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TRPC1 and STIM1 mediate capacitative Ca2+ entry
in mouse pulmonary arterial smooth muscle cells

Lih Chyuan Ng, Mary D. McCormack, Judith A. Airey, Cherie A. Singer, Phillip S. Keller, Xiao-Ming Shen
and Joseph R. Hume

Department of Pharmacology, University of Nevada School of Medicine, 1664 North Virginia Street, Reno, NV 89557, USA

Previous studies in pulmonary arterial smooth muscle cells (PASMCs) showed that the TRPC1
channel mediates capacitative Ca2+ entry (CCE), but the molecular signal(s) that activate
TRPC1 in PASMCs remains unknown. The aim of the present study was to determine if TRPC1
mediates CCE through activation of STIM1 protein in mouse PASMCs. In primary cultured
mouse PASMCs loaded with fura-2, cyclopiazonic acid (CPA) caused a transient followed
by a sustained rise in intracellular Ca2+ concentration ([Ca2+]i). The transient but not the
sustained rise in [Ca2+]i was partially inhibited by nifedipine. In addition, CPA increased the
rate of Mn2+ quench of fura-2 fluorescence that was inhibited by SKF 96365, Ni2+, La3+ and
Gd3+, exhibiting pharmacological properties characteristic of CCE. The nifedipine-insensitive
sustained rise in [Ca2+]i and the increase in Mn2+ quench of fura-2 fluorescence caused by CPA
were both inhibited in cells pretreated with antibody raised against an extracellular epitope
of TRPC1. Moreover, STIM1 siRNA reduced the rise in [Ca2+]i and Mn2+ quench of fura-2
fluorescence caused by CPA, whereas overexpression of STIM1 resulted in a marked increase
in these responses. RT-PCR revealed TRPC1 and STIM1 mRNAs, and Western blot analysis
identified TRPC1 and STIM1 proteins in mouse PASMCs. Furthermore, TRPC1 was found to
co-immunoprecipitate with STIM1, and the precipitation level of TRPC1 was increased in cells
subjected to store depletion. Taken together, store depletion causes activation of voltage-operated
Ca2+ entry and CCE. These data provide direct evidence that CCE is mediated by TRPC1 channel
through activation of STIM1 in mouse PASMCs.
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Intracellular calcium plays an important role in regulating
vascular smooth muscle tone. An increase in intra-
cellular Ca2+ concentration ([Ca2+]i) activates contractile
proteins and results in contraction. [Ca2+]i can be
increased through the release of Ca2+ from the
sarcoplasmic reticulum (SR) and Ca2+ entry from
extracellular space through voltage-operated Ca2+

channels (VOCCs), receptor-operated channels (ROCs)
or store-operated channels (SOCs) (Barritt, 1999; Parekh
& Putney, 2005). Recently, Ca2+ entry through SOCs
(so-called capacitative Ca2+ entry, CCE) has gained
considerable attention in vascular smooth muscle research
(Ng & Gurney, 2001; Trepakova et al. 2001; Albert &
Large, 2002; Flemming et al. 2002; Wilson et al. 2002;
Weirich et al. 2005; McElroy et al. 2008; Ng et al.
2008). CCE is activated in response to Ca2+ release

induced by agonists activating receptors coupled to the
inositol 1,4,5-trisphosphate (IP3) signalling pathway, or by
agents that inhibit the SR Ca2+-ATPase (SERCA), such as
cyclopiazonic acid (CPA) or thapsigargin (Albert & Large
2003; Parekh & Putney, 2005; Leung et al. 2007). However,
the molecular composition of SOCs and the signal(s) that
activate these channels in vascular smooth muscle remain
unclear.

Over the past decade, there is increasing evidence that
members of canonical subgroup of transient receptor
potential non-selective cation channel (TRPC) constitute
tetramers of both ROCs and SOCs (Parekh & Putney,
2005; Pedersen et al. 2005; Albert et al. 2007). In general,
TRPC1, 4 and 5 are sensitive to store depletion and
function as SOCs, whereas TRPC3, 6 and 7 function
as ROCs that are gated by G-protein-phospholipase C
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and diacylglycerol (Pedersen et al. 2005). Recently, several
studies have confirmed the existence of TRPC channels in
various vascular preparations (Leung et al. 2007; Albert
et al. 2007), including pulmonary artery smooth muscle
cells (PASMCs) (Ng & Gurney, 2001; Walker et al. 2001;
Wang et al. 2003; Lu et al. 2008; McElroy et al. 2008). Using
inhibitory antibodies, antisense and siRNA methods,
several studies have presented evidence for TRPC1 being
an essential component for SOCs in vascular smooth
muscle cells, including aortic smooth muscle cells (Xu
& Beech, 2001; Brueggemann et al. 2006), cerebral artery
cells (Bergdahl et al. 2005), mesenteric artery cells (Saleh
et al. 2006, 2008), portal vein cells (Saleh et al. 2008);
coronary artery cells (Takahashi et al. 2007a; Saleh et al.
2008) and PASMCs (Sweeney et al. 2002). Interestingly,
TRPC1 and TRPC5 have been shown to colocalize and
associate with one another in rabbit pial arteriole (Xu
et al. 2006), suggesting that TRPC1/TRPC5 may form
heterotetramers in vascular smooth muscle. Thus, it is
possible that TRPC1 may be an important candidate to
form SOCs in PASMCs, either as a homotetramer or a
heterotetramer with other TRPC channels.

A recent advance in the understanding of the potential
molecular composition of SOCs has been the discovery
of a transmembrane protein STIM1 (stromal-interacting
molecule 1), which has been shown to mediate a
well characterized store-operated current, the so-called
calcium release activated calcium current (I crac) in
non-excitable cells (Smyth et al. 2006; Lewis, 2007). STIM1
was found to act as a sensor within the stores (Roos
et al. 2005; Zhang et al. 2005) and also may play a role
in the plasma membrane (Zhang et al. 2005; Spassova
et al. 2006) to activate I crac. To date, there is very little
information on the role of STIM1 in smooth muscle cells.
STIM1 mRNA was shown to be expressed in human air-
way smooth muscle cells (Peel et al. 2006), cultured human
coronary artery smooth muscle cells (Takahashi et al.
2007b), mouse aorta smooth muscle cells (Dietrich et al.
2007) and human saphenous vein cells (Li et al. 2008), and
siRNA targeting STIM1 resulted in reduction of Ca2+ entry
and whole cell current activated by CPA or thapsigargin
(Peel et al. 2006; Takahashi et al. 2007b; Li et al. 2008).
More recently, STIM1 mRNA and protein were found to
express in rat PASMCs (Lu et al. 2008). However, the role
of STIM1 in the activation of CCE in PASMCs remains
unknown.

