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Hopson KP, Truelove J, Chun J, Wang Y, Waeber C. S1P
activates store-operated calcium entry via receptor- and non-
receptor-mediated pathways in vascular smooth muscle cells. Am J
Physiol Cell Physiol 300: C919 –C926, 2011. First published
January 26, 2011; doi:10.1152/ajpcell.00350.2010.—Sphingosine-
1-phosphate (S1P) has been shown to modulate intracellular Ca2�

through both G protein-coupled receptors and intracellular second
messenger pathways. The precise mechanism by which S1P activates
store-operated calcium entry (SOCE) in vascular smooth muscle cells
(VSMCs) has not been fully characterized. Because sphingolipids and
Ca2� modulate proliferation and constriction in VSMCs, characteriz-
ing the connection between S1P and SOCE may provide novel
therapeutic targets for vascular diseases. We found that S1P triggered
STIM1 puncta formation and SOCE in VSMCs. S1P-activated SOCE
was inhibited by 2-aminoethoxydiphenyl borate (2-APB), diethylstil-
bestrol (DES), and gadolinium (Gd3�). SOCE was observed in
VSMCs lacking either S1P2 or S1P3 receptors, suggesting that S1P
acts via multiple signaling pathways. Indeed, both extracellular and
intracellular S1P application increased the total internal reflection
fluorescence signal in VSMCs cells transfected with STIM1-yellow
fluorescent protein in a 2-APB-sensitive manner. These data, and the
fact that 2-APB, DES, and Gd3� all inhibited S1P-induced cerebral
artery constriction, suggest that SOCE modulates S1P-induced vaso-
constriction in vivo. Finally, S1P-induced SOCE was larger in pro-
liferative than in contractile VSMCs, correlating with increases in
STIM1, Orai1, S1P1, and S1P3 receptor mRNA. These data demon-
strate that S1P can act through both receptors and a novel intracellular
pathway to activate SOCE. Because S1P-induced SOCE contributes
to vessel constriction and is increased in proliferative VSMCs, it is
likely that S1P/SOCE signaling in proliferative VSMCs may play a
role in vascular dysfunction such as atherosclerosis and diabetes.

sphingosine-1-phosphate; STIM1; sphingosine-1-phosphate receptor;
blood vessels

SPHINGOSINE-1-PHOSPHATE (S1P) is an important signaling mole-
cule in the cardiovascular system (50). S1P constricts cerebral
arteries at physiologically relevant concentrations (6, 43, 48)
but induces only weak vasoconstriction in peripheral vessels
such as renal and coronary arteries (29, 43). The mechanism
for the differences in responses to S1P in different vascular
beds has not been elucidated, though differences in S1P recep-
tor levels are thought to play a role (6). S1P is known to signal
through both G protein-coupled receptor pathways (S1P1–
S1P5) (2, 42, 50) and intracellular mechanisms (16, 24, 45) to
modulate intracellular Ca2� levels. Signal transduction path-
ways activating Ca2� entry are known to be cell specific (4,
44), and although S1P has been shown to modulate intracellu-

lar Ca2� stores in various cell types, it is important to examine
the specific mechanisms by which S1P activates Ca2� entry in
vascular smooth muscle cells (VSMCs). The S1P receptors
mediating Ca2� signaling in VSMCs belong mainly to the
S1P2 and S1P3 subtypes (50), but possible direct intracellular
effects of S1P in these cells have not been investigated. Both
genetic (42) and pharmacologic (28) inhibition of the S1P3

receptor inhibit constriction of cerebral vessels. S1P2 receptor
null mice have normal blood pressure but exhibit decreased
contractile responsiveness to �-adrenergic stimulation and rest-
ing vascular tone (22), and inhibition of S1P2 has been shown
to inhibit constriction of gracilis muscle resistance arteries and
spiral modiolar arteries to S1P (18, 31). While this provides
valuable information on the initial step of the signaling cascade
that results in vessel constriction, the precise mechanism by
which S1P triggers Ca2� entry in VSMCs and constriction of
cerebral arteries is not known.

