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Abstract Airway smooth muscle cell (ASMC) remodeling
contributes to the structural changes in the airways that are
central to the clinical manifestations of asthma. Ca2+ signals
play an important role in ASMC remodeling through control
of ASMCmigration and hypertrophy/proliferation. Upregula-
tion of STIM1 and Orai1 proteins, the molecular components
of the store-operated Ca2+ entry (SOCE) pathway, has recently
emerged as an important mediator of vascular remodeling.
However, the potential upregulation of STIM1 and Orai1 in
asthmatic airways remains unknown. An important smooth
muscle migratory agonist with major contributions to ASMC
remodeling is the platelet-derived growth factor (PDGF).
Nevertheless, the Ca2+ entry route activated by PDGF in
ASMC remains elusive. Here, we show that STIM1 and Orai1
protein levels are greatly upregulated in ASMC isolated from
ovalbumin-challenged asthmatic mice, compared to control
mice. Furthermore, we show that PDGF activates a Ca2+ entry
pathway in rat primary ASMC that is pharmacologically
reminiscent of SOCE. Molecular knockdown of STIM1 and
Orai1 proteins inhibited PDGF-activated Ca2+ entry in these

cells. Whole-cell patch clamp recordings revealed the activa-
tion of Ca2+ release-activated Ca2+ (CRAC) current by PDGF
in ASMC. These CRAC currents were abrogated upon either
STIM1 or Orai1 knockdown. We show that either STIM1 or
Orai1 knockdown significantly inhibited ASMC proliferation
and chemotactic migration in response to PDGF. These results
implicate STIM1 and Orai1 in PDGF-induced ASMC prolif-
eration and migration and suggest the potential use of STIM1
and Orai1 as targets for ASMC remodeling during asthma.
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Introduction

Asthma is a complex disease; it is clear that allergic, immuno-
logical, and inflammatory dysfunctions are major contributors
to asthma [25, 37, 67]. It is also established that airway smooth
muscle cell (ASMC) hyperresponsiveness is central to asthma
manifestations [27, 50]. However, there is increasing evidence
that structural changes or remodeling of the airways also
contribute to asthma persistence, decline of pulmonary func-
tion, and clinical severity [2, 4, 19, 23]. It was shown, using a
large database of airway cross sections, that ASMC remodel-
ing is an early event that correlates with asthma severity [2, 4,
29, 62], suggesting that structural changes in asthmatic air-
ways may precede clinical manifestations. Further, in animal
models of asthma, airway remodeling persists even after res-
olution of inflammation [33, 34, 40]. ASMC remodeling rep-
resents an increased ASMC mass resulting from cell
migration, proliferation, and/or hypertrophy [4, 24]. Inciden-
tally, it was suggested that ASMC remodeling is likely to
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contribute to airway hyperresponsiveness in asthma, since
ASMC constriction will depend not only on ASMC contrac-
tility but also on the number and the size of ASMC [50].

ASMC remodeling in asthma is believed to be the result
of a phenotypic switch into a migratory proliferative or
“synthetic” phenotype [24]. ASMC in asthmatic airways
remodel inward towards the mucosal layer, which was sug-
gested to result from ASMC migration in response to
growth and chemokinetic factors secreted by epithelial cells
[49]. One such potent smooth muscle migratory and prolif-
erative factor is the platelet-derived growth factor (PDGF)
[14, 28] which is secreted by epithelial cells and inflamma-
tory cells from asthmatic airways [21, 45, 58] and co-
localizes in the mucosal and submucosal layer of airways
from asthmatic patients, and its production directly corre-
lates with the severity of asthma [45].

Ca2+ signaling is essential for ASMC contractility,
growth, and migration. One of the ubiquitous means of
receptor-regulated Ca2+ entry in ASMC is through store-
operated Ca2+ (SOC) channels. A wide variety of growth
factors that bind phospholipase C (PLC)-coupled receptors
lead to PLC activation and subsequent production of the
second messenger, inositol-1,4,5 trisphosphate (IP3)[7]. IP3-
mediated depletion of internal Ca2+ stores then signals the
activation of plasma membrane (PM) SOC channels [52,
53]. Pharmacological features of SOC channels include
inhibition by 2-aminoethoxydiphenyl borate (2-APB;
50 μM) and low concentrations of gadolinium (5 μM Gd3+)
[13, 63]. Stromal interaction molecule 1 (STIM1) is the Ca2+

sensor in the endoplasmic reticulum (ER) [35, 56] which
oligomerizes in defined ER/PM junctional areas upon store
depletion to activate the SOC channel at the PM formed by
Orai1 [20, 66, 72]. The mechanisms of STIM1/Orai1 coupling
involve direct binding of a ∼100-amino acid C-terminal
coiled-coil region of STIM1 (named SOAR for STIM/Orai
activating region) to the C- and N-termini of Orai1 tetramers
[42, 46, 71]. Molecular knockdown ascribed a role for
STIM1/Orai1 in ASMC store-operated Ca2+ entry (SOCE)
in response to passive store depletion by inhibitors of sarco-
plasmic/endoplasmic reticulum Ca2+ ATPase such as thapsi-
gargin or cyclopiazonic acid [47, 48].