Recently, over-expression of STIM1 increased TRPC1
activity and both proteins were shown to associate with
one another (Huang et al. 2006; López et al. 2006;
Takahashi et al. 2007a). Interestingly, TRPC1 has been
shown to form a complex with STIM1 to activate
SOCs in human salivary gland cells (Ong et al. 2007;
Cheng et al. 2008) and saphenous vein cells (Li et al.
2008). However, there is no evidence for the functional
interaction between STIM1 and TRPC1 in the activation

of SOCs in PASMCs. The aims of the present study were
to investigate if store depletion activates CCE in mouse
PASMCs and to determine whether CCE is mediated by
TRPC1 through activation of STIM1 in these cells.

Methods

PASMCs isolation and cell culture

Male C57BL/6 mice were killed with pentobarbital sodium
(50 mg kg−1 I.P.) followed by cervical dislocation, as
approved by the university of Nevada Reno Institutional
Care and Use Committee. The heart and lungs were
removed and second and third branches of the intra-
pulmonary artery were dissected in a low-Ca2+ physio-
logical salt solution (PSS) composed of the following
(mM): 125 NaCl, 5.36 KCl, 0.34 Na2HPO4, 0.44 K2HPO4,
1.2 MgCl2, 11 Hepes, 10 glucose and 0.05 CaCl2 (pH
7.4 adjusted with Tris). To disperse cells, pulmonary
arterial tissue was incubated with the low-Ca2+ PSS
containing (in mg ml−1): 1 collagenase type XI, 2 trypsin
inhibitor, 0.45 protease, 1.3 taurine, 2 bovine serum
albumin (fat free) for 30 min at 5◦C followed by 8 min at
33◦C. The tissue was then transferred to an enzyme-free,
low-Ca2+ PSS and triturated with a fire-polished
Pasteur pipette. The resulting dispersed PASMCs were
subjected to cell culture as previously described (Dai et al.
2005; Ng et al. 2008). Freshly dispersed PASMCs were
plated onto a 60 mm cell cultured dish and incubated
with Dulbecco’s modified Eagle medium (DMEM)
containing 10% newborn calf serum (NCS), penicillin
(100 units ml−1) and streptomycin (100 μg ml−1). Cells
were incubated in a humidified atmosphere of 5% CO2

in air at 37◦C and grown to 90–95% confluence. These
primary cultured cells were then trypsinized and passaged
onto a coverslip and grown to 70–80% confluence.
Confluent cells were then growth arrested in 0.1% NCS
medium for 24 h prior to experimental use.

Measurement of intracellular Ca2+

The cytosolic Ca2+ concentration was estimated in
PASMCs loaded with fura-2 acetoxymethyl ester (fura-2
AM) (Molecular Probes, Eugene, OR, USA) using a dual
excitation digital Ca2+ imaging system (IonOptix Inc.,
Milton, MA, USA) equipped with an intensified CCD
camera as previously described (Wilson et al. 2002; Ng
et al. 2008). PASMCs were loaded with 10 μM fura-2 AM
for 1 h in the dark at room temperature and placed on
the coverslip in a 0.2 ml perfusion chamber mounted on
an inverted epifluorescence microscope (Nikon) outfitted
with a 40× oil immersion objective (NA 1.3, Nikon).
Cells were washed several times at 1 ml min−1 to remove
extracellular fura-2 AM with 2 mM Ca2+-PSS composed
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of the following (mM): 126 NaCl, 5 KCl, 0.3 NaH2PO4,
10 Hepes, 1 MgCl2, 2 CaCl2, 10 glucose (pH 7.4 with
NaOH). Cells were illuminated with xenon arc lamp at
340 ± 15 and 380 ± 12 nm (Omega Optical, Brattleboro,
VT, USA) and emitted light was collected from regions
that encompassed single cells with a CCD camera at
510 nm (Nikon). Images were acquired at 1 Hz and
stored on the compact disk for later analysis. Background
fluorescence was collected automatically and subtracted
from the acquired fluorescence video images during each
experiment. The ratio of fluorescence (R) excited at the two
excitation wavelengths was used to estimate intracellular
Ca2+ concentration ([Ca2+]i) as described by Grynkiewicz
et al. 1985:

[Ca2+]i = K d(Sf2/Sb2)[(R − Rmin)/(Rmax − R)]

The values for Sf2 (fluorescence measured at 380 nm in
Ca2+-free solution), Sb2 (fluorescence measured at 380 nm
in Ca2+-saturating conditions), Rmin (minimum ratio)
and Rmax (maximum ratio) were determined from in
situ calibrations of fura-2 for each cell. The dissociation
constant for Ca2+ binding, K d, was assumed to be 224 nM

(Grynkiewicz et al. 1985). To determine Rmin, cells were
dialysed with 4 μM ionomycin in Ca2+-free PSS containing
10 mM EGTA at the end of each experiment. Rmax was
determined from cells dialysed with 4 μM ionomycin
in PSS containing 10 mM CaCl2. �R is the change in
fluorescence ratio by subtracting the fluorescence ratio
from the basal fluorescence ratio. �[Ca2+]i is the change
in [Ca2+]i by subtracting the estimated [Ca2+]i from the
basal [Ca2+]i.

In experiments where the effects of store depletion were
investigated, CPA was used to deplete the SR Ca2+ stores in
Ca2+-free PSS followed by re-exposure of cells with 2 mM

Ca2+-PSS as previously described (Wilson et al. 2002; Ng
et al. 2008). An elevation in [Ca2+]i above basal levels
during 2 mM Ca2+ re-addition was used as a marker of
CCE mediated extracellular Ca2+ entry. In experiments
where the Ca2+ influx through SOCs were studied, the
rate of Mn2+-induced quenching of fura-2 fluorescence
was recorded during excitation at 360 nm in nominally
Ca2+-free PSS containing nifedipine (Ng et al. 2008). In
experiments where the effects of LaCl3 and GdCl3 were
studied, an EGTA- and phosphate-free Hepes-PSS was
used to avoid precipitation and chelation of La3+ and
Gd3+ (Wang et al. 2003; Snetkov et al. 2003; Ng et al.
2008). In experiments where the effect of TRPC1 anti-
body was studied, cultured PASMCs were pre-incubated
with TRPC1 (1 : 100, Alomone Laboratories, Jerusalem,
Israel) at 37◦C for 24 h before the experiments started.
For negative control, TRPC1 antibody was pre-adsorbed
with TRPC1 antigen peptide (1 μg peptide per 1 μg anti-
body) at room temperature for 2 h and then incubated
with PASMCs at 37◦C for 24 h before experimental
recording.