Store-operated calcium entry (SOCE) is triggered by loss of
Ca2� from intracellular stores and results in activation of
cation-permeable plasma membrane channels in excitable cells
(for review see Refs. 20 and 36). The primary role of SOCE is
to maintain Ca2� levels in the endoplasmic reticulum. The
mechanism has also been implicated in altering gene expres-
sion, contractility, proliferation, and migration of a variety of
cells including VSMCs and endothelial cells (1, 20, 30).
Depletion of Ca2� from the stores causes the protein STIM1
(mainly localized to the tubular endoplasmic reticulum) to
oligomerize into punctate structures within close proximity to
the plasma membrane. The plasma membrane channel Orai1 is
recruited to the STIM1 puncta, and the COOH terminus of
STIM1 interacts with Orai1, forming active channels perme-
able to cations (56). Agonist stimulation of VSMCs has been
shown to trigger SOCE and constrict cerebral arteries (21, 30,
33, 41).

We hypothesized that S1P triggers SOCE in VSMCs by
activating STIM1 and that this pathway plays a role in vessel
constriction and pathological VSMC proliferation. From our
data, we conclude that S1P activates SOCE in VSMCs; S1P
can act extracellularly through S1P receptors or intracellularly
to trigger STIM1 puncta formation and SOCE. We found
increased S1P-induced SOCE in proliferative VSMCs, which
correlated with increased expression levels of relevant genes.
These findings suggest that S1P-induced SOCE signaling may
play a role in vascular diseases associated with proliferation.

EXPERIMENTAL PROCEDURES

Materials. S1P (Avanti Polar Lipids, Alabaster, AL) was solubi-
lized as a millimolar stock solution in a buffer containing 100 mM
Tris, 145 mM NaCl, and 4 mg/ml fatty acid-free BSA, pH 9.0, for
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vessel experiments. For cell culture studies, S1P was added to a
methanol:water (95:5) mixture in a glass vial, heated, and sonicated.
When in solution, the remaining solvent was removed using a stream
of nitrogen. A 1 mM S1P stock was prepared in 4 mg/ml fatty
acid-free BSA. All other pharmacologic agents were purchased from
Sigma (Sigma-Aldrich, St. Louis, MO) unless noted otherwise.

Animals and isolation of aortic VSMCs. All procedures were
performed in accordance with the Guide for the Care and Use of
Laboratory Animals, published by the National Institutes of Health
(NIH Publication No. 85-23, Revised 1996), and were approved by
the Institutional Animal Care and Use Committee. S1P2 and S1P3

receptor null mice (54) were bred and housed in our animal facility.
Animals had free access to water and food. All experiments were
performed using 20–25 g male mice, and C57BL/6 mice (Charles
River Laboratories) were used for wild-type controls. Aortas were
dissected from the animal and placed in ice-cold PBS, where they
were cleaned of connective tissue and opened lengthwise, and endo-
thelial cells were removed with a cotton swab. The aorta was then
placed in 0.5 mg/ml elastase- 2.0 mg/ml collagenase DMEM in the
incubator; cells were dispersed at 15-min intervals until all tissue was
dissociated. Digestion medium containing VSMCs was spun down at
500 g for 10 min, supernatant was removed, and cells were resus-
pended in complete media and plated on appropriate dishes for the
desired experiment. To obtain contractile VSMCs, cells were grown
for 2 days in 0.1% FBS-DMEM (supplemented with 200 U/ml
penicillin, 0.2 mg/ml streptomycin). To obtain proliferative VSMCs,
cells were grown for 7 days in 1.0% FBS-DMEM. All culture reagents
were obtained from GIBCO (Invitrogen). Smooth muscle cell pheno-
type was confirmed by staining with anti �-smooth muscle (�-SMC)
actin (39): contractile VSMCs showed strong staining and retained a
spindle-like shape (Supplemental Fig. S1A; Supplemental Material for
this article is available online at the Journal website). Proliferative
VSMCs expressed very little �-SMC actin, and their morphology had
changed to that of proliferative SMCs (Supplemental Fig. S1B).

Functional studies in cerebral arteries. Adult male C57BL/6 mice
were anesthetized using chloroform and killed by decapitation. The
brain was removed and placed in a dissection dish filled with cold
physiologic salt solution (PSS; composition in mM: 141 NaCl, 4.6
KCl, 1.7 MgSO4, 0.51 EDTA, 2.7 CaCl2, 10.0 HEPES, 1.1 KH2PO4,
4.9 glucose; pH 7.4). Posterior cerebral arteries were dissected free
from connective tissue. A first-order segment of the posterior cerebral
artery was cannulated, pressurized, and mounted in an arteriograph
(Living Systems Instrumentation, Burlington, VT) that contained PSS
(37°C, pH 7.4) for 30-min equilibration. The arterial diameter was
recorded using the Video Dimension analysis system, and transmural
pressure was measured and controlled using a pressure servomecha-
nism. Pressure was produced by a peristaltic pump linked to the
cannula via silicone tubing and measured using an inline transducer
(Living Systems Instrumentation). Pressure was set at 60 mmHg for
all experiments.

Transfection and imaging of VSMCs and COS-7 cells. For total
internal reflection fluorescence (TIRF) imaging, cells were grown
in glass-bottom dishes (Mattek, Ashland, MA) coated with colla-
gen. Cells were transfected with STIM1-yellow fluorescent protein
(STIM1-YFP; gift from Dr. Meyers, Stanford, CA) using lipo-
fectamine LTX reagent (Invitrogen). Cells were imaged 24–36 h
after transfection in a 37°C chamber in PSS (PSS composition in mM:
140 NaCl, 10 HEPES, 1.0 MgCl2 0.1 EGTA, 2.0 CaCl2, pH 7.4).
Calloway et al. (5) only observed limited STIM1 puncta formation
after antigen stimulation of the IgE-receptor when compared with
thapsigargin (TG)-induced puncta formation; they hypothesized that
this was due to the inhibitory effect of TG on sarco(endo)plasmic
reticulum Ca2�-ATPase that is not imposed with the antigen, and used
cytocholasin D (2 �M) and Gd3� (6 �M) to improve detection of
STIM1 puncta; we have used these conditions to allow for detection
of STIM1 puncta formation after S1P application. TIRF imaging was
performed at 37°C on a Nikon Eclipse TEi inverted epifluorescence

microscope equipped with a �60 TIRF oil immersion objective with
1.49 numerical aperture and Andor iXON EMCCD Camera (South
Bridgewater, CT), and images were taken every 10 s. YFP-labeled
STIM1 was excited using a C-FI TIRF filter and 40MW argon ion
laser 488–514. Caged-S1P (Alexis Biochemicals, Plymouth Meeting,
PA) was dissolved in DMSO to make a 10 mM stock. This solution
was further diluted to 100 �M in 1 mg/ml fatty acid-free BSA. Cells
were loaded with caged-S1P at concentrations noted in text in DMEM
at 37°C for 30 min. Photolysis was performed by a 6-s UV pulse at
maximal intensity (400dclp filter cube, Chroma Technology, Bellows
Falls, VT). Images were acquired and analyzed using NIS elements
(Nikon) by subtracting background intensity and then expressing data
as change compared with baseline intensity.

Analysis of gene expression by real-time PCR. Total RNA extrac-
tion of mouse tissues or primary VSMCs was performed using the
RNAspin Mini kit (GE Healthcare) according to the manufacturer’s
protocol. cDNA was synthesized from total RNA using Super-Scrip-
tIII reverse transcriptase. Real-time PCR reactions were completed in
triplicate using an ABI Prism 7000 from Applied Biosystems (Foster
City, CA) with 100 ng/ml cDNA aliquots as template, together with
primers and probes for STIM1, Orai1–3, S1P1–3, and 18S ribosomal
RNA (used to normalize mRNA expression). Prevalidated primers
and probes were from Applied Biosystems. The gene expression data
were analyzed using Qgene, a publicly available Excel script (27).