ASMC remodeling in asthma is associated with abnormal
Ca2+ handling and changes in expression of ion channels
and pumps [38, 39, 50, 57, 59, 60]. Interestingly, similar
disturbances occur in vascular occlusive diseases when vas-
cular smooth muscle cells (VSMC) switch to a migratory
proliferative phenotype [3, 15, 26, 36]. In the case of
VSMC, the change to synthetic phenotype is accompanied
by changes in ion channel expression, including upregula-
tion by migratory proliferative VSMC of STIM1 and Orai1
proteins [5, 11, 51]. However, the potential upregulation of
STIM1 and Orai1 in ASMC from asthmatic airways and
their contribution to Ca2+ entry, membrane currents, and

proliferative and migratory signaling in response to PDGF
remain unknown. Here, we show that asthmatic mice upre-
gulate protein levels of STIM1 and Orai1 in tracheobron-
chial ASMC. We also show that PDGF activates a Ca2+

entry pathway in synthetic ASMC that is pharmacologically
reminiscent of SOCE. Indeed, molecular knockdown
showed that PDGF-activated Ca2+ entry is mediated through
STIM1 and Orai1. PDGF activates typical Ca2+ release-
activated Ca2+ (CRAC) currents in ASMC that were
STIM1- and Orai1-dependent. Furthermore, PDGF-
mediated ASMC proliferation and migration was abrogated
upon STIM1 and Orai1 knockdown.

Material and methods

Reagents

Gd3+ was purchased from Acros Organics, recombinant rat
PDGF-BB from R & D Biosystems, 2-aminoethoxydiphenyl
borate (2-APB) and Thapsigargin from Calbiochem; and
BAPTA from Invitrogen. All siRNA sequences were obtained
from Dharmacon. Specific primers for rat STIM1, Orai1 and
Orai3, and siRNA sequences were reported previously [51].
Anti-STIM1 was purchased from BD Biosciences, anti-β-
actin NH2-terminal domain from Sigma, GAPDH from Sig-
ma, and anti-Orai1 (extracellular; catalog no. ACC-060) from
Alomone. All other chemical products were obtained from
Fisher Scientific unless specified otherwise.

ASMC dispersion and culture

Rat ASMCs were obtained from the tracheobronchial tissue
of airways derived from 300- to 350-g male Sprague Daw-
ley rats (Taconic Farms, Germantown, NY). Following the
removal of the epithelial layer, ASMCs were enzymatically
dispersed and cultured in DMEM–Ham's F-12 medium with
10 % fetal bovine serum or 0.2 % where indicated. The rat
ASMCs were maintained at 37 °C in a 5 % CO2-95 %
atmospheric environment. Cells were split twice weekly,
and media were changed every 3 days. Experiments were
carried out in ASMCs from passages 3–9. Use of experi-
mental animals was reviewed and approved by the Albany
Medical College Institutional Care and Use Committee.

Cell transfections

Sets of four different siRNAs per target gene were initially
assessed for their ability to reduce mRNA levels using
quantitative PCR (qPCR) as described below. SiRNA
sequences that induced significant decreases in their target
mRNAwithout cross effects on other mRNAs were used in
Western blotting to confirm protein knockdown as described
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below. All transfections in ASMCs were done using a
Nucleofector device II (Amaxa Biosystems, Gaithers-
burg, MD) according to the manufacturer's instructions.
As a marker of cell transfection, 0.5 μg of green fluo-
rescent protein was co-transfected with siRNA for iden-
tification of successfully transfected cells. For all siRNA
experiments, the control siRNA is a scrambled siRNA
sequence.

Ca2+ measurements

Ca2+ was measured as described previously [1, 11, 41,
63, 65]. In brief, coverslips with attached cells were
mounted in a Teflon chamber and incubated at 37 °C
for 1 h in a culture medium containing 6 μM fura 2-
AM (Molecular Probes, Eugene, OR). Cells were then
washed and bathed in HEPES-buffered saline solution
(in millimolars: 140 NaCl, 1.13 MgCl2, 4.7 KCl, 2
CaCl2, 10 D-glucose, and 10 HEPES, with pH adjusted
to 7.4 with NaOH) for ∼10 min before Ca2+ was mea-
sured. For Ca2+ measurements, fluorescence images of
several cells were recorded and analyzed with a digital
fluorescence imaging system (InCyt Im2, Intracellular
Imaging, Cincinnati, OH). Fura 2 fluorescence at an
emission wavelength of 510 nm was induced by excita-
tion of Fura 2 alternately at 340 and 380 nm. The ratio
of fluorescence at 340 nm to that at 380 nm was
obtained on a pixel-by-pixel basis. All experiments were
conducted at room temperature.