Total RNA isolation and RT-PCR

Total RNA was isolated from cultured mouse PASMCs
using TRIZOL reagent (Invitrogen, CA, USA) as per
the manufacturer’s instructions. First strand cDNA
was prepared from the RNA preparations by using
Superscript III reverse transcriptase (Invitrogen). The
resulting cDNA was then amplified by PCR with
primers specific for mouse TRPC1 (sense, 5′-CCTT-
CTCATACTGTGGATTATTG-3′; antisense, 5′-GTACCA-
GAACAGAGCAAAGCA-3′) and STIM1 (sense, 5′-CAAT-
GGTGATGTGGATGTGGAAGA-3′; antisense, 5′-AGT-
AACGGTTCTGGATATAGGCAAACC-3′). Primers for
mouse β-actin (sense, 5′-TGGCTACAGCTTCACCA-
CC-3′; antisense, 5′-ACTCCTGCTTGCTGATCCAC-3′)
were used as an internal control. The amplification cycle
parameters were 95◦C for 10 min, 35 cycles at 95◦C for
30 s (denaturation), 58◦C for 30 s (annealing), and 72◦C
for 45 s (extension). Sample was then heated at 72◦C
for 7 min to ensure complete product extension. For
reverse transcription (RT) controls, reverse transcriptase
was omitted from cDNA reaction. Amplified products
were resolved by gel electrophoresis, purified and verified
by sequencing.

Transfection of PASMCs with STIM1 siRNA

PASMCs were transiently transfected with STIM1 siRNA
(ID: s74488, Silencer Select Pre-designed siRNA, Ambion,
Austin, TX, USA) using siPORT Amine transfection
reagent (Ambion) according to the manufacturer’s
instruction. For every 35 mm cell culture dish of cells,
10 μl of STIM1 siRNA (50 μM) was diluted in 90 μl of
OPTIMEM I (Invitrogen). Then, 10 μl of siPORT Amine
was diluted in 90 μl of OPTIMEM I and mixed with
the diluted siRNA. The mixture (200 μl) was incubated
at room temperature for 20 min to allow formation of
transfection complexes. Primary cultured PASMCs were
then trypsinized and incubated in DMEM containing
10% NCS and antibiotics, and the cells were subsequently
passaged onto three 35 mm cell culture dishes. To each
culture dish, the transfection complexes were added onto
the cells to give a final volume of 2.5 ml in growth medium
and a final concentration of 200 nM STIM1 siRNA. The
plate was swirled gently to ensure uniform distribution of
the transfection complexes. The cells were incubated with
the transfection complexes at 37◦C for 24 h and grown to
70–80% confluence. The cells were then incubated in the
growth arrested medium containing 0.1% NCS at 37◦C for
24 h prior to experimental use. For negative control, the
cells were transfected with a scrambled siRNA (Silencer
Negative Control no. 1 siRNA, Ambion) using the same
transfection method.
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Generation of recombinant STIM1 adenovirus

STIM1 cDNA was isolated from mouse brain and
cloned into pcDNA3.1 according to the manufacturer’s
instructions (Invitrogen) and the STIM1 construct
was confirmed using terminator cycle sequencing.
Recombinant adenoviruses for STIM1 were then produced
in a pAdTrack-CMV/pAdEasy recombinant containing
green fluorescent protein (Ad-GFP-STIM1), purified and
amplified by using the AdEasy adenoviral vector system
(Stratagene, La Jolla, CA, USA). To produce adenoviruses,
the STIM1 adenovirus recombinants were transfected
into viral packaging cell line using the MBS mammalian
transfection kit (Stratagene). Adenoviruses were then
harvested, plaque-purified and titred by an agarose
overlay plaque assay as previously described (Graham &
Prevec, 1995). The same procedure was used to generate
a control adenovirus containing GFP (Ad-GFP) with no
insertion of STIM1 gene. For infection, cultured PASMCs
were incubated with adenovirus in DMEM containing
0.1% NCS for 24 h. The cells were then washed with fresh
0.1% NCS medium for another 24 h. Infected cells were
monitored by observing the number of green cells under
fluorescence miscroscope and were subsequently used for
calcium imaging study or Western blot analysis.

Western blot analysis and co-immunoprecipitation

Total protein was obtained from cultured mouse PASMCs
by using RIPA extraction buffer containing protease
and phosphatase inhibitors as previously described (Dai
et al. 2005). For western blot analysis, equal amounts
of total protein (50 μg) were resolved by 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membranes for
90 min at 24 V (Genie blotter, Idea Scientific Company,
Minneapolis, MN, USA). The membranes were then
blocked for 1 h with LI-COR blocking solution (LI-COR,
Lincoln, NE, USA) and probed with a rabbit poly-
clonal TRPC1 antibody (1 : 100, Alomone Laboratories)
or mouse monoclonal STIM1 antibody (1 : 100, BD
Biosciences Pharmingen, San Diego, CA, USA). The
membranes were simultaneously probed with goat
polyclonal GAPDH antibody (1 : 20 000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) as an internal
control. The primary antibodies were incubated over-
night at 4◦C and after washout membranes were incubated
with two secondary antibodies in LI-COR solution
for 45 min at room temperature: one coupled to an
infrared fluorescence marker with emission wavelength of
800 nm (1 : 100 000; IR 800, Rockland Immunochemicals,
Gilbertsville, PA, USA), and the other coupled to an
infrared fluorescence marker with emission wavelength of
680 nm (1 : 100 000; Alexa Fluor 680, Molecular Probes).

Immunoblots were then scanned to obtain double-colour
fluorescent images with an Odyssey scanner (LI-COR).

For co-immunoprecipitation of STIM1 and TRPC1,
0.5 mg of total protein was first diluted with an equal
volume of PSS (with protease inhibitors) and mixed
with 10 μg of Stim1 antibody (EXBIO, Czech Republic),
and incubated with agitation at 4◦C for 2 h. Then,
100 μl of slurry of agarose beads conjugated to goat
anti-mouse antibodies (Sigma) was washed with 1 ml
PSS and incubated overnight with the protein–antibody
complex at 4◦C on an end-over-end mixer. The
beads–protein–antibody complex was then washed three
times with 1 ml of PSS. The protein was released from
the beads by adding 35 μl of 4× SDS loading buffer and
incubated for 20 min at room temperature prior to loading
on a 10% SDS gel. After gel electrophoresis, the separated
protein was transferred onto nitrocellulose membrane. To
demonstrate immunoprecipitation of STIM1, the blot was
probed with Stim1 antibody (1 : 100; BD Biosciences).
To demonstrate co-immunopreciptation of STIM1 and
TRPC1, the blot was subsequently probed with TRPC1
antibody (1 : 100, Alomone).

Drug solutions and data analysis

CPA, nifedipine, MnCl2, NiCl2, LaCl3 and GdCl3

were obtained from Sigma-Aldrich Co. (St Louis, MO,
USA). SKF 96365 and ionomycin were obtained from
Calbiochem (San Diego, CA, USA). TRPC1 antibody was
obtained from Alomone Laboratories. STIM1 antibodies
were obtained from BD Biosciences and EXBIO. STIM1
siRNA and negative control siRNA were obtained from
Ambion. CPA, nifedipine and ionomycin were dissolved
in dimethylsulphoxide. Other drugs were dissolved in
deionized water. Data are expressed as means ± S.E.M.
of n cells from at least five cell culture dishes passaged
from three primary cultured dishes of separate seedings.
Statistical comparisons employed Student’s unpaired t
tests or one-way analysis of variance (ANOVA) with
Tukey’s pairwise comparison as appropriate. A value of
P < 0.05 was considered significant.