Calcium measurements. VSMCs were loaded with 5 �M Fura-
2AM or Fluo-4 calcium indicator dye (Molecular Probes, Invitrogen)
for 45 min and washed for 15 min in serum-free DMEM. VSMCs
were stimulated with S1P (1 �M) or TG (5 �M) in 0 Ca2� PSS
(composition in mM: 140 NaCl, 10 HEPES, 0.09 MgCl2, 0.1 EGTA).
Inhibitors were added at concentrations indicated, and Ca2� (2 mM)
was added to measure store-operated calcium influx. For Fura-2AM
experiments, VSMCs were examined with an inverted microscope
(Eclipse TE200-U; Nikon, Tokyo, Japan) equipped with an Epi-Fl
attachment (Nikon) and CoolSpan ER monochromator (Roper Scien-
tific, Tucson, AZ). Image processing software (Photomatrix,
HDRsoft, Montpellier, France) was used to acquire images that were
taken every 8 s, monitored online, and analyzed with IPLab 3.7
software (Scanalytics, Rockville, MD). Intracellular calcium concen-
tration ([Ca2�]i) was measured fluorometrically as absorbance of ratio
at 340 and 380 nm (�F340/F380), with 510 nm emission. For Fluo-4
experiments, VSMCs were examined with a Nikon Eclipse TEi
inverted epifluorescence microscope (Nikon, Melville, NY) equipped
with a �60 oil immersion objective with 1.49 numerical aperture and
Andor iXON EMCCD Camera. Fluo-4 was excited at 488 nm, and
emission was recorded at 510 nm; images were taken every second.
Intracellular [Ca2�]i was quantified using NIS elements.

Statistical analysis. The data were analyzed with the Student’s
t-test when comparing means between two groups. P � 0.05 was
considered statistically significant.

RESULTS

S1P induces SOCE in VSMCs. S1P modulates Ca2� in
VSMCs (53) and constricts brain arteries (42, 43, 48), but the
precise mechanism involved in this process is not known. To
test the hypothesis that S1P is acting through SOCE to induce
Ca2� entry and cause vessel constriction, we examined S1P-
induced SOCE in primary aortic VSMCs. We first character-
ized pharmacologically the Ca2� response in primary VSMCs
(Fig. 1A), using three widely accepted SOCE inhibitors to
assess the role of SOCE in S1P-induced Ca2� entry: diethyl-
stilbestrol (DES) (10, 55), 2-aminoethoxydiphenylborate (2-
APB) (13, 26, 30, 59), and Gd3� (10, 14, 49). S1P induced a
large increase in SOCE when Ca2� was added to the bath that
was not observed when vehicle was applied followed by Ca2�

readdition. As seen in Fig. 1B, 1 �M and 10 �M DES inhibited
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this Ca2� entry by 67% and 96%, respectively. Gd3� (6 �M)
application inhibited S1P-induced SOCE by 93%. Of note, the
lower concentration (7.5 �M) of 2-APB caused a 95% inhibi-
tion of SOCE, but the higher concentration (75 �M) inhibited
the Ca2� entry by only 38%. Figure 1C demonstrates that
application of S1P following depletion of stores with TG does
not result in further release of Ca2� from stores, whereas
S1P-induced release of Ca2� from the stores does not fully
deplete stores because subsequent application of TG does
result in a further increase in [Ca2�]i. Nifedipine had no effect
on either TG- or S1P-induced calcium entry (Fig. 1D).

Both extra- and intracellular S1P trigger STIM1 puncta
formation. S1P2 and S1P3 have been shown to contribute to
vasoconstriction (18, 22, 28, 31, 42). We therefore studied
S1P-induced SOCE in VSMCs prepared from aortas of S1P2 and
S1P3 receptor-knockout mice. As expected, the initial Ca2� re-
lease caused by S1P application was significantly reduced in both
the S1P2 and S1P3 null aortic VSMCs (Fig. 2, A and C). How-
ever, S1P-induced SOCE was the same in both receptor knock-
outs and wild-type VSMCs (Fig. 2, B and D). To examine the
role of the S1P1 receptor in S1P-induced Ca2� release and
SOCE, we used VPC23019, an antagonist of the S1P1 receptor,
with limited ability (about 30-fold less) to block S1P3 recep-
tors; these experiments were therefore performed in S1P3

�/�

VSMCs to specifically examine S1P1 inhibition. S1P-induced
Ca2� release was completely absent when S1P1 and S1P3

receptors were blocked and knocked out, respectively (Fig.
2E), but S1P-induced SOCE remained intact (Fig. 2F).

Given that S1P-induced SOCE was intact in both S1P2 and
S1P3 receptor-null VSMCs and when S1P1 was inhibited, we
hypothesized that S1P was able to activate SOCE in a receptor-
independent manner. We performed TIRF microscopy on
VSMCs transfected with STIM1-YFP (a representative trace is
shown in Fig. 3A). Application of extracellular S1P triggered
an increase in STIM1-YFP that was comparable to that caused
by TG application (Fig. 3B). We then loaded the cells with a
photolyzable (caged) derivative of S1P (24, 38) to test the
effect of intracellular S1P on STIM1 localization. A 6-s expo-

sure to UV light resulted in an increase in STIM1-YFP TIRF
after photolysis of caged S1P (Fig. 3B). Both extracellular and
intracellular S1P as well as TG-induced increases in STIM1-
YFP TIRF were strongly inhibited by 2-APB (75 �M, Fig. 3B)
(9). Similar experiments were performed in COS-7 cells, and
both intracellular and extracellular application of S1P triggered
increases in TIRF of STIM1-YFP (supplemental Fig. S2).

SOCE contributes to S1P-induced constriction in isolated
vessels. To examine the potential functional significance of
S1P-induced SOCE in VSMCs, the effect of pharmacological
SOCE inhibition was examined on S1P-induced constriction of
the posterior cerebral artery. 2-APB dose dependently inhibited
S1P-induced constrictions (7.5 and 75 �M, Fig. 4A). Gd3�

(100 �M) (14, 40) and DES (10 �M) both significantly
inhibited S1P-induced constriction as well. Interestingly,
2-APB also inhibited phenylephrine-induced constriction but
had no effect on the constriction caused by the thromboxane A2

receptor agonist U46619 (1 �M), indicating that SOCE medi-
ates constriction to some, but not other, constrictors (supple-
mental Fig. S3).

Cerebral arteries constrict to S1P, whereas aorta does not
(43). However, our Ca2� imaging experiments performed in
VSMCs from aortic cells show that S1P induces SOCE in
these cells. To examine whether different levels of STIM1,
Orai, and S1P receptor expression might underlie the dif-
ferent response of cerebral arteries vs. aorta, we performed
quantitative RT-PCR in freshly isolated arteries. STIM1
expression was 5.4-fold higher in cerebral arteries than in
the aorta, and both Orai2 and Orai3 expression was higher in
cerebral arteries, 2.9- and 2.4-fold, respectively (Fig. 4).
Expression levels of S1P3 and S1P1 receptors were 27-fold
and 12-fold higher in cerebral vessels than aortas, respec-
tively (Fig. 4). S1P2 receptor expression was 3-fold higher
in cerebral versus aortic tissue.

S1P-induced SOCE is increased in proliferative VSMCs.
SOCE is known to be altered when VSMCs switch from a
contractile to a proliferative phenotype (3, 32). To test the
hypothesis that S1P-induced SOCE might differ in contractile

Fig. 1. Sphingosine-1-phosphate (S1P) induces store-operated cal-
cium entry in vascular smooth muscle cells (VSMCs). A: represen-
tative trace of changes in Fura ratio (R) in VSMCs treated with
S1P, followed by addition of Ca2�. B: summary data of inhibitory
effects of diethylstilbestrol (DES; 1 and 10 �M), 2-aminoethoxy-
diphenyl borate (2-APB; 7.5 and 75 �M), and gadolinium (Gd3�;
6 �M). Veh, vehicle. C: S1P (1 �M) application after thapsigargin
(S1P/TG, 5 �M) does not result in a further increase in intracel-
lular calcium concentration ([Ca2�]i), whereas TG application
after S1P-induced Ca2� release (TG/S1P) does cause further
increase in [Ca2�]i. D: inhibition of L-type Ca2� channels by 1
�M nifedipine does not reduce TG- or S1P-induced store-oper-
ated calcium entry (SOCE). Averages represent n � 17–28 cells
per experiment from 3 individual experiments. *P � 0.05, **P �
0.01.
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and proliferative VSMCs, we selected culture conditions to
obtain either phenotype. VSMCs grown for 2 days in 0.1%
FBS showed high �-smooth muscle actin staining and retained
a spindle-like structure, whereas VSMCs grown for 7 days in
1.0% FBS showed very low �-smooth muscle actin staining

and displayed a more fibroblast-like morphology (supplemen-
tal results, Fig. S1). While S1P-induced SOCE was signifi-
cantly smaller than TG-induced SOCE in contractile VSMCs,
both agents induced similar (and higher) SOCE responses in
proliferative VSMCs (Fig. 5A).

Fig. 2. S1P-induced SOCE is intact when S1P receptors are
genetically absent and pharmacologically inhibited in mouse
aortic VSMCs. VSMCs were cultured from S1P2 and S1P3

receptor-knockout mice (KO), and SOCE in response to TG (5
�M) and S1P (1 �M) was measured. A and B: the initial
calcium peak was first measured after application of TG or S1P
in S1P2

�/� VSMCs (A), and SOCE was measured after addi-
tion of 2 mM Ca2� in response to the two drugs (B). C and
D: the initial calcium peak was then measured in S1P3

�/�

VSMCs after application of TG or S1P (C), and SOCE was
measured after addition of 2 mM Ca2� in response to the two
drugs (D). E and F: finally, we used S1P3

�/� VSMCs treated
with VPC23019 (10 �M, 30 min) to measure the initial calcium
peak after application of TG or S1P (E) and SOCE after
addition of 2 mM Ca2� in response to the two drugs (F). WT,
wild type. Averages represent n � 10–34 cells from 3 individ-
ual experiments. *P � 0.05, **P � 0.01.

Fig. 3. Extracellular and intracellular S1P ap-
plications induce formation of STIM1-yellow
fluorescent protein (YFP) puncta. VSMCs
were transfected with STIM1-YFP. A: repre-
sentative trace of total internal reflection flu-
orescence (TIRF) of STIM1-YFP. S1P (1
�M) application was followed by addition of
2-APB (75 �M). B: average increase in inten-
sity and decrease after 2-APB application:
stimulated (time t � 180 s) minus basal (t �
0) is shown for each condition [TG, 5 �M;
S1P, 1 �M; caged-S1P (c-S1P), 1 �M].
C: representative images of STIM1-YFP
puncta formation triggered by extracellular
S1P (1 �M) application as seen in TIRF
images; 2-APB (75 �M) reverses the accumu-
lation of STIM1 at the plasma membrane.
Cells were stimulated at t � 30 s with either
extracellular application of TG or S1P, or a
6-s UV flash to uncage S1P. Averages repre-
sent n � 4–15 cells from 3 individual exper-
iments. *P � 0.05, **P � 0.01.
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Because increased STIM1 and Orai1 levels have been
reported to coincide with VSMC switch from a contractile to
a proliferative phenotype and associated SOCE alterations
(32), we next examined whether the increased SOCE in
response to S1P in proliferative VSMCs was associated with
altered expression of STIM1 and Orai (Fig. 5). STIM1
expression was significantly increased (2.6-fold) in primary
aortic VSMCs grown under proliferative conditions com-
pared with those grown under contractile conditions. Orai1
and Orai2 expression was also increased (1.8- and 2-fold,
respectively) in VSMCs grown under proliferative condi-
tions. Because the increased S1P-induced SOCE response in
proliferative VSMCs suggested S1P receptor upregulation,
we compared the expression levels of the three S1P recep-
tors potentially involved in VSMC signaling (17, 50): S1P1

(4.9-fold) and S1P3 (2.3-fold) receptor expression were both
significantly increased in VSMCs grown in proliferative
culture conditions (Fig. 5). Expression of S1P2 receptor was
not significantly different between the two culture condi-
tions.

DISCUSSION

This study shows that S1P can act through receptor-depen-
dent or -independent mechanisms to activate STIM1 and

SOCE in vascular smooth muscle cells. We found that this
pathway contributes to constriction of cerebral arteries and
is upregulated in proliferative VSMCs. These findings em-
phasize the physiologic relevance of this pathway and sug-
gest a novel signaling mechanism for potential therapeutic
intervention in vascular disease associated with VSMC
proliferation.

We observed S1P-induced STIM1 puncta formation using
TIRF microscopy, indicating that S1P can trigger activation
of SOCE. While puncta formation has been documented in
cells lines using thapsigargin (36), our observation is im-
portant because it is made in primary VSMCs, using an
agent, S1P, known to play a major role in the cardiovascular
system under both physiological (6) and pathological con-
ditions (11, 15). Although S1P has been shown to modulate
intracellular Ca2� stores in VSMCs (6, 8, 23), this is the first
pharmacological characterization of S1P-induced Ca2� en-
try and of direct intracellular effects of S1P in these cells.
Our direct observation of STIM1 activation in VSMCs is
important because STIM1 is now known to be involved in
other processes than Ca2� signaling (19). Three inhibitors of
SOCE (2-APB, DES, Gd3�) blocked S1P-induced Ca2�

entry in primary VSMCs. Although these inhibitors can
have nonspecific effects, they are routinely used to study

Fig. 4. S1P-induced constriction of cerebral arteries is depen-
dent on SOCE, and STIM1, Orai, and S1P receptor gene are
expressed at higher levels in cerebral arteries than aorta. A
posterior cerebral artery was mounted in an intact vessel arte-
riograph. A: vessels were constricted with S1P (1 �M), and
2-APB (7.5 and 75 �M), Gd3� (100 �M), or DES (10 �M) was
applied on top of the stable constriction. Averages represent
n � 3–8 vessels from individual animals. mRNA levels were
measured using quantitative RT-PCR (B–H). Averages repre-
sent n � 6 individual experiments. *P � 0.05, **P � 0.01.
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SOCE (as reviewed in Refs. 10, 13, 20, and 37). Because
there is still debate in the literature on the coupling of
STIM1 with TRPC and Orai channel, further experiments
are needed to definitely show whether STIM1 only associ-
ated with Orai in VSMCs to trigger SOCE. The finding that
2-APB significantly inhibited S1P-induced SOCE at low
(7.5 �M), but not at high, concentrations (75 �M) could
reflect the known ability of 2-APB to activate Orai3 chan-
nels at higher (50 �M) concentrations (9, 59). Our data in
primary VSMC demonstrate that 2-APB can completely
reverse STIM1 puncta formation. Similar findings have been
published by other laboratories, and it is hypothesized that
2-APB not only has direct actions on channel inhibition but
also uncouples STIM1 from Orai and reverses STIM1 oli-
gomerization (9, 47). S1P-induced puncta formation of
STIM1, taken together with the consistent effect of three
different inhibitors, strongly indicates that S1P activates
SOCE in VSMCs. Our data are in agreement with the
literature demonstrating a role for SOCE in refilling Ca2�

stores in VSMCs and in the regulation of vascular reactivity
(30, 46, 52, 56, 58).

As extensively documented, S1P1–3 are expressed in
VSMCs while S1P4 and S1P5 are absent (for review see Ref.
25). Although signaling through S1P2 and S1P3 receptors has
been shown to contribute to S1P-induced vasoconstriction (22,
42, 43), the present results obtained in S1P2 and S1P3 receptor-
null aortic VSMCs and in VSMCs in which S1P1 was inhibited
with VPC23019 demonstrate that S1P can signal either via
other receptors or via intracellular mechanisms to induce
SOCE. To test this hypothesis, we used a previously charac-
terized photolyzable S1P derivative to release S1P inside
VSMCs (24). Caged S1P has been shown to release Ca2� from
endoplasmic reticulum Ca2� stores (24), but downstream
SOCE activation has not been reported. Here we show that
caged S1P activates SOCE by visualizing STIM1 recruitment
to the plasma membrane. It might be argued that S1P generated
from photolysis of intracellular caged S1P might leech out and
activate G protein-coupled receptor, but this possibility was
ruled out in a previous study using caged S1P (24). Therefore
our results strongly suggest that intracellular S1P can activate
SOCE. The exact mechanisms of this novel signaling pathway
have yet to be characterized.

Fig. 5. TG- and S1P-induced SOCE, and gene expression
in contractile and proliferative VSMCs. Primary cultures
of aortic VSMCs were grown under either proliferative
(0.1% FBS for 2 days) or contractile (1.0% FBS for 7
days) conditions, and SOCE was measured in response to
TG (5 �M) or S1P (1 �M) (A). Averages represent n �
21–42 cells per experiment from 3 individual experi-
ments. mRNA levels were measured using quantitative
RT-PCR (B–H). Averages of n � 8 and n � 7 are shown
for 0.1% FBS and 1.0% FBS experiments, respectively.
*P � 0.05, **P � 0.01.
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We then set out to highlight the physiologic relevance of this
pathway under physiological (cerebral vessel constriction) and
potentially pathological conditions (VSMC proliferation). The
functional significance of primary culture data was established
in intact vessels by demonstrating the inhibition of S1P-
induced constriction of the posterior cerebral artery by 2-APB,
Gd3�, and DES. While inhibition by 2-APB of phenylephrine-
induced cerebral artery constrictions has been previously re-
ported (30), the lack of effect of 2-APB on thromboxane A2

receptor-induced constriction (U46619) suggests possible dif-
ferences in the signaling pathways of S1P (or phenylephrine)
and thromboxane A2 and their differential ability to activate
SOCE.

S1P-induced SOCE was demonstrated in aortic VSMCs, and
the posterior cerebral artery was used to assess the role of
SOCE in S1P-induced vessel constriction; we hypothesized
that differences in expression patterns of STIM1, Orais, and
S1P receptors in the two vascular beds could explain why
cerebral vessels constrict to S1P while aorta does not. S1P
receptor expression studies have been previously compared in
different vessels (6), leading to the suggestion that higher
expression of S1P receptors in cerebral arteries could account
for the fact that S1P elicits a much stronger constriction in
cerebral arteries than in the aorta. Based on our finding that all
components of the SOCE pathway except Orai1 are more
highly expressed in cerebral arteries than in aorta, and S1P
receptors are more highly expressed in the cerebral vessels as
well, we hypothesize that differential expression of proteins of
the SOCE pathway might also play a key role in the vessel
specific constriction to S1P.

VSMC proliferation is a critical component of vascular
dysfunction such as diabetes and atherosclerosis. Because
SOCE is upregulated in proliferative VSMCs (32), we hypoth-
esized that S1P-induced SOCE might be specifically upregu-
lated in proliferative VSMCs, which was indeed the case. The
finding of increased SOCE in response to S1P is particularly
interesting in light of proliferative vascular diseases in which
S1P is known to play a role (6, 7). It is tempting to speculate
that STIM1 and Orai upregulation is the cause of the increase
in SOCE that we see in proliferative VSMCs. In addition,
proliferative VSMCs also showed increased expression of S1P
receptor mRNAs. This may explain why S1P-induced SOCE
was comparable to that of TG-induced SOCE in proliferative
VSMCs, while both the S1P and TG responses were increased
in these cells.

Emphasizing the relevance of our findings to proliferative
VSMC diseases, changes in S1P receptors in response to acute
balloon injury were found in the rat carotid artery, leading to
the conclusion that S1P1/S1P3 receptors promote proliferation
(51). Dysregulation of SOCE has been implicated in diabetes,
atherosclerosis and hypertension (12, 14, 57) and SOCE has
also been shown to phosphorylate cyclic AMP response ele-
ment-binding (CREB) protein and upregulate proliferative
genes (34, 35). With the new knowledge that S1P can activate
SOCE and that S1P receptors, STIM1, Orais, and SOCE are all
upregulated in proliferative VSMCs, it will be interesting to
study the link between S1P and SOCE in proliferative vascular
diseases. It is likely that inhibition of this pathway might
reduce vascular dysfunction (increased contractility/prolifera-
tion) in these conditions.
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