buffer
to dilute the Calcium 5 dye.

For [Ca*]; imaging in individual cells, ratiometric calcium indicator Fura-2
was used under the same experimental condition as FLIPR calcium imaging.
In brief, cells were incubated with 2 uM Fura-2 for 45 min, washed three
times with buffer, and incubated for another 30 min without Fura-2 prior to
imaging. Cells were imaged sequentially at 340 nm and 380 nm, and 30 to 45
cells per field of view were used to calculate the 340/380 ratio. The buffer
used to dilute Fura-2 and during the course of the experiment was HBSS
supplemented with 10 mM Hepes, 11 mM glucose, 2.5 mM CaCl,, and
1.2 mM MgCl, (pH adjusted to 7.4). Calcium-free medium was similarly
made, with the exclusion of CaCl,.

cAMP Assay. Primary human ASM cells seeded in six-well plates were incu-
bated in lysis buffer for 20 min at 4 °C and dissociated using cell scrapers. Cell
samples were subsequently centrifuged at 16,100 rcf for 10 min, and
supernatants were collected. Protein concentrations were measured using a
Pierce BCA protein assay kit (Thermo Scientific). Diluted samples and cAMP
standards were acetylated for increased sensitivity, and cAMP concentra-
tions were measured using a colorimetric cAMP ELISA kit (Cell Biolabs)
according to the manufacturer’s protocol.
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OMTC. Dynamic changes in cell stiffness were measured as an indicator of the
single-cell contraction and/or relaxation of isolated human ASM cells as we
have previously described (7). In brief, RGD-coated ferrimagnetic microbeads
(4.5 pm in diameter) bound to the cytoskeleton through cell surface integrin
receptors were magnetized horizontally and then twisted in a vertically
aligned homogeneous magnetic field that was varying sinusoidally in time.
This sinusoidal twisting magnetic field caused both a rotation and a pivoting
displacement of the bead: as the bead moves, the cell develops internal
stresses which in turn resist bead motions (71). Lateral bead displacements in
response to the resulting oscillatory torque were detected with a spatial
resolution of ~5 nm, and the ratio of specific torque to bead displacements
was computed and expressed here as the cell stiffness in units of Pascal per
nanometer (Pa/nm).

Short Hairpin RNA-Mediated OR2W3 Silencing. Bacterial glycerol stocks of two
precloned short hairpin RNAs (shRNAs), each targeting a different region of
the human OR2W3 gene, were obtained from the Sigma TRC 1.5 shRNA li-
brary (TRCN0000204524 and TRCN0000187944 from The RNAi Consortium,
Sigma). A control shRNA that has the same pLKO.1 plasmid was also used.
Bacteria from glycerol stocks were streaked onto an LB agar plate and
grown overnight at 37 °C. A single colony from each plate was inoculated in
liquid LB with ampicillin (100 pg/mL), and plasmid DNA was isolated using
the QIAGEN Plasmid Midi Kit (Qiagen) per manufacturer’s protocol. To
produce lentivirus, the plasmid DNA was cotransfected into HEK 293T cells
with packaging plasmids pMD2.G and psPAX2 (Addgene) using the calcium
phosphate transfection method in 100 mm cell culture dishes. Lentivirus was
harvested 48 h after transfection and filtered through a 0.45-um cellulose
acetate filter (Sigma). The packaged lentivirus was then transduced into
ASM cells using T25 flasks, followed by puromycin selection for 2 to 3 d. The
surviving cells were used for subsequent experiments to test knockdown
efficiency and cell function.

Membrane Potential. Changes in membrane potential were measured using
the FLIPR Membrane Potential Assay Kit Blue (Molecular Devices). In brief,
human ASM cells seeded at 40,000 cells/well in 96-well plates were incubated
with dye in HBSS supplemented with 20 mM Hepes for 10 min at 25 °Cin the
dark. Fluorescence signals were measured using a FlexStation 3 (Molecular
Devices), with baseline fluorescence (excitation 530 nm, emission 565 nm,
cutoff 550 nm) measurements taken for 16 s before addition of agonists.
Signals were acquired every 2 s for a total of 2 min. An increase or decrease
in fluorescence after cell stimulation indicates cell membrane depolarization
or hyperpolarization, respectively.
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