Results

Store depletion causes activation of VOCC and CCE
in mouse PASMCs

To study Ca2+ entry pathway(s) activated by store
depletion in mouse PASMCs, control experiments
were first performed in Ca2+-free solutions followed
by re-addition of 2 mM Ca2+ (Fig. 1A). Removal
of extracellular Ca2+ caused a decrease in [Ca2+]i.
Subsequent addition of 2 mM Ca2+ elicited a very small
transient rise in [Ca2+]i, 42 ± 14 nM (�R = 0.11 ± 0.03)
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above basal levels (Fig. 1A and C; n = 22, P < 0.01),
which decayed slowly to the baseline. Figure 1B shows
that when cells were superfused with Ca2+-free PSS
containing 10 μM CPA, an early transient increase in
[Ca2+]i was observed indicative of Ca2+ release from
the intracellular stores (arrow). This early transient rise
in [Ca2+]i decayed slowly to a mean level below base-
line. Subsequent addition of 2 mM Ca2+ in the presence
of CPA elicited a significant transient rise in [Ca2+]i of
209 ± 31 nM (�R = 0.49 ± 0.03) followed by a sustained
rise in [Ca2+]i of 67 ± 6 nM (�R = 0.21 ± 0.02) above
basal levels (Fig. 1B and C; n = 117, P < 0.01). Part of the
transient increase in [Ca2+]i was mediated by Ca2+ influx
through VOCCs because nifedipine significantly reduced
the increase in [Ca2+]i to 137 ± 10 nM (Fig. 1B and D;
�R = 0.35 ± 0.03, n = 296, P < 0.05), at a concentration
(10 μM) causing maximal inhibition of these channels in
PASMCs (Ng et al. 2008). However, nifedipine did not
affect the sustained increase in [Ca2+]i (Fig. 1B and D).

We previously found in canine PASMCs that
store depletion caused a dihydropyridine-insensitive
increase in [Ca2+]i through activation of CCE (Wilson
et al. 2002; Ng et al. 2008). To determine if the
dihydropyridine-insensitive components activated by CPA
in mouse PASMCs recruit a Ca2+ influx pathway similar

0.4

0.6

1.0

1.2

0.8

1.4

R
a
ti

o
 3

4
0
/3

8
0

5 min

0Ca

-250

-150

-50

50

150

250

[C
a

2
+
] i

(n
M

)

++
**

++

** ++

Control Store-depletion Transient Sustained

[C
a

2
+
] i

(n
M

)

+Nif +Nif

*

0

50

100

150

200

250

[Ca]i in 0Ca-PSS

[Ca]i transient in 2mM Ca-PSS

[Ca]i sustained in 2mM Ca-PSS

+Nif

-Nif

1.0

1.2

1.4

1.6

1.8

2.0

2.2

R
a
ti

o
 3

4
0
/3

8
0

5 min

CPA

0Ca

Figure 1. Store depletion increases [Ca2+]i
in mouse PASMCs
Store depletion increases [Ca2+]i in cultured
mouse PASMCs. A, in control experiments,
removal of external Ca2+ caused a decrease in
fluorescence ratio below basal level.
Subsequent addition of 2 mM Ca2+ caused a
very small transient increase in fluorescence
ratio, which slowly returned to basal levels
(dotted line). B, when applied in Ca2+-free
solution, depletion of intracellular stores with
10 μM CPA transiently elevated fura-2
fluorescence ratio, indicating Ca2+ release
from the intracellular stores (arrow).
Re-addition of 2 mM Ca2+ in the continued
presence of CPA caused a transient followed by
a sustained increase in fluorescence ratio. The
transient but not the sustained component was
reduced by 10 μM nifedipine (Nif). C, mean
changes in [Ca2+]i compared to the resting
[Ca2+]i in control (n = 22) and store depletion
(n = 117) experiments. Filled bars indicate
mean decrease in [Ca2+]i. Shaded and open
bars indicate mean transient and sustained rise
in [Ca2+]i, respectively. ∗∗P < 0.01 and
++P < 0.01, compared to the resting [Ca2+]i
(ANOVA). D, bar graph showing the mean
changes in transient and sustained rise in
[Ca2+]i caused by store depletion after
re-addition of 2 mM Ca2+, in the absence
(n = 117) and presence (n = 296) of 10 μM

nifedipine. ∗P < 0.05 (unpaired t test).

to CCE, the effect of store depletion on Mn2+ quench of
fura-2 fluorescence was tested in the presence of 10 μM

nifedipine. In control experiments, the effect of store
depletion on Mn2+ quench of fura-2 was examined as
described previously (Ng et al. 2008). Figure 2A shows the
fluorescence intensity recorded at an excitation wavelength
of 360 nm in a single PASMC. Removal of extracellular
Ca2+ did not cause any decline in fluorescence intensity.
The addition of 30 μM MnCl2 in the presence of nifedipine
caused the fluorescence to decline slightly. Subsequent
depletion of the SR Ca2+ stores by 10 μM CPA resulted in a
120 ± 7% (Fig. 2F , n = 212) increase in the rate of decline
of fluorescence, corresponding to enhanced Mn2+ quench
of fura-2 indicative of store depletion activated Ca2+ entry
(Ng et al. 2008). The pharmacology of the store depletion
activated Ca2+ entry was further studied by testing the
effects of known blockers of store-operated channels,
SKF 96365, Ni2+, La3+ and Gd3+ (Parekh & Putney,
2005) in the presence of nifedipine. Figure 2B–F shows
that 50 μM SKF96365 (Fig. 2B), 500 μM Ni2+ (Fig. 2C),
100 μM La3+ (Fig. 2D) and Gd3+ (Fig. 2E) inhibited
CPA-activated Mn2+ quench of fura-2 fluorescence, from
120 ± 7% (n = 212) to 4 ± 10% (n = 92), 20 ± 19%
(n = 51), −15 ± 6% (n = 67) and −38 ± 6% (n = 47),
respectively (Fig. 2F , P < 0.01).
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TRPC1 and STIM1 expression in mouse PASMCs

To determine if TRPC1 channel and STIM1 protein
are expressed in mouse PASMCs, mRNA and protein
expression were detected using RT-PCR and Western blot
analysis, respectively. Figure 3A (upper panel) shows that
TRPC1 mRNA is expressed in cultured mouse PASMCs
with a predicted size of 516 bp and was confirmed to
have the correct nucleotide sequence. TRPC1 protein was
also found in cultured mouse PASMCs (lower panel). It is
noteworthy that cross-reactivity of TRPC1 antibody with
other TRPC channels is negligible because there is only one
significant band detected by the TRPC1 antibody in the
molecular weight range of 80–200 kDa. Thus, it is unlikely
that the TRPC1 antibody used in our present study binds
to other TRPC proteins in mouse PASMCs because the
predicted molecular weights of other TRPC proteins in
the TRPC family also fall in this molecular weight range.
As shown in Fig. 3B, STIM1 mRNA (473 bp, upper panel)
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Figure 2. Store depletion increases the rate
of Mn2+ quench of fura-2 fluorescence in
mouse PASMCs
A, depletion of intracellular Ca2+ stores with
10 μM CPA increased the rate of Mn2+ quench
of fura-2 fluorescence in the presence of 10 μM

nifedipine. B–E, the increase in Mn2+-quench
of fura-2 activated by store depletion was
inhibited by 50 μM SKF 96365 (B), 500 μM Ni2+
(C), 100 μM La3+ (D) and 100 μM Gd3+ (E). F,
bar graph showing percentage change in
fura-2 quench rate after store depletion, in the
absence (n = 212) and presence of SKF96365
(n = 92), Ni2+ (n = 51), La3+ (n = 67) and
Gd3+ (n = 47). ∗∗P < 0.01 (ANOVA).

and protein (lower panel) were also detected in cultured
mouse PASMCs.

TRPC1 and STIM1 mediate CCE in mouse PASMCs

To determine if TRPC1 channels are responsible for
CCE in mouse PASMCs, the effects of TRPC1 antibody
were investigated in cells subjected to store depletion in
the presence of 10 μM nifedipine. The anti-TRPC1 anti-
body from Alomone is raised against the extracellular
amino acid sequence 557–571, which is predicted to lie
in the pore-forming region of the protein (Sage et al.
2002; Ahmmed et al. 2004). This antibody is widely
used to study CCE in many various cell types, including
pulmonary artery cells (Kunichika et al. 2004), endo-
thelial cells (Ahmmed et al. 2004; Jho et al. 2005)
and glomerular mesangial cells (Du et al. 2007). In
control experiments, TRPC1 antibody was pre-adsorbed
with TRPC1 antigen peptide and incubated with the

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



J Physiol 587.11 TRPC1 and STIM1 mediate capacitative Ca2+ entry in PASMCs 2435

cells for 24 h before recording. Figure 4A shows that
the nifedipine-insensitive transient increase in [Ca2+]i

caused by 10 μM CPA in control cells was not different
from that in TRPC1 antibody-treated cells (Fig. 4B).
However, the nifedipine-insensitive sustained increase
in [Ca2+]i was abolished in TRPC1 antibody-treated
cells as compared to the control cells, from 55 ± 5 nM

(�R = 0.18 ± 0.01, n = 156) above baseline to 6 ± 21 nM

(�R = 0.09 ± 0.06, n = 139) below baseline (Fig. 4A and
B; P < 0.01). To further confirm that TRPC1 mediates
CCE in mouse PASMCs, we compared the effects of 10 μM

CPA on Mn2+ quench of fura-2 fluorescence in control
cells to cells treated with TRPC1 antibody. Figure 4C
shows that CPA caused a marked 112 ± 5% (n = 117)
increase in Mn2+ quench of fura-2 in the presence of
10 μM nifedipine in control cells. This increase in Mn2+

quench rate was significantly reduced to 36 ± 16% (Fig. 4C
and D; n = 48, P < 0.01) in cells treated with TRPC1
antibody.

To determine if STIM1 protein mediates CCE in
mouse PASMCs during store depletion, we first verified
if siRNA knockdown of STIM1 mRNA reduced the
expression level of STIM1 protein in cultured mouse
PASMCs. Figure 5A shows that endogenous STIM1
protein was detected at similar levels in non-transfected
cells and in cells transfected with 200 nM scrambled siRNA
(negative control). The protein level was significantly
reduced in cells transfected with 200 nM STIM1 siRNA
compared to non-transfected cells and cells transfected
with scrambled siRNA. We then examined the effect
of STIM1 siRNA on CPA-induced rise in [Ca2+]i in
the presence of 10 μM nifedipine. Figure 5B shows that
10 μM CPA caused an increase in nifedipine-insensitive
transient and sustained rise in [Ca2+]i in cells trans-
fected with 200 nM scrambled siRNA (negative control).
Both transient and sustained increase in [Ca2+]i were
significantly reduced in STIM1 siRNA-transfected
cells from 139 ± 17 nM (�R = 0.27 ± 0.02, n = 51) to
74 ± 8 nM (�R = 0.19 ± 0.03, n = 84, P < 0.01) and
33 ± 3 nM (�R = 0.08 ± 0.01, n = 51) to 14 ± 4 nM

(�R = 0.04 ± 0.01, n = 84, P < 0.01), respectively
(Fig. 5B and C). To confirm that endogenous STIM1
mediates CCE in mouse PASMCs, we compared the
effects of CPA on Mn2+ quench of fura-2 fluorescence
between control cells transfected with scrambled siRNA
and cells transfected with STIM1 siRNA. Figure 5D shows
that 10 μM CPA caused a 109 ± 8% (n = 119) increase
in Mn2+ quench of fura-2 in the presence of 10 μM

nifedipine in negative control cells. This increase in Mn2+

quench rate was significantly reduced to 46 ± 8% (Fig. 5D
and E, n = 107, P < 0.01) in cells transfected with 200 nM

STIM1 siRNA.
To further examine if STIM1 protein contributes to

CCE, we overexpressed STIM1 protein in cultured mouse
PASMCs and then compared the effects of 10 μM CPA on
these cells to the control cells in the presence of 10 μM

nifedipine. Figure 6A shows that endogenous STIM1
protein was detected at similar levels in non-infected
cells and in cells infected with adenovirus containing
GFP (Ad-GFP). The protein level was significantly
increased in cells infected with STIM1-GFP adenovirus
(Ad-GFP-STIM1) as compared to non-infected cells
and Ad-GFP cells. Figure 6B shows that 10 μM CPA
caused an increase in nifedipine-insensitive transient
(108 ± 18 nm, �R = 0.27 ± 0.05, n = 62) and sustained
rise in [Ca2+]i (40 ± 18 nm, �R = 0.11 ± 0.04, n = 62) in
Ad-GFP cells. This increase in [Ca2+]i was slightly smaller
but not significantly different from that in non-infected
cells (transient, 151 ± 16 nM, �R = 0.31 ± 0.03, n = 61;