Whole-cell patch clamp electrophysiology

Whole-cell patch clamp recordings were carried out using
an Axopatch 200B and Digidata 1440A (AxonInstruments,
New York, NY) as previously published [64, 73]. Pipettes
were pulled from borosilicate glass capillaries (World Pre-
cision Instruments, Inc., Sarasota, FL) with a P-97 flaming/
brown micropipette puller (Sutter Instrument Company,
Novatao, CA) and polished with DMF1000 (World Preci-
sion Instruments, Inc., Sarasota, FL). Resistances of filled
glass pipettes were 2–3 MΩ. Series resistances were in the
range of 2–8 MΩ. Only cells with tight seals (>16 GΩ) were
selected to break in. Currents were low-pass filtered at
2 kHz and sampled at a rate of 10 kHz. All experiments
were performed at room temperature (20–25 °C). Upon
break-in, a pulse of divalent-free (DVF) bath solution is
applied to the cells to determine the extent of background
Na+ current. This background current is subsequently sub-
tracted from the Na+ current obtained in DVF solutions once
PDGF has been added for minutes and stores were presum-
ably depleted. The nature of this background Na+ current is
unknown; however, the size of these currents is not affected
by STIM1 and Orai1 knockdown (See Fig. 4a–c).

Solutions employed for whole-cell patch clamp
electrophysiology

Pipette solution Cs-Methanesulfonate (105 mM), 10 mM
Cs-1,2-bis-(2-aminophenoxy) ethane-N,N,N′,N′-tetraacetic
acid (Cs-BAPTA), 5 mMCaCl2, 8 mM MgCl2, and 10 mM
HEPES (pH adjusted to 7.2 with CsOH). Based on the
concentrations of Ca2+ and BAPTA in the pipette solution;
free Ca2+ is 150 nM as calculated using Maxchelator soft-
ware freely available at maxchelator.stanford.edu/

Bath solution Na-methanesulfonate (105 mM), 10 mM
CsCl, 1.2 mM MgSO4, 10 mM HEPES, 20 mM CaCl2,
and 5 mM glucose (pH was adjusted to 7.4 with NaOH).
PDGF (200 ng/ml) was added.

Divalent-free bath solution Na-methanesulfonate (135 mM),
10 mM HEDTA, 1 mM EDTA, and 10 mM HEPES (pH 7.4,
adjusted with NaOH)

For patch clamp experiments, 200 ng/ml PDGF was used to
stimulate ASMC instead of 100 ng/ml used throughout the
study. The reason for this increased concentration is to achieve
ideal conditions for recordings by keeping the focal perfusion
system as far away as possible from the cells to avoid disruption
of the high GΩ seals while still eliciting significant currents.

Western blots on cell lysates

Cells were lysed using RIPA lysis buffer (50 mM Tris–HCl
(pH 8), 150 mM NaCl, 1 % Triton X-100, 0.2 mM EDTA,
0.1 % SDS, 0.5 % sodium deoxycholate, 2 mM phenyl-
methylsulfonyl fluoride, 10 % protease inhibitor cocktail
(Roche), 10 % phosphatase inhibitor cocktail (Roche)), pro-
tein concentrations were determined, and proteins (20–
100 μg) in denaturing conditions were subjected to SDS-
PAGE (8–14 %) and then electrotransferred onto polyviny-
lidene difluoride membranes (Bio-Rad). After the blots were
blocked with 5 % nonfat dry milk (NFDM) dissolved in
Tris-buffered saline containing 0.1 % Tween 20 (TTBS)
either overnight or 2 h at room temperature, they were
washed three times with TTBS for 5 min each and probed
overnight at 4 °C with specific primary antibodies [anti-
STIM1 (BD Biosciences, 1:250 dilution), anti-Orai1 (Alo-
mone; 1:5,000 dilution), and β-actin NH2-terminal domain
(1:25,000 dilution)] in TTBS containing 2 % NFDM. On the
next day, membranes were washed (3 times for 5 min each)
with TTBS and incubated for 1 h at room temperature with a
horseradish peroxidase-conjugated secondary antibodies
[anti-mouse antibody (1:10,000 dilution; Jackson) or anti-
rabbit IgG (1:20,000 dilution; Jackson)] in TTBS containing
2 % NFDM. Bound antibodies were detected by enhanced
chemiluminescence using Super Signal West Pico or Femto
reagents (Pierce). Signal intensity was measured with a Fuji
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LAS4000 Imaging Station. Membranes were then stripped
and reprobed with an antibody against beta actin to verify
equal loading.

