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Abstract
Cerebrovascular spasm is a life-threatening event in salt-sensitive hypertension. The relationship between store-operated
calcium entry (SOCE) and vasoconstriction in hypertension has not been fully clarified. This study investigated the changes
in cerebrovascular contractile responses in high salt intake-induced hypertension and the functional roles of the main
components of SOCE, namely, polycystin-2 (TRPP2), stromal interaction molecule 1 (STIM1), and Orai3. Polycystic kidney
disease 2 (which encodes TRPP2) knockout mice displayed decreased cerebrovascular SOCE-induced contraction. The
blood pressure of age-matched rats fed a normal or high-salt diet for 4 weeks was monitored weekly using noninvasive tail-
cuff plethysmography. The systolic blood pressure of the rats fed a high-salt diet was significantly higher than that of
controls. Western blotting and immunohistochemical results showed that these hypertensive rats expressed higher levels of
cerebrovascular TRPP2, STIM1, and Orai3 than controls. Cerebrovascular tension measurements of the basilar artery
indicated that SOCE-mediated contraction was significantly increased in hypertensive rats compared with control rats. In
addition, SOCE-mediated contraction was decreased in the basilar arteries of rats pretreated with the SOCE inhibitor BTP-2
(10 μM) or transfected with TRPP2-specific or STIM1-specific small interfering RNA. Staining with 2,3,5-triphenylte-
trazolium chloride (TTC) was used to quantify the infarcted brain area 24 h after middle cerebral artery occlusion, a model of
ischemic stroke, in rodents. The infarcted brain area was significantly greater in hypertensive rats and significantly lower in
BTP-2-treated rats than in controls. Taken together, these findings indicate that SOCE-induced contraction may be
overactive in the basilar arteries of salt-sensitive hypertensive rats, suggesting the dysregulation of TRPP2 and SOCE and its
other components.
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Introduction

The intracellular calcium concentration ([Ca2+]i) initiates or
modulates a variety of physiological functions, including
apoptosis, proliferation, and migration, in various cell types.
Cytosolic Ca2+ generally consists of Ca2+ released from the
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endoplasmic reticulum (ER) and Ca2+ that has entered the
cell from the extracellular space via voltage- or receptor-
gated Ca2+ channels [1, 2]. Thus, the maintenance of ER
Ca2+ stores and the activity of plasma membrane Ca2+

channels are essential for cytosolic Ca2+ homeostasis. After
exposure to a stimulus that increases the [Ca2+]i, transient
Ca2+ release from the ER may induce additional Ca2+ influx
to replenish the ER Ca2+ store. This process is called store-
operated calcium entry (SOCE), and its main components
have been identified as stromal interaction molecules
(STIMs), Orai proteins, and transient receptor potential
channels [3, 4]. Polycystin-2 (TRPP2), encoded by the
polycystic kidney disease 2 (PKD2) gene, is a
Ca2+-permeable channel expressed on the ER and plasma
membranes and may mediate SOCE [5, 6]. STIM1, a single
transmembrane protein predominantly found on the ER
membrane, serves as a Ca2+ sensor [2]. Expressed on the
plasma membrane, Orai has three isoforms, namely, Orai1,
Orai2, and Orai3, and they form Ca2+ channels that mediate
Ca2+ entry [7]. The interactions between STIM1/Orai pro-
teins and TRPP2/inositol trisphosphate receptors increase
the [Ca2+]i, thus contributing to the contraction of vascular
smooth muscle cells (VSMCs) [6].

High salt intake is one of the most important environ-
mental risk factors for hypertension [8], which has been
reported to cause more than half of the deaths from car-
diovascular and cerebrovascular events in China [9].
Cerebrovascular spasm is a life-threatening event in salt-
sensitive hypertension. In the vascular system, TRPP2 is
widely expressed in the endothelium and smooth muscle
of the cerebral arteries [4], whereas STIM proteins are
found in vascular and airway smooth muscle [10].
Accumulating evidence has suggested that altered
expression and dysfunction of STIM proteins are asso-
ciated with vascular pathologies, including restenosis and
hypertension [11]. STIM1 is upregulated in the tunica
media of the aorta in spontaneously hypertensive rats
[12]. In addition, STIM/Orai-mediated Ca2+ signaling
pathways activate downstream effector proteins and
transcription factors that promote smooth muscle cell
proliferation and migration [13]. Previous studies have
also indicated that increased TRPP2 plays a pivotal role in
potentiating vasoconstriction in high salt intake-induced
hypertensive rats, whereas knockout of the PKD2 gene
exerts the opposite effect [14].

In the present study, to further explore the effect of salt-
induced hypertension on TRPP2-regulated SOCE in the
VSMCs of the cerebral vasculature, we investigated SOCE-
induced cerebral vasoconstriction and ischemia-reperfusion
lesions in salt-induced hypertensive rats and determined
the expression level changes in TRPP2, STIM1, and Orai3
as well as their involvement in SOCE-induced vascular
tension.

Materials and methods

Reagents

Endothelin 1 (ET-1) was obtained from Calbiochem (La
Jolla, CA, USA). BTP-2 (sc-221441), anti-Orai3 primary
antibody (sc-292104), anti-TRPP2 primary antibody (sc-
25749), and anti-STIM1 primary antibody (sc-68897) were
obtained from Santa Cruz (Dallas, Texas, USA), and
GAPDH primary antibody (D110016) was obtained from
Sangon Biotech (Shanghai City, China). TRPP2- and
STIM1-specific small interfering RNAs (siRNAs) for rats
and lipofectamine RNAiMAX transfection reagent were
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). The sequences for these siRNAs were as follows:
TRPP2-specific siRNA, AACCUGUUCUGUGUGGUC
AGGUUAU (sense strand) and AUAACCUGACCACAC
AGAACAGGUU (antisense strand); STIM1-specific
siRNA, UAAGGGAAGACCUCAAUUA (sense strand)
and UAAUUGAGGUCUUCCCUUA (antisense strand).
siRNA transfection was achieved with lipofectamine
RNAiMAX transfection reagent according to the manu-
facturer’s instructions. Acetylcholine, 2,3,5-triphenylte-
trazolium chloride, U46619, and verapamil were purchased
from Sigma (St. Louis, MO, USA).

Animals

All animal experiments were conducted according to the
National Institutes of Health guidelines (publication no.
8523) and were approved by the Animal Experimentation
Ethics Committee of Anhui Medical University. Mice on a
C57BL/6J background with the smooth muscle PKD2 gene
conditionally knocked out and their wild-type littermates
(6–8 months of age; ∼30 g body weight) were bred in-
house, and there were approximately equal numbers of
males and females in each group. In addition, 6-week-old
male Sprague-Dawley rats (150–200 g) randomly assigned
to the high-salt diet and regular-salt diet groups (as pre-
viously described [14]) were housed in a temperature-
controlled room with a 12-h light-dark cycle. The high-salt
diet consisted of 4% (w/w) NaCl, and the regular-salt diet
consisted of 0.4% NaCl; the diets were provided for
4 weeks.

Noninvasive blood pressure measurement

Systolic blood pressure was determined by a noninvasive
procedure using tail-cuff plethysmography as previously
described [15]. Briefly, conscious rats were placed in a
restrainer in a prewarmed chamber for 15–20 min before
blood pressure examination. A pneumatic pulse transducer
was placed on the tails of the rats, and the signals from it

TRPP2 associates with STIM1 to regulate cerebral vasoconstriction and enhance high salt intake-induced. . . 1895



were collected and analyzed automatically using a data
acquisition and analysis system (BL-420E+, Chengdu
Technology & Market Corp, China). Each rat underwent
three successive rounds of measurements, and the mean of
these values was recorded.

Basilar artery tension measurement

Basilar artery tension measurements were performed as
described in other relevant studies [1, 16]. Control and PKD2-
Cre mice and rats treated with or without a high-salt diet were
humanely killed by CO2 inhalation. The brains were removed,
dissected, and placed in an oxygenated ice-cold Krebs solu-
tion that contained (in mM) 118 NaCl, 4.7 KCl, 2.5 CaCl2,
1.2 KH2PO4, 1.2 MgSO4 (7 H2O), 25.2 NaHCO3, and 11.1
glucose. Subsequently, the basilar artery was rapidly isolated
from the surrounding connective tissue and sliced into 2-mm-
long rings under a dissecting microscope. In the endothelium-
denuded group, the arteries were mechanically removed by
repeatedly using wires. Segments of the rat basilar artery were
placed in myograph organ baths (DMT 610M, Danish Myo
Technology, Aarhus, Denmark) with 5 mL of Krebs solution
at 37 °C and aerated with 95% O2 and 5% CO2 to maintain a
pH of 7.4. All experiments were conducted under conditions
of isometric contraction.

After a 20-min equilibration period of baseline force
(2 mN for rat tissue; 1 mN for mouse tissue), the contractile
function of the cerebral basilar artery was determined using
a 60 mM K+ solution [16]. The vessels were thoroughly
cleaned and exposed to 100 nM U46619 and 10 μM acet-
ylcholine to examine endothelial integrity [17]. Only those
vessels, in which the acetylcholine diastolic effect was
below 10% of the maximum contraction caused by U46619
were cleaned of endothelium and used in experiments. In
the SOCE-induced contraction experiments, the basilar
arteries were first pretreated with Ca2+-free gramfloxacin,
100 nM ET-1, and 1 μM verapamil for 10 min, and then
2.5 mM CaCl2 was added. In some vessels, SOCE-induced
contractions were examined before treatment with 10 μM
BTP-2 [18] for 10 min. Vessel segments from control rats
were randomly divided into three groups, the TRPP2 group,
the STIM1 group, and the control group, and incubated with
TRPP2 siRNA, STIM1 siRNA, or scrambled control
siRNA, respectively, for 20 h.

Western blot analysis

The proteins were extracted from rat cerebral basilar arteries
with detergent extraction buffer, which contained 20 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM disodium salt of
ethylenediaminetetraacetic acid (Na2EDTA), 1 mM EGTA,
1% NP-40, 1% sodium deoxycholate, and 2.5 mM sodium
pyrophosphate plus protease inhibitor cocktail tablets. For

immunoblots, the extracted proteins were separated on a
10% SDS-PAGE gel and then transferred to polyvinylidene
difluoride membranes by using a semidry transfer system
(Bio-Rad). After blocking with PBST buffer containing
0.1% Tween 20 and 5% nonfat dry milk for 2 h, the
membranes were incubated with an anti-TRPP2 (1:250),
anti-STIM1 (1:250), anti-Orai3 (1:250), or anti-GAPDH
(1:1000) primary antibody at 4 °C overnight. Immunode-
tection was performed with horseradish peroxidase-
conjugated secondary antibodies, followed by the applica-
tion of an enhanced chemiluminescence detection system.
The optical densities of the protein bands were analyzed by
Image J software. All protein bands on the membrane were
normalized to GAPDH in the same lane and are expressed
as the relative optical density.

Immunohistochemical staining analysis

The basilar arteries of the rats were quickly removed and
rinsed with physiological saline. The vessels were fixed in
4% paraformaldehyde for 24 h and then cut into 5-μm-thick
tissue sections after being dehydrated and embedded. Gra-
ded alcohol solutions and tap water were used for the
dewaxing and washing of the vessel sections. Endogenous
peroxidase enzyme activity was blocked with 3% (v/v)
H2O2, and antigen retrieval was performed with 0.01M
citrate buffer heated in a microwave. After being washed
with phosphate-buffered saline (PBS), the sections were
incubated with a rabbit anti-TRPP2 antibody, a rabbit anti-
STIM1 antibody, or an anti-Orai3 antibody (all diluted
1:100) at 4 °C overnight. The sections were washed again
with PBS, and a Power Vision two-step histochemical
staining reagent (PV-9000, ZSGB-BIO, Beijing, China) was
applied for detection. All sections were stained with dia-
minobenzidine and counterstained with hematoxylin. In the
negative control group, the primary antibody was omitted.
All images were obtained using a light microscope, and the
integrated optical density of the images was calculated by
Image Pro Plus 5.1 (Media Cybernetics, USA) software.

Middle cerebral artery occlusion (MCAO) and TTC
staining

High salt intake-induced hypertensive rats and normoten-
sive control rats were subjected to MCAO by using pre-
viously reported methods with slight modifications [19–21].
The rectal temperature of the rats was maintained at 37 ±
0.5 °C with a homeothermic blanket. After being deeply
anaesthetized with an intraperitoneal injection of pento-
barbital sodium (45 mg/kg), the rats were placed on an
operating table in the supine position. Following disinfec-
tion of the skin near the relevant area, a midline incision
was made in the neck to expose the right common carotid
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artery, external carotid artery, and internal carotid artery.
The common carotid artery was occluded with a bulldog
clamp, and the external carotid artery branch was ligated
distally. A 4–0 heparinized nylon suture with a round tip
was inserted from the external carotid artery to the lumen of
the internal carotid artery until it blocked the origin of the
middle cerebral artery. Subsequently, the incision was
sutured layer by layer. Reperfusion was established by
gently pulling out the nylon suture 2 h later. In some rats,
SOCE-induced contraction was examined before treatment
with 10 μM BTP-2 for 30 min.

Twenty-four hours after cerebral ischemia-reperfusion
injury, the neurological functions of the rats that underwent
MCAO were assessed. Neurological deficit scores were
assigned based on previously published criteria using the
Bederson scale, with scores ranging from 0 to 3 [22].
Bederson scores were as follows: 0, no apparent deficits; 1,
unable to extend the contralateral forelimb when suspended by
the tail; 2, torso turning to the contralateral side with moderate
forelimb weakness when held by the tail; and 3, spontaneous
contralateral circling. Rats without the expected postoperative
effects at the time of observation were removed from the study
and replaced with other rats that underwent MCAO whenever
necessary to ensure that each group had three rats.

Twenty-four hours after the MCAO operation, the rats
were anesthetized and decapitated, and the brains were
removed. Each brain was frozen at −20 °C for 20 min and
then cut into five serial 2-mm-thick coronal slices, which
were stained with 2% TTC at 37 °C and then fixed in a 4%
paraformaldehyde fixation solution [23]. As a result, normal
tissues were stained red, while the infarcted tissue appeared

white. The images were photographed and recorded. The
infarcted areas and the area of each hemisphere in each of
three slices were quantified using an image analysis system
(Image-Pro Plus version 6.0, Rockville, MD, USA).

Statistical analysis

The collected data are presented as the means ± SE. The
Mann–Whitney U test (two-tailed) or two-way analysis of
variance followed by the Games-Howell post hoc test when
more than two treatments were compared were used to
compare results across the different groups (Statistical
Product and Service Solutions, version 16.0, SPSS, Inc.,
Chicago, IL, USA). Differences between groups were
considered statistically significant at a value of P < 0.05.

Results

Changes in vessel contractile response in PKD2-Cre
mice

Studies have reported that the decreased expression of
TRPP2 reduces intracellular and ER Ca2+ levels [24, 25]. In
addition, Narayanan et al. found a significant decrease in
pressure-induced cerebral artery constriction in mice with
PKD2 knockdown [26]. We investigated basilar artery
tension to determine whether there were changes in SOCE-
induced cerebral vasoconstriction in PKD2-Cre mice. We
found that contractions induced by ET-1, a potent vaso-
constrictor, were decreased in PKD2-Cre mice (Fig. 1a, b),

Fig. 1 Vasocontraction induced
by store-operated calcium entry
(SOCE) or 60 mM high K+ in
denuded cerebral basilar arteries
derived from control or PKD2-
Cre mice. Representative traces
(a) and summary data (b) of
SOCE-induced cerebral basilar
artery ring contractions.
Cerebral basilar artery rings
were pretreated with 100 nM
endothelin-1 and 1 μM
verapamil in a Ca2+-free
solution for 10 min.
Representative traces (c) and
summary data (d) of cerebral
basilar artery contractile changes
in response to 60 mM high K+.
The values are the means ± SE;
n= 5 samples. *P < 0.05 vs.
control (Mann–Whitney U test
(two-tailed))

TRPP2 associates with STIM1 to regulate cerebral vasoconstriction and enhance high salt intake-induced. . . 1897



but 60 mM high K+-induced contractions were unchanged
between control and PKD2-Cre mice (Fig. 1c, d). This
effect may be associated with the TRPP2 deficit in the
cerebrovascular smooth muscle in PKD2-Cre mice.

Changes in systolic blood pressure

The results of our previous study on TRPP2 and vasocon-
striction suggested that increased TRPP2 exerts pivotal
effects on enhancing vessel contraction in high salt intake-
induced hypertensive rats [14]. The present study further
investigated the functional roles of SOCE and its down-
stream molecules in cerebrovascular contraction and salt-
sensitive hypertensive rats with cerebral ischemia-
reperfusion injury. Systolic blood pressure in the control
and high-salt diet rats was monitored weekly using a non-
invasive tail-cuff method. Our results indicated that, from
the second through the 4th week, the systolic blood pressure
of the rats fed the high-salt diet was significantly higher
than that of the age-matched normal rats fed the control diet
(Fig. 2). The systolic blood pressure of all hypertensive rats
was confirmed before all subsequent experiments.

Roles of SOCE in enhanced cerebrovascular
contraction in hypertensive rats

Many studies have demonstrated that TRPP2, STIM1, and
Orai3 proteins are involved in SOCE-induced vasocon-
traction [24, 27]. To examine the mechanism underlying
SOCE-induced vasoconstriction in hypertensive rats, we
determined the expression levels of TRPP2, STIM1, and
Orai3 in the basilar artery VSMCs of rats fed a high-salt diet
and control rats. The results of our western blotting data
showed that TRPP2, STIM1, and Orai3 expression levels

were significantly higher in basilar arteries derived from the
hypertensive rats than those derived from the control rats
(Fig. 3a–c).

To support this finding, we also used immunohisto-
chemical staining analyses. As shown in Fig. 3d–g, the
expression levels of TRPP2, STIM1, and Orai3 were sig-
nificantly higher in basilar artery VSMCs from hypertensive
rats than in those from control rats. Together, these findings
suggest that the upregulation of TRPP2, STIM1, and Orai3
may occur through a single mechanism by which the
SOCE-induced contraction of VSMCs is increased.

We measured basilar artery tension to explore the dif-
ferences in SOCE-induced and ET-1-induced cerebral
vasoconstriction between high salt intake-induced hyper-
tensive rats and rats fed a normal diet. The SOCE-induced
and ET-1-induced contractile responses of the basilar artery
were significantly increased in hypertensive rats compared
with control rats (Fig. 4a–d), whereas 60 mM high K+-
induced contractions were unchanged in hypertensive rats
(Fig. 4e, f).

To investigate the functional roles of TRPP2 and STIM1
in SOCE-induced vasoconstriction, we used an siRNA
specific for TRPP2 or STIM1 to knock down the expression
of TRPP2 and STIM1 proteins in rats. Our western blotting
results showed that, compared with scrambled control
siRNA, TRPP2-specific siRNA and STIM1-specific siRNA
effectively suppressed the expression of TRPP2 and
STIM1, respectively, in the rat basilar artery (Fig. 5a, b).
After treatment with an siRNA specific for TRPP2 or
STIM1 or with scrambled siRNA for 20 h, we tested the
SOCE-induced vasocontraction of the basilar artery.
Treatment with either TRPP2 siRNA or STIM1 siRNA,
compared with treatment with scrambled siRNA, sig-
nificantly reduced SOCE-induced contractions in basilar
artery rings (Fig. 5c, d). Cerebral vessels derived from rats
fed a normal diet and from rats fed a high-salt diet and
treated with BTP-2, an SOCE inhibitor, showed no differ-
ence in SOCE-induced contraction (Fig. 5e), providing
further evidence that TRPP2, STIM1, and Orai3 may play
important roles in the SOCE-induced contraction of
VSMCs.

Functional roles of enhanced cerebral vascular SOCE
in cerebral ischemia-reperfusion

We used the MCAO rodent model of ischemic stroke to
identify the role of SOCE in cerebral ischemia-reperfusion
injury. Our TTC staining results showed that, compared
with rats fed a normal diet, hypertensive rats had an
increased area of infarction, whereas normotensive rats
treated with the SOCE inhibitor BTP-2 had a reduced area
of infarction (Fig. 6). In addition, sham-operated rats did not
exhibit an infarcted area. These results indicate that cerebral

Fig. 2 Changes in systolic blood pressure in age-matched control and
high-salt diet-fed rats. The values are the means ± SE; n= 12 samples.
*P < 0.05 vs. control (regular diet) (two-way ANOVA)
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ischemic injury was most severe in high salt intake-induced
hypertensive rats and suggest that this injury might be
related to the abnormal expression of TRPP2, STIM1, and
Orai3 in the hypertensive cerebrovascular system.

Discussion

The present study examined the effects of TRPP2 and other
SOCE constituents on vasoconstriction and how that is
altered in high salt intake-induced hypertensive rats. Our
results showed that SOCE-induced vasoconstriction in the
cerebral arteries of PKD2-Cre mice (which are deficient in
TRPP2) was decreased. We also found that, compared
with rats fed a normal diet, age-matched rats fed a high-salt
diet had increased systolic blood pressure, substantially
increased expression levels of TRPP2, STIM1, and
Orai3 in VSMCs, and enhanced SOCE-induced cerebral
artery vasoconstriction (Scheme 1). The transfection of a
TRPP2- or STIM1-specific siRNA decreased the expression

levels of the corresponding proteins and attenuated ET-1-
induced SOCE-mediated cerebral vasoconstriction. In
addition, after treatment with the SOCE inhibitor BTP-2,
SOCE-induced cerebrovascular contraction in high salt
intake-induced hypertensive rats was significantly weaker
than that in rats fed a normal diet, whereas the high
K+-induced cerebrovascular contractions in these two
groups were not different. Moreover, following MCAO, the
infarcted area in the brains of hypertensive rats was sig-
nificantly greater than that in control rats, whereas the
infarcted area was significantly lower in normotensive rats
treated with BTP-2 than that in control rats.

In VSMCs, the depletion of Ca2+ stores can activate
STIM1/Orai after initial Ca2+ release. Subsequently, acti-
vated Orai mediates SOCE, allowing the sustained influx of
Ca2+ and the contraction of VSMCs [28–30]. Owing to the
importance of Ca2+ in VSMCs, disturbances in Ca2+

homeostasis may induce abnormal VSMC contraction and
thus be a mechanism that contributes to the etiology of
hypertension. Studies on PKD2-Cre mice have indicated

Fig. 3 Expression levels of
TRPP2, STIM1, and Orai3 in
denuded cerebral basilar arteries.
a, b, and c western blot images
of TRPP2, STIM1, and Orai3
expression levels in cerebral
basilar arteries derived from
high salt intake-induced
hypertensive rats and age-
matched control rats (three rats
in each group). d TRPP2,
STIM1, and Orai3
immunostaining results in
segments of cerebral basilar
arteries. d (a–d) are segments
derived from rats fed a normal
diet (control). d (e–h) are
segments from high salt intake-
induced hypertensive rats.
Background indicates
immunostaining controls with
no primary antibody present.
Magnification: 400×.
e–g Summary of
immunohistochemical staining
data for TRPP2, STIM1, and
Orai3 in segments of cerebral
basilar arteries. The values are
the means ± SE. n= 3–4 rats.
*P < 0.05 vs. control
(Mann–Whitney U test
(two-tailed))
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that their intracellular and ER Ca2+ levels are reduced [26].
Our present finding that cerebrovascular contraction was
decreased in PKD2-Cre mice is consistent with that of
Narayanan et al., who found a significant decrease in
pressure-induced cerebral artery constriction in mice with
PKD2 gene knockdown [26]. These findings indicate that
TRPP2 plays a critical role in vasoconstriction in vivo.

TRPP2 acts as a Ca2+ channel that can mediate the
secondary release of Ca2+ and partly contribute to SOCE
[31–33]. Giachini et al. found that enhanced STIM1/Orai1
activity leads to an impairment in [Ca2+]i control along with
vascular function in hypertensive animals [12]. The dys-
function or aberrant expression of TRPV4 (a Ca2+ channel)
in the endothelium of resistant arteries in high-salt diet-fed
animals causes salt-sensitive hypertension [34, 35]. Studies
have also shown that TRPP2 is a major TRPP subtype in the
cerebral vasculature that is mainly distributed in the plasma
membrane of cerebral artery VSMCs [26]. Our present
western blotting and immunohistochemical results indicated
that TRPP2 expression was markedly increased in the
VSMCs of cerebral vessels in hypertensive rats compared

with normotensive control rats. This finding is similar to the
finding of Zhao et al. that the expression of TRPP2 is
increased in VSMCs of high salt intake-induced hyperten-
sive rats [14].

To further investigate the role of TRPP2 in vasocon-
traction, we used TRPP2-specific siRNA to knock down
TRPP2 expression in cerebrovascular VSMCs. We found
that TRPP2-specific siRNA suppressed TRPP2 expression
in the basilar artery and decreased ET-1-induced SOCE-
mediated vasoconstriction. This finding supports the pre-
vious discovery that resting [Ca2+]i and SOCE activity are
decreased in VSMCs in PKD2-Cre mice [36, 37] and sug-
gests a potential direction for the future development of
hypertension treatment. Our study also found that the
SOCE-mediated contractile response induced by the potent
vasoconstrictor ET-1 in denuded basilar arteries was
increased in rats fed a high-salt diet. These results suggest
that, like TRPP2, SOCE might exert unique effects on
cerebrovascular contraction.

As a significant participant in VSMC Ca2+ signaling,
SOCE is thought to have pivotal effects on vasoconstriction

Fig. 4 Vasocontraction induced
by store-operated calcium entry
(SOCE), endothelin-1 (ET-1), or
60 mM high K+ in denuded
cerebral basilar arteries derived
from rats fed a normal diet
(control) or a high-salt diet.
Representative traces (a) and
summary data (b) of SOCE-
induced cerebral basilar artery
ring contraction. Cerebral basilar
artery rings were pretreated with
100 nM endothelin-1 and 1 μM
verapamil in a Ca2+-free
solution for 10 min.
Representative traces (c) and
summary data (d) of ET-1-
induced cerebral basilar artery
ring contraction. Representative
traces (e) and summary data
(f) of contraction changes in
cerebral basilar arteries in
response to 60 mM high K+.
The values are the means ± SE;
n= 6–3 samples. *P < 0.05 vs.
control (Mann–Whitney U test
(two-tailed))

1900 W. Jiang et al.



and is regulated by interactions between STIM and Orai
[38–42]. STIM1 is a single-pass transmembrane protein
diffusely distributed in the ER membrane. It functions as a
Ca2+ sensor by interacting with Orai and translocating itself
to the ER-plasma membrane junction upon Ca2+ store

depletion, thus triggering SOCE [43–46]. Several studies
have shown that STIM1 regulates SOCE in VSMCs
[40, 42, 47] and is associated with blood pressure regulation
[48, 49]. However, the role of STIM1 in hypertensive cer-
ebrovascular contraction has not been previously clarified.

Fig. 5 Functional roles of
TRPP2, STIM1, and Orai3 in
the store-operated calcium entry
(SOCE)-induced contraction of
rat cerebral basilar arteries.
Representative images of
TRPP2 and STIM1 expression
in cerebral basilar arteries
pretreated with scrambled
siRNA (control), TRPP2-
specific siRNA (a), or STIM1-
specific siRNA (b). Summary
data showing the effects of
pretreatment with TRPP2-
specific siRNA (c), STIM1-
specific siRNA (d), or 10 μM
BTP-2 (e) on SOCE-induced
cerebral basilar artery ring
contraction. Cerebral basilar
artery rings were pretreated with
100 nM endothelin-1 and 1 μM
verapamil in a Ca2+-free
solution for 10 min. The
values are the means ± SE;
n= 4–7 samples. *P < 0.05 vs.
scrambled siRNA in c and
d, and vs. control in e; #P < 0.05
vs. hypertension in e (Mann–
Whitney U test (two-tailed))

Fig. 6 Percentage of cerebral infarct area relative to the area of the
whole brain 24 h after ischemia-reperfusion caused by middle cerebral
artery occlusion in normotensive and hypertensive rats. a Coronal
brain slices stained with 2% 2,3,5-triphenyltetrazolium chloride. The
white region is infarcted tissue, whereas the red region is noninfarcted
tissue. b Quantitative analysis of cerebral ischemia. The middle

cerebral arteries of rats in the sham group were not blocked by nylon
sutures, and no infarcted area was found in the sham group. Control
rats were fed a normal diet and were subjected to ischemia-reperfusion
injury. The values are the means ± SE. n= 6–8 rats. **P < 0.01 vs.
control (Mann–Whitney U test (two-tailed))
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Our present study found that ET-1–evoked SOCE was
significantly enhanced in the cerebral vasculature of high
salt diet-fed rats compared with rats fed a normal diet. Our
western blotting and immunohistochemical results indicated
that the expression of STIM1 in the cerebral vessels of
hypertensive rats was significantly higher than that in age-
matched control rats. In contrast, knocking down STIM1
protein levels with STIM1-specific siRNA transfection
reduced SOCE-induced contraction in the basilar artery.

Orai3, which belongs to the Orai family, is a major
component of the SOCE pathway. Studies have reported
that the knockdown of Orai1 suppresses angiotensin-
II–mediated Ca2+ entry [24] and that Orai3 in combination
with STIM1 mediates the majority of SOCE in astrocytes
[50]. However, few studies have examined the function of
Orai3 in cerebrovascular Ca2+ homeostasis. Our data from
western blotting and immunohistochemical assays showed
overexpression of the Orai3 protein in the cerebral vessels
of hypertensive rats compared with those of normotensive
rats, which was likely related to enhanced vasoconstriction.
However, the contractile response of the cerebral vascu-
lature was weakened by BTP-2. Spirli et al. reported that
TRPP2 affects coupling between STIM1 and Orai channels
[24]. Our results may indicate that the increased expression
of TRPP2 enhances the interaction of STIM1 and Orai3,
while the increased expression of STIM1 and Orai3 further
enhances SOCE (Scheme 1). We also found that, 24 h after
cerebral ischemia-reperfusion, the area of infarction in the
brains of high salt intake-induced hypertensive rats was
greater than that in rats fed a normal diet, but the infarcted
area was decreased in normotensive rats treated with BTP-2.
This finding may be related to the enhancement of

ET-1-induced SOCE-mediated vasoconstriction in the cer-
ebral vasculature of hypertensive rats, but this postulation
needs further confirmation.

In conclusion, our study results showed that increased
expression levels of TRPP2, STIM1, and Orai3 were asso-
ciated with increased cerebrovascular contraction in high salt
intake-induced hypertension in rats. Our results suggest that
TRPP2 and other SOCE components may be potential tar-
gets for drug intervention for hypertensive cerebrovascular
disease. Given that SOCE and TRPP2 have complicated
interactions with each other, the entire mechanism under-
lying Ca2+ modulation in hypertensive cerebrovascular
disease pathology is yet to be elucidated.
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