Figure 3. TRPC1 and STIM1 expression in mouse PASMCs
A, upper panel, RT-PCR products from cultured mouse PASMCs
amplified using primers for mouse TRPC1 (516 bp) and β-actin
(498 bp). Three separate RT-PCR reactions were performed in the
presence (+) and absence (–) of reverse transcriptase (RT). Lower
panel, TRPC1 protein and GAPDH were detected in cultured mouse
PASMCs using Western blot analysis. A negative control was
performed by pre-incubating TRPC1 antibody with the antigen
peptide. Experiments were performed in 5 separate Western blot
analyses. B, upper panel, RT-PCR products from cultured mouse
PASMCs amplified using primers for mouse STIM1 (473 bp) and
β-actin (498 bp). Data shown for β-actin and STIM1 expressions are
from two separate part of a same gel. Three separate RT-PCR reactions
were performed in the presence (+) and absence (–) of reverse
transcriptase (RT). Lower panel, STIM1 protein and GAPDH were
detected in cultured mouse PASMCs using Western blot analysis.
Experiments were performed in 6 separate Western blot analyses.
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sustained, 50 ± 9 nM, �R = 0.12 ± 0.02, n = 61,
P > 0.05). It is likely that the smaller increase in [Ca2+]i

observed in Ad-GFP cells was due to the perturbation
of cell function caused by the adenoviruses. Thus,
Ad-GFP cells were used as a control in subsequent
experiments for comparison of CCE in Ad-GFP-STIM1
cells because they were both treated under the same
infection conditions. Figure 7A shows that 10 μM CPA
caused an increase in nifedipine-insensitive transient
and sustained rise in [Ca2+]i in Ad-GFP cells. Both
the transient and sustained increase in [Ca2+]i were
significantly enhanced in STIM1-overexpressed cells
from 91 ± 23 nM (�R = 0.21 ± 0.04, n = 56) to
269 ± 19 nM (�R = 0.63 ± 0.06, n = 75, P < 0.01) and
36 ± 23 nM (�R = 0.07 ± 0.04, n = 56) to 93 ± 10 nM

(�R = 0.20 ± 0.02, n = 75, P < 0.05), respectively
(Fig. 7A and B). To further confirm that STIM1 mediates
CCE in mouse PASMCs, we compared the effects of
10 μM CPA on Mn2+ quench of fura-2 fluorescence in
Ad-GFP cells to STIM1-overexpressed cells. Figure 7C
shows that CPA caused a 52 ± 6% (n = 88) increase
in Mn2+ quench of fura-2 in the presence of 10 μM

nifedipine in Ad-GFP cells. This increase in Mn2+ quench
rate was significantly increased to 157 ± 12% (Fig. 7C
and D; n = 103, P < 0.01) in STIM1-overexpressed cells.
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Figure 4. TRPC1 mediates CCE in mouse
PASMCs
A, TRPC1 antibody (1 : 100) inhibited the
CPA-induced sustained but not transient
increase in fura-2 fluorescence ratio in the
presence of 10 μM nifedipine. B, bar graph
showing mean changes in transient and
sustained increase in [Ca2+]i caused by 10 μM

CPA after re-addition of 2 mM Ca2+ in the
presence of 10 μM nifedipine, in control cells
(filled bars, TRPC1 Ab+peptide, n = 156) and
in cells treated with TRPC1 antibody (open
bars, n = 139). ∗∗P < 0.01 (unpaired t test).
C, TRPC1 antibody (1 : 100) inhibited the
increase in Mn2+ quench of fura-2
fluorescence caused by 10 μM CPA in the
presence of 10 μM nifedipine. D, bar graph
showing percentage change in fura-2 quench
rate after store depletion in the presence of
10 μM nifedipine, in control cells (filled bar,
TRPC1 Ab+peptide, n = 117) and in cells
treated with TRPC1 antibody (open bar,
n = 48). ∗∗P < 0.01 (unpaired t test).

To determine if STIM1 is functionally associated with
TRPC1 in mediating CCE, the effects of TRPC1 anti-
body were investigated in the STIM1-overexpresssed
cells subjected to store depletion in the presence of
10 μM nifedipine. In control experiments, TRPC1 anti-
body was pre-adsorbed with TRPC1 antigen peptide
and incubated with Ad-GFP-STIM1 cells for 24 h before
recording. Figure 8A shows that 10 μM CPA caused an
increase in nifedipine-insensitive transient and sustained
rise in [Ca2+]i in the Ad-GFP-STIM1 cells under control
condition. The transient and sustained increase in
[Ca2+]i were significantly reduced in cells treated with
TRPC1 antibody, from 235 ± 35 nM (�R = 0.35 ± 0.06,
n = 48) to 105 ± 23 nM (�R = 0.17 ± 0.04, n = 63,
P < 0.01) and 113 ± 30 nM (�R = 0.18 ± 0.04, n = 48)
to 20 ± 18 nM (�R = 0.05 ± 0.03, n = 63, P < 0.01),
respectively (Fig. 8A and B). To further confirm that
STIM1 is associated with TRPC1 in mediating CCE, we
compared the effects of 10 μM CPA on Mn2+ quench
of fura-2 fluorescence in Ad-GFP-STIM1 cells under
control condition to cells treated with TRPC1 antibody
(Fig. 8C and D). Figure 8C shows that 10 μM CPA caused
a 160 ± 27% (n = 44) increase in Mn2+ quench of fura-2
in the presence of 10 μM nifedipine in Ad-GFP-STIM1
cells under control condition. This increase in Mn2+
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quench rate was significantly reduced to 44 ± 8% (n = 31,
P < 0.01) in cells treated with TRPC1 antibody (Fig. 8C
and D).

TRPC1 and STIM1 form a molecular complex
in mouse PASMCs

To investigate if store depletion affects the expression
levels of TRPC1 and STIM1, we compared the expression
levels of TRPC1 and STIM1 between control cells and
cells subjected to store depletion. In cells subjected to
store depletion, the cells were incubated with Ca2+-free
PSS containing 10 μM CPA followed by re-admission of
2 mM Ca2+ in the presence of CPA. We found that store
depletion did not affect the expression levels of TRPC1
(Fig. 9A) or STIM1 (Fig. 9B) as compared to the control
cells. To determine if Stim1 is associated with TRPC1
channel in mouse PASMCs, a co-immunoprecipitation
study was performed. Figure 9C shows that STIM1

Figure 5. siRNA knockdown of STIM1
reduces CCE in mouse PASMCs
A, STIM1 protein and GAPDH were detected in
non-transfected mouse PASMCs and in
PASMCs transfected with 200 nM scrambled
siRNA (negative control). The expression of
STIM1 but not GAPDH reduced significantly in
cells transfected with 200 nM STIM1 siRNA.
Experiments were performed in 3 separate
Western blot analyses. B, siRNA knockdown of
STIM1 reduced the CPA-induced transient and
sustained increase in fura-2 fluorescence ratio
in the presence of 10 μM nifedipine. C, bar
graph showing mean changes in transient and
sustained increase in [Ca2+]i caused by 10 μM

CPA after re-addition of 2 mM Ca2+ in the
presence of 10 μM nifedipine, in negative
control cells (filled bars, n = 51) and in STIM1
siRNA-transfected cells (open bars, n = 84).
∗∗P < 0.01 (unpaired t test). D, siRNA
knockdown of STIM1 reduced the increase in
Mn2+ quench of fura-2 fluorescence caused by
10 μM CPA in the presence of 10 μM

nifedipine. E, bar graph showing percentage
change in fura-2 quench rate after store
depletion in the presence of 10 μM nifedipine,
in negative control cells (filled bar, n = 119)
and in STIM1 siRNA-transfected cells (open bar,
n = 107). ∗∗P < 0.01 (unpaired t test).

co-immunoprecipitates TRPC1, indicating a molecular
complex formed between STIM1 proteins and TRPC1
channels in mouse PASMCs. Interestingly, more TRPC1
was co-immunoprecipitated with STIM1 in cells
subjected to store depletion as compare to the control cells
(Fig. 9C). This data suggests that during store depletion,
the association of STIM1 with TRPC1 is enhanced in
mouse PASMCs.

Discussion

The present study provides the first direct evidence that
TRPC1 mediates CCE through activation of STIM1 in
mouse PASMCs. This was indicated by the inhibitory
effects of TRPC1 antibody and STIM1 siRNA, and
the enhanced effects of STIM1 overexpression on the
dihydropyridine-insensitive sustained rise in [Ca2+]i and
the increase in Mn2+ quench of fura-2 fluorescence
caused by CPA. This rise in [Ca2+]i and the increase
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in Mn2+ quench rate were due to CCE because they
were activated by store depletion and blocked by SKF
96365, Ni2+, La3+ and Gd3+, a characteristic property
of SOCs in many tissues, including pulmonary arteries
(Wang et al. 2003; Snetkov et al. 2003; Ng et al. 2008).
These pharmacological properties are similar to TRPC1
channels, which are believed to play a prominent role in
store-operated Ca2+ entry (see Beech, 2005; Rychkov &
Barritt, 2007 for reviews). There is increasing evidence
that TRPC1 functions as a SOC in pulmonary arteries. In
human PASMCs, TRPC1 gene expression and CCE were
significantly reduced in cells treated with TRPC1 anti-
sense (Sweeney et al. 2002). In addition, overexpression
of human TRPC1 in rat pulmonary arteries enhanced
the contractile responses to CPA (Kunichika et al. 2004).
Knockdown of TRPC1 protein with siRNA inhibited
cation influx caused by thapsigargin in rat PASMCs (Lin
et al. 2004), further supporting that TRPC1 is an important
molecular candidate to form SOCs in PASMCs.

Over the past decade, many studies have been
performed to examine the molecular signal(s) that activate
SOCs (Parekh & Putney, 2005). These include (1) the

Figure 6. Overexpression of STIM1 in mouse PASMCs
A, STIM1 protein and GAPDH were detected in non-infected mouse
PASMCs and in PASMCs infected with adenovirus containing GFP
(Ad-GFP). The expression of STIM1 but not GAPDH increased markedly
in cells infected with STIM1-GFP-adenovirus (Ad-GFP-STIM1).
Experiments were performed in 3 separate Western blot analyses.
B, bar graph showing mean changes in transient and sustained
increase in [Ca2+]i caused by 10 μM CPA after re-addition of 2 mM

Ca2+ in the presence of 10 μM nifedipine, in non-infected cells (filled
bars, n = 61) and Ad-GFP cells (open bars, n = 62).

generation of a ‘Ca2+ influx factor’ from the SR after store
depletion, which induces activation of Ca2+-independent
phospholipase A2 leading to the activation of SOCs; (2)
conformational coupling of the SR IP3 receptors with
SOCs on the cell membrane; and (3) fusion of SOC
vesicles in the cell membrane leading to the increase
in channel number on the membrane. However, the
evidence for these hypotheses is controversial and remains
to be elucidated (Parekh & Putney, 2005). Recently, the
discovery of STIM1 has given a new direction in the search
for a molecular intermediate involved in the activation of
SOCs. STIM1 was found to act as a sensor of the SR
Ca2+ stores when the stores are depleted of Ca2+ and
it also activates SOCs in non-excitable cells (Roos et al.
2005; Zhang et al. 2005; Smyth et al. 2006; Spassova et al.
2006; Lewis, 2007). To date, several studies in smooth
muscle cells have shown expression of STIM1 and its
role in mediating CCE. These include human airway
smooth muscle cells (Peel et al. 2006), human coronary
arterial smooth muscle cells (Takahashi et al. 2007b),
mouse aorta smooth muscle cells (Dietrich et al. 2007)
and human saphenous vein cells (Li et al. 2008). Although
STIM1 was recently found in rat PASMCs (Lu et al.
2008), our present findings that the rise in [Ca2+]i and
cation influx activated by store depletion were reduced by
STIM1 siRNA, and these responses to store depletion were
enhanced in cells overexpressing STIM1 provide the first
functional evidence that endogenous STIM1 contributes
to CCE in PASMCs. Taken together, TRPC1 mediates
CCE and requires activation of STIM1 in PASMCs. This
is consistent with other studies in HEK293 cells (Huang
et al. 2006), human platelets (López et al. 2006), human
coronary arterial smooth muscle cells (Takahashi et al.
2007a) and human saphenous vein cells (Li et al. 2008),
in which STIM1 and TRPC1 mediate depletion-activated
Ca2+ entry.

Perhaps the most important finding in the present
study is that STIM1 co-immunoprecipitates TRPC1 and
the precipitation level of TRPC1 was increased during
store depletion (Fig. 9C). Furthermore, overexpression of
STIM1 increased CCE (Fig. 7) and this increase in CCE
was significantly reduced by TRPC1 antibody (Fig. 8).
These findings suggest a functional association of STIM1
and TRPC1 to mediate CCE in mouse PASMCs. Therefore,
SOCs may consist of a molecular complex composed of
TRPC1 and STIM1 in mouse PASMCs, and when the
intracellular Ca2+ stores are depleted, STIM1 that resides
in the cytosol may be recruited to the cell membrane
and interact with more TRPC1 to enhance CCE. This
molecular complex has not been described in pulmonary
vascular smooth muscle cells but it is supported by a recent
finding in human saphenous vein cells that STIM1 and
TRPC1 interact and both contribute to CCE (Li et al.
2008).

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



J Physiol 587.11 TRPC1 and STIM1 mediate capacitative Ca2+ entry in PASMCs 2439

R
a
ti

o
 3

4
0
/3

8
0

0

0.5

1.0

1.5

2.0

2.5

3.0

5 min

0Ca

CPA

Nifedipine

Ad-GFP-STIM1

Ad-GFP

0

20

40

60

80

100

120

5 min

F
lu

o
re

s
c
e
n

c
e
 i
n

te
n

s
it

y
 (

a
.u

.)

MnCl2+Nifedipine

ionomycin

nominally 0Ca

CPA

Ad-GFP-STIM1

Ad-GFP

**

0

50

100

150

200

250

300

Transient Sustained

[C
a

2
+
] i

(n
M

)

*

**

0

50

100

150

200

F
u

ra
-2

 q
u

e
n

c
h

 r
a

te
 (

%
)

Figure 7. Overexpression of STIM1
enhances CCE in mouse PASMCs
A, overexpression of STIM1 enhanced the
increase in CPA-induced transient and
sustained rise in fura-2 fluorescence ratio in
the presence of 10 μM nifedipine. B, bar graph
showing mean changes in transient and
sustained increase in [Ca2+]i caused by 10 μM

CPA after re-addition of 2 mM Ca2+ in the
presence of 10 μM nifedipine, in Ad-GFP cells
(filled bars, n = 56) and in Ad-GFP-STIM1 cells
(open bars, n = 75). ∗∗P < 0.01,

∗
P < 0.05

(unpaired t test). C, overexpression of STIM1
enhanced the increase in Mn2+ quench of
fura-2 fluorescence caused by 10 μM CPA in
the presence of 10 μM nifedipine. D, bar graph
showing percentage change in fura-2 quench
rate after store depletion in the presence of
10 μM nifedipine, in Ad-GFP cells (n = 88) and
in Ad-GFP-STIM1 cells (n = 103). ∗∗P < 0.01
(unpaired t test).
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Figure 8. STIM1 associates with TRPC1 to
mediate CCE in mouse PASMCs
A, in cultured mouse PASMCs overexpressing
STIM1, TRPC1 antibody (1 : 100) reduced the
CPA-induced transient and sustained increase
in fura-2 fluorescence ratio in the presence of
10 μM nifedipine. B, bar graph showing mean
changes in transient and sustained increase in
[Ca2+]i caused by 10 μM CPA after re-addition
of 2 mM Ca2+ in the presence of 10 μM

nifedipine, in Ad-GFP-STIM1 cells under control
condition (filled bars, TRPC1 Ab+peptide,
n = 48) and in cells treated with TRPC1
antibody (open bars, n = 63). ∗∗P < 0.01
(unpaired t test). C, in cultured mouse PASMCs
overexpressing STIM1, TRPC1 antibody
(1 : 100) inhibited the increase in Mn2+ quench
of fura-2 fluorescence caused by 10 μM CPA in
the presence of 10 μM nifedipine. D, bar graph
showing percentage change in fura-2 quench
rate after store depletion in the presence of
10 μM nifedipine, in Ad-GFP-STIM1 cells under
control condition (filled bar, TRPC1
Ab+peptide, n = 44) and in cells treated with
TRPC1 antibody (open bar, n = 31). ∗∗P < 0.01
(unpaired t test).
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In HEK293 cells, STIM1 was found to bind to
TRPC1, TRPC4 and TRPC5 and directly regulate
these channels, whereas the regulation of TRPC3 and
TRPC6 by STIM1 was mediated by STIM1-dependent
heteromultimerization of TRPC3 with TRPC1 and TRPC6
with TRPC4 (Yuan et al. 2007). Another interesting finding
of the present study is that the dihydropyridine-insensitive
transient rise in [Ca2+]i caused by CPA was not affected
by TRPC1 antibody but was significantly reduced in
PASMCs transfected with STIM1 siRNA (see Figs 4A and

Figure 9. TRPC1 interacts with STIM1 to form SOCs in mouse
PASMCs
A, left panel, TRPC1 was detected in cultured mouse PASMCs in the
absence and presence of store depletion. Right panel, bar graph
showing expression levels of TRPC1 measured relative to GAPDH in
control cells (denoted as 1, filled bar), and in cells subjected to store
depletion (open bar). Data are means ± S.E.M. of 3 separate Western
blot analyses. B, left panel, STIM1 was detected in cultured mouse
PASMCs in the absence and presence of store depletion. Right panel,
bar graph showing expression levels of STIM1 measured relative to
GAPDH in control cells (denoted as 1, filled bar), and in cells subjected
to store depletion (open bar). Data are means ± S.E.M. of 3 separate
Western blot analyses. C, STIM1 co-immunoprecipitated TRPC1 in
cultured mouse PASMCs in the absence and presence of store
depletion. STIM1 was first immunoprecipitated (IP) with EXBIO STIM1
antibody (10 μg) and the blot was subsequently probed with BD
Biosciences STIM1 antibody (WB, 1 : 100). The blot was then probed
for co-IP of TRPC1 expression using TRPC1 antibody (WB, 1 : 100,
Alomone). Experiments were performed in 3 separate co-IP procedures
and Western blot analyses.

5B). Therefore, it is likely that other TRPC channels may
heteromultimerize with TRPC1 and STIM1 to function
as SOCs in mouse PASMCs. It is also possible that the
dihydropyridine-insensitive transient rise in [Ca2+]i may
be mediated by Orai1, which has been shown to be a
pore subunit of the calcium release activated calcium
(CRAC) channel in non-excitable cells (Feske et al. 2006;
Prakriya et al. 2006). Co-expression of Orai1 and STIM1
was found to cause a significant gain in CRAC channel
function, suggesting that STIM1 interacts with Orai1 to
cause CCE (Soboloff et al. 2006; Mercer et al. 2006). On
the other hand, over-expression of Orai1 in HEK cells
was found to interact with the store depletion insensitive
channels TRPC3 and TRPC6 and confer store depletion
sensitivity to these channels (Liao et al. 2007). Most
recently, TRPC1 was shown to form a complex with STIM1
and Orai1 to activate SOCs in human salivary gland
cells (Ong et al. 2007; Cheng et al. 2008). Thus, future
studies on whether other TRPC channels or Orai1 interact
with STIM1 and mediate the dihydropyridine-insensitive
transient rise in [Ca2+]i in mouse PASMCs are
warranted.

On the other hand, we have identified another Ca2+

entry pathway activated by store depletion in addition
to CCE in cultured mouse PASMCs. Following store
depletion in Ca2+-free conditions, a transient rise in
[Ca2+]i was activated after readmission of 2 mM Ca2+,
which was partially inhibited by 10 μM nifedipine (Fig. 1B
and D), suggesting that the Ca2+ entry process was
mediated at least in part through VOCCs. This is also
known to occur in cultured canine and rat PASMCs (Ng
et al. 2008; McDaniel et al. 2001). It is possible that
the release of Ca2+ from intracellular stores during store
depletion may inhibit Kv channels, leading to membrane
depolarization and subsequent activation of VOCCs (Post
et al. 1995). It is also possible that Ca2+ release from stores
may activate Ca2+-dependent Cl− channels, leading to
membrane depolarization and hence activation of VOCCs
(Ng & Gurney, 2001).

In conclusion, store depletion causes activation of
VOCCs and CCE in mouse PASMCs. These data provide
the first direct evidence that CCE is mediated by
the TRPC1 channel through activation of STIM1 in
PASMCs. The evidence that TRPC1 and STIM1 form
a molecular complex may be an important model for
future identification of SOCs in PASMCs and they may
be useful targets for the development of new drugs to treat
pulmonary hypertension.
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