Ovalbumin sensitization and challenge protocol

Male and female mixed-background control mice (B6; FVB;
129) were sensitized to ovalbumin (OVA) as depicted in
Fig. 1. Three- to four-week-old mice were intraperitoneally
(i.p.) injected with 25 μg of OVA (Sigma) with 2 mg of the
adjuvant aluminum hydroxide (Sigma) in 0.5 ml sterile phys-
iological saline solution (PSS), once a week for 3 weeks. One
week after final i.p. sensitization, mice were mildly anesthe-
tized and challenged intranasally with 100 μg of OVA in 25μl
of PSS once daily for 10 successive days. Control animals
were sensitized and challenged with sterile PSS. Twenty-four

hours after final challenge, respiratory mechanics were per-
formed on mice as described below. A group of mice were
sacrificed with a lethal dose (100 μg/g) of i.p.-injected sodium
pentobarbital and used for specimen collection including
bronchoalveolar lavage (BAL) fluid and ASMC. All mice
were housed in microisolator cages under pathogen-free con-
ditions within the Albany Medical Center animal facility.
Protocols were reviewed and approved by Albany Medical
Center's Institutional Animal Care and Use Committee.

Bronchoalveolar lavage IL-13 analysis

Twenty-four hours after final challenge, the airways from ani-
mals were lavaged using a cannulated microsyringe that was
inserted into the trachea of the animal; 0.75 ml of sterile PSS
was lavaged into the trachea and lungs of the experimental
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Fig. 1 Orai1 and STIM1 proteins are upregulated in a mouse model of
allergen-induced asthma. Schematic diagram of sensitization and chal-
lenge protocol for allergen-induced asthma (a). Three- to four-week-
old C57BL/6J mice were sensitized to OVA by carrying out three
weekly i.p. injections of 25 μg of OVAwith adjuvant. One week after
last sensitization, all mice were challenged intranasally with 100 μg of
OVA for 10 consecutive days. A group of animals were sacrificed 24 h
after final challenge, and BALF was collected to quantify airway IL-13
concentration as an indicator of airway inflammation (b; control n05;
OVA n04). Twenty-four hours after final challenge, respiratory me-
chanics were performed to determine airway hyperresponsiveness by
measuring systemic airway function (Rrs) with forced oscillations
during challenges to increasing doses of methacholine (c; control n0
7; OVA n06). Analysis of OVA-induced airway remodeling was

examined by H&E staining of lung tissue harvested 1 week after final
challenge and compared to saline control airways (d; for both experi-
mental groups, n03 mice with six airways each). Note in OVA-treated
mice areas of extensive remodeling in the mucosa and submucosal
layers of the lower airways. Images are taken at ×40; bar040 μm.
ImageJ plugin for color deconvolution was executed separating out the
hematoxylin nuclear stain in order to visually distinguish the differ-
ences in cellular infiltrate surrounding control and OVA-treated air-
ways (bottom images). Twenty-four hours after final challenge,
Western blotting of ASM tissue derived from control saline-treated
mice compared to OVA-treated animals shows increased protein ex-
pression of STIM1 (e, f) and Orai1 (g, h) in OVA-treated animals as
compared to control animals. Quantification of band densitometry
from n03 independent mice/experiment is shown in f and h
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animals. Collected BAL fluid was centrifuged at 10,000 RPM
for 1 min, and the supernatant was collected. Quantification of
interleukin-13 (IL-13) concentration was carried out in dupli-
cates by enzyme-linked immunosorbent assay (R&D Systems,
Minneapolis, MN), as indicated by the manufacturer. The limit
for detection of IL-13 concentration was 7.8 pg/ml.

Airway hyperreactivity

Twenty-four hours after final challenge, airway hyperresponsive-
ness was analyzed. Experimental animals were anesthetized with
an i.p. injection of xylaxine (0.01mg/g) and ketamine (0.1mg/g).
Animals were tracheotomized and connected to a computer-
controlled small animal mechanical ventilator (flexivent,
SCIREQ). The animals were then paralyzedwith an i.p. injection
of pancuronium bromide (0.8 mg/kg). Systemic airway resis-
tance (Rrs) was determined using forced oscillation measure-
ments during methacholine (Mch) (Sigma) dose response curves
at concentrations of 0, 1.8, 3.8, 7.5, 15, 30, and 60 mg/ml. OVA-
challenged animals were hyperresponsive to methacholine doses
as compared to the saline-challenged animals. Rrs values were
derived using the linear first-order single-compartment model
accepting coefficient of determination values ≥0.9. The data are
represented as mean ± SEM; n06–7 mice per group.

Chemotactic cell migration assay

ASMC chemotactic migration assays were performed using
the Boyden chamber method. Rat ASMC were transfected
with either control siRNA or siRNA sequences targeting
STIM1 and Orai1. Sixteen hours before initiating the assay,
ASMC were serum-starved in HEPES-buffered 0.2 % FBS,
DMEM/F-12, and penicillin and streptomyocin-supplemented
medium. Cells were then harvested with trypsin, and 300,000
cells were seeded per six-well transwell cell culture chamber
(BD Biosciences). Chamber membranes were polycarbonate
with 8-μm pores. Cells were allowed to adhere to the mem-
brane for 45 min without chemotactic stimulus. After 45 min,
migration was induced by the addition of PDGF (100 ng/ml)
in HEPES-buffered 0.2 % FBS, DMEM/F-12, and penicillin-
and streptomyocin-supplemented medium, to the bottom of
the lower compartment of the transwell chamber. After 6 h,
non-migrated cells were removed from the upper chamber by
cotton swabbing; migrated cells on the lower chamber were
fixed in 4 % paraformaldehyde (USB Corporation) and
stained with the nuclear stain DAPI (Vector). Cells were
imaged on fluorescent Leica DMIRB scope and quantified
using the ImageJ cell counter tool.

Cell proliferation assay

Rat ASMC were transfected with either control siRNA or
siRNA sequences targeting either STIM1 or Orai1 (as

described above). The next day, ASMC were growth
arrested with 0.2 % FBS overnight. PDGF (100 ng/ml)
was then added to cells for an additional 24 h and cell
proliferation assayed 3 days post siRNA transfection.
ASMC were trypsinized and counted in triplicates using a
Beckman particle counter.

Western blots on tissue samples

Whole tissue extracts from mouse airways were harvested
from experimental animals; the epithelial layer was mechan-
ically removed, and the remaining tracheobronchial smooth
muscle tissue was prepared in ice-cold RIPA lysis buffer (as
described above) and used for immunoblotting. Tissue ho-
mogenate was centrifuged at 10,000 RPM for 10 min at 4 °C,
and the supernatant was stored at −80 °C till analysis. Samples
were separated in 10 % SDS polyacrylamide gel and trans-
ferred onto a nitrocellulose membrane. Monoclonal antibody
specific for STIM1 (BD Laboratories) was used at a concen-
tration of 1:250 in a blocking solution of 5% milk. Polyclonal
antibody for Orai1 (Alomone) was used at a concentration of
1:2,000 in a blocking solution of 5 % milk. For Western blots
on mice tissues, we used GAPDH as a loading control since
β-actin levels change in remodeled smooth muscle cells.

Sections, hematoxylin/eosin staining

Morphological studies were carried out on tissue obtained from
asthmatic and control animals 7 days after their final challenge.
At this time point, animals were sacrificed and lungs were
harvested (n03, six airways from each animal each group) and
fixed overnight in 10 % buffered formalin (Fisher Scientific),
dehydrated, and embedded in paraffin blocks. The blocks were
then sectioned in 5-μm sections and stained with hematoxylin
and eosin (H&E) (Thermo Scientific). Lower airways (∼200μm
in diameter) were examined for remodeling of the mucosal and
submucosal layers using light microscopy at ×40 magnification.

RT-PCR and real-time PCR

Total RNA was extracted from cells using a Qiagen RNeasy
Mini Kit following the manufacturer's protocol. cDNA was
made from 0.5 μg of RNA reverse transcribed using oligo(dT)
primers (Invitrogen, Carlsbad, CA, USA) and SuperScript III
reverse transcriptase (Invitrogen). PCR reactions were complet-
ed using Illustra PuReTaqReady-To-Go PCRbeads (GEHealth-
care, Little Chalfont, Buckinghamshire, UK). Real-time PCR
analysis was performed using a Bio-Rad iCycler and iCycler iQ
Optical System Software (Bio-Rad Laboratories). PCR reactions
were performed using Bio-Rad iQ SYBR Green Supermix. The
PCR protocol started with 5 min at 94 °C, followed by 45 cycles
of 30 s at 94 °C, 30 s at 54.3 °C, and 45 s at 72 °C.Quantification
was measured as sample fluorescence crossed a predetermined
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threshold value that was just above the background. Expressions
of STIM1, Orai1, or Orai3 were compared to those of the
housekeeping gene GAPDH and were measured using compar-
ative threshold cycle values.

Statistical analysis

Data are expressed as means ± SE, and statistical analysis
using either two sample Student's t test; one-way ANOVA
was done with Origin software (OriginLab, Northampton,
MA) and repeated measures ANOVA with Tukey post hoc
test (GraphPad Prism 4 for data in Fig. 1); *, **, and ***
indicate p values <0.05, 0.01, and 0.001, respectively. Dif-
ferences were considered significant when p<0.05.

Results

STIM1 and Orai1 are upregulated in ASMC from asthmatic
mice

To determine whether STIM1 and Orai1 might contribute to
ASMC remodeling during asthma, we sought to determine

whether their protein levels are increased in tracheobronchi-
al ASMC from asthmatic mice. A mouse model of allergen-
induced asthma was established using the OVA challenge
protocol described in “Material and methods” and repre-
sented in Fig. 1a. The model involves three intraperitoneal
injections of OVA at days 1, 7, and 14 followed a week later
by 10 daily intranasal challenges from day 21–30; control
mice were subjected to the same protocol using saline in-
stead of OVA (Fig. 1a). To confirm asthma development in
OVA-challenged mice, we show that the concentration of
the TH2 cytokine, IL-13, is increased in the airways (24 h
post-final OVA challenge) in bronchoalveolar lavage fluid
(BALF) from OVA-challenged mice vs control mice
(Fig. 1b). Analysis of respiratory mechanics was conducted
on mice 24 h after final OVA intranasal challenge and
showed enhanced airway hyperresponsiveness during meth-
acholine exposure in OVA-challenged mice vs control mice
(Fig. 1c). The extent of airway remodeling in OVA-
challenged and control mice was examined by H&E staining
of lung tissue harvested 1 week after final challenge, show-
ing extensive remodeling in the mucosa and submucosal
layers of the lower airways in OVA-challenged mice but
not in control mice (Fig. 1d). Western blotting on isolated
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Fig. 2 PDGF-activated Ca2+ entry is pharmacologically identical to
SOCE. Ca2+ signals were measured in rat ASMC using the ratiometric
dye Fura2 in response to either 2 μM thapsigargin (TG; a, c) or 100 ng/
ml PDGF (e, g) stimulation in nominally Ca2+-free bath solutions,
followed by restoration of 2 mM Ca2+ to the bath, and subsequent
addition of pharmacological inhibitors was indicated by the gray bars.
The use of inhibitors known to inhibit SOCE 2-APB (50 μM) and Gd3+

(5 μM) inhibited thapsigargin-activated SOCE (a–d) as well as PDGF-
activated Ca2+ entry (e–h). Traces represent averages from several cells
assayed in a coverslip from a single experiment while bar graphs are
averages of the total number of cells from several experiments. (x, y)
next to bar graphs represent x0number of independent experiments
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tracheobronchial ASMC derived fromOVA-treated and control
mice (24 h post-final OVA challenge) shows increased protein
expression of the SOCE components, STIM1 (Fig. 1e, f) and
Orai1 (Fig. 1g, h), in OVA-challenged animals as compared to
the control by approximately 2.5-fold.

PDGF-activated Ca2+ entry in ASMC is pharmacologically
identical to SOCE activated by thapsigargin

The increase in protein expression of the SOCE components,
STIM1 and Orai1, in remodeled ASMC from asthmatic mice
prompted us to undertake in vitro studies on migratory ASMC
called “synthetic” (that are reminiscent of asthmatic airways) to
determine whether PDGF, a potent remodeling, migratory, and
proliferative smooth muscle agonist that is secreted by asthmatic
airways, mediates Ca2+ entry and migratory signaling through
STIM1 and Orai1. Before undertaking laborious knockdown
studies, we sought to determine the pharmacological profile of
PDGF-activated Ca2+ entry compared to classical SOCE activat-
ed by passive store depletion with thapsigargin (2 μM). Figure 2
shows that SOCE activated by thapsigargin in tracheobronchial

ASMC (Fig. 2a–d) has an identical pharmacological profile to
PDGF-activated Ca2+ entry in the same cells (Fig. 2e–h), namely
inhibition by low concentrations of Gd3+ (5 μM; Fig. 2a, b, e, f)
and 50 μM of the drug 2-APB (Fig. 2c, d, g, h).

PDGF-activated Ca2+ entry in ASMC requires STIM1
and Orai1

To firmly establish a role for STIM1 and Orai1 in PDGF-
mediated Ca2+ entry in ASMC,we used siRNA to knockdown
STIM1 and Orai1 proteins. Specific siRNA targeting STIM1
and Orai1 caused a substantial decrease in their respective
mRNA (Fig. 3a, b). Furthermore, siRNA against Orai1 failed
to affect the mRNA levels of Orai3, the Orai1 closest homo-
logue (Fig. 3b). Western blotting on ASMC shows a substan-
tial decrease in STIM1 and Orai1 protein levels upon
transfection with their respective siRNA (Fig. 3c, d). Howev-
er, similar to the data obtained when quantifying mRNA
knockdown, the protein knockdown achieved with STIM1
siRNA was higher (∼85 %) than that obtained with Orai1
siRNA (∼55 %). To determine the effect of STIM1 and Orai1
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Fig. 3 STIM1 and Orai1 mediate PDGF-activated Ca2+ entry in
ASMC. SiRNA sequences targeting STIM1 or Orai1 were transfected
into ASMCs, and their efficiency of knockdown was assessed by
quantification of relative mRNA levels by qPCR, 96 h post transfec-
tion. Employment of siRNA targeting STIM1 and Orai1 significantly
reduced STIM1 and Orai1 mRNA levels by ∼93 and ∼76 %, respec-
tively, as shown in a and b. However, Orai3 mRNA levels were not
changed when transfecting ASMC with Orai1 siRNA (b). The effi-
ciency of protein knockdown was documented by Western blot analy-
sis and is shown in c and d for STIM1 and Orai1, respectively.

Representative Ca2+ imaging traces (e) and statistical analysis (f) from
cells transfected with either control siRNA or STIM1 siRNA and
stimulated with PDGF (100 ng/ml) showing abrogation of the PDGF-
activated Ca2+ entry (from 1±0.08069 to 0.1128±0.03757) in cells
transfected with STIM1 siRNA as compared to siRNA non-targeting
control. Similarly, Orai1 knockdown significantly inhibited PDGF-
activated Ca2+ entry (from 1±0.08069 to 0.47926±0.04198) as shown
in g; statistical analysis for this experiment is also shown h. (x, y) next
to each data bar: x0number of independent runs, y0 total number of
cells
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knockdown on PDGF-activated Ca2+ entry, Ca2+ imaging was
performed using a Fura2 protocol where Ca2+ release was
assessed in nominally Ca2+-free buffer followed by restoration
of 2 mM Ca2+ to the extracellular space to determine the
extent of Ca2+ entry (Fig. 3e–h). STIM1 and Orai1 knock-
down had no effect on Ca2+ release activated by PDGF but
caused a significant reduction in Ca2+ entry (Fig. 3e–h). The
effect of STIM1 knockdown on PDGF-activated Ca2+ entry is
more evident (∼89 % decrease in Ca2+ entry; Fig. 3f) com-
pared to that of Orai1 knockdown (∼53 % decrease in Ca2+

entry; Fig. 3h), consistent with levels of protein knockdown.

PDGF activates CRAC currents in ASMC that are encoded
by STIM1 and Orai1

Patch clamp electrophysiology is the most direct and reli-
able means to assess ion channel function. Therefore, to

confirm the Ca2+ imaging data, we performed whole-cell
current recordings on ASMC stimulated with PDGF using a
pipette solution where intracellular Ca2+ was buffered to
150 nM (see “Material andmethods”). PDGF activates a small
inwardly rectifying Ca2+ current that could be further ampli-
fied by the use of DVF bath solutions (Fig. 4a, d). Signifi-
cantly, STIM1 or Orai1 knockdown using siRNA inhibited
these PDGF-activated CRAC currents (Fig. 4b–e). Consistent
with Ca2+ imaging and protein knockdown data, STIM1
siRNA caused a bigger decrease in CRAC currents (∼82 %
decrease) compared to Orai1 siRNA (∼62 % decrease).

STIM1 and Orai1 are required for PDGF-mediated ASMC
chemotactic migration and proliferation

To determine the contribution of STIM1 and Orai1 to the
migratory response of ASMC to PDGF, we performed Boyden
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chamber migration assays using PDGF as the chemotactic
factor. Cells were maintained in a medium with low serum
(0.2 %). Addition of PDGF to the lower chamber causes an
increase in ASMC migration after 6 h, as visualized with
staining of cell nuclei with DAPI (Fig. 5a; three random fields
per condition are shown). Interestingly, either STIM1 or Orai1
knockdown caused a significant inhibition of the number of
migrating ASMC (Fig. 5a, b). Data on the percentage of
migrating cells (normalized to non-stimulated control) are
shown in Fig. 5b; as noted for other assays described above,
the effect of STIM1 siRNA on ASMC migration was more
pronounced than that of Orai1 siRNA. ASMCproliferationwas
also assayed 3 days after transfection with STIM1 and Orai1
siRNA and 24 h post stimulation with 100 ng/ml PDGF (see
“Material and methods”). Figure 5c shows fold induction of
cell proliferation upon addition of PDGF relative to basal
growth conditions (0.2 % FBS) for cells transfected with

control siRNA (siControl), STIM1 siRNA (siSTIM1), and
Orai1 siRNA (siOrai1).

Discussion

Numerous studies have documented increased ASMCmass in
asthma [2, 4, 16, 17, 22, 24, 30, 39, 50]. This pathophysio-
logical remodeling of ASMC is a phenotypic change from a
quiescent to a migratory and proliferative/hypertrophic phe-
notype [24, 50] and is the major cause of decreased pulmonary
function in asthmatic patients [2, 4, 23, 43]. ASMC pheno-
typic modulation is of great clinical importance but still
remains poorly understood. ASMC remodeling in asthma
shares similarities with cardiomyocyte and VSMC remodel-
ing that occurs in cardiac hypertrophy, atherosclerosis, reste-
nosis, and hypertension, including changes in expression and/
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Fig. 5 STIM1 and Orai1 are required for chemotactic migration of
ASMC in response to PDGF. Rat ASMC were transfected with either
control siRNA or siRNA sequences targeting STIM1 and Orai1. Six-
teen hours before migration experiments, cells were serum-starved in
media containing 0.2 % FBS. Cells were then harvested with trypsin,
and the role of STIM1 and Orai1 in PDGF-induced chemotactic cell
migration was determined in a Boyden chamber. Migrating cells were
fixed and stained with the nuclear stain DAPI. Representative fields
from membranes assayed in triplicates are depicted (a). ASMC che-
motactic cell migration was significantly increased in control cells
stimulated with 100 ng/ml of PDGF (a). This increase in PDGF-
induced cell migration was attenuated in ASMC transfected with either

STIM1 siRNA or Orai1 siRNA (a). Quantification of these differences
are depicted in b where total number of migrating cells per condition
was quantified by analyzing 10 fields per membrane, in triplicates from
two independent experiments. c Proliferation assay was performed as
described in the “Material and methods.” Rat ASMC were transfected
with either siSTIM1, siOrai1, or siControl. Twenty-four hours after
PDGF stimulation, ASMC were detached and counted. Cell numbers
(after 24 h with 100 ng/ml PDGF) were normalized to control cells
under basal conditions (24 h in 0.2%FBS). Values represent fold
induction per condition normalized to basal growth conditions (0.2 %
FBS)
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or activation of Ca2+ handling proteins, channels, and pumps
[6, 12, 15, 18, 26, 31, 32, 36, 38, 39, 44, 55, 57, 59–61,
68–70]. However, the potential upregulation of STIM1 and
Orai1 in ASMC during remodeling that occurs in asthma
remained unknown.

Growth, humoral, and contractile factors that signal
through receptor tyrosine kinase or G protein-coupled recep-
tors play an important role in ASMC function through initia-
tion of Ca2+ signaling [50]. However, in certain conditions,
altered signaling through these receptors can contribute to
disease. These agonists impact on Ca2+ signaling through
activation of isoforms of PLC to cause Ca2+ release from the
internal stores and Ca2+ entry via numerous pathways across
the PM [8]. Agonist-regulated Ca2+ entry channels can be
either store-dependent (SOC) activated as a consequence of
the fall in ER Ca2+ content [54] or store-independent (non-
SOC) activated by a wide range of second messengers [10].
PDGF is a potent migratory and proliferative growth factor [9]
that acts via a receptor tyrosine kinase and couples to PLCγ
activation and subsequent Ca2+ signaling. PDGF is a major
contributor to smooth muscle remodeling; its production
increases in asthmatic airways and directly correlates with
the severity of asthma [21, 45, 58]. Nevertheless, the molec-
ular components of PDGF-activated Ca2+ entry pathway in
ASMC and the contribution of this Ca2+ entry pathway to
ASMC migration remained unknown.

In this study, we show that tracheobronchial ASMC from
asthmatic mice show increased protein expression of STIM1
and Orai1. To our knowledge, this is the first report to show
upregulation of STIM1 and Orai1 in ASMC from asthmatic
mice. We further show that cultured tracheobronchial
ASMC mediates Ca2+ entry in response to PDGF via a
pathway that pharmacologically resembles classical SOCE.
This pathway is inhibited by low concentrations of lantha-
nides (5 μM Gd3+) and 2-APB (50 μM). PDGF activated
inwardly rectifying highly Ca2+-selective CRAC currents in
ASMC. Furthermore, we show that PDGF-activated Ca2+

entry and CRAC currents were significantly inhibited by
knockdown of either STIM1 or Orai1.

The primary cultured tracheobronchial ASMC used in
this study are migratory and proliferative cells compared
with the quiescent freshly isolated ASMC. These cells that
are referred to as synthetic ASMC are reminiscent of in vivo
remodeling of ASMC during asthma. We further show that
knockdown of STIM1 or Orai1 inhibits synthetic ASMC
migration in vitro using Boyden chamber assays with PDGF
as the chemotactic factor. These results suggest that STIM1
and Orai1 are likely contributing to in vivo PDGF-mediated
migratory signaling during ASMC remodeling in asthma.
Future studies are required to determine the contributions of
STIM1 and Orai1 and their homologues (STIM2, Orai2,
Orai3) to Ca2+ entry pathways activated by other growth
factors/agonists with importance in ASMC remodeling and

asthma. Additional studies on STIM1 and Orai1 smooth
muscle-specific knockout mice will likely determine wheth-
er these molecules could represent good targets for the
treatment of ASMC remodeling during asthma